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activity was intact in Slc26a6–/– animals. Buffering capacity 
was comparable in Slc26a6+/+ and Slc26a6–/– mice. Immu-
noblotting and immunofluorescent labeling demonstrated 
comparable NHE3 abundance and distribution in kidney 
proximal tubules of Slc26a6+/+ and Slc26a6–/– mice.  Con-

clusion:  In conclusion, Slc26a6 deletion downregulates the 
apical Na + /H +  exchanger activity in the straight segment of 
the proximal tubule. The absence of a significant renal so-
dium loss in Slc26a6-null mice, despite NHE3 downregula-
tion in the in vitro perfused tubules, points to possible acti-
vation of signaling pathways that can stimulate the apical 
Na + /H +  exchanger in vivo.  Copyright © 2007 S. Karger AG, Basel 

 Introduction 

 SLC26A6 (PAT1, CFEX) is a member of a large, con-
served family of anion exchangers (SLC26) that encom-
passes at least 10 distinct genes  [1–14] . SLC26A6 shows 
significant homology with other members of the SLC26 
family, including DRA (downregulated in adenoma;
SLC26A3), pendrin (SLC26A4) and SLC26A9, all known 
chloride/base/bicarbonate exchangers  [9, 11] . In humans, 
SLC26A6 maps to chromosome 3 and encodes a 738-ami-
no acid protein  [9] . Immunohistochemical studies local-
ized SLC26A6 to the apical membranes of the kidney 
proximal tubule  [11]  and villi of the duodenum  [13] . Func-
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 Abstract 

  Background/Aim:  Slc26a6 (PAT1, CFEX) is a major chloride/
base exchanger located on the apical membrane of the kid-
ney proximal tubule. The purpose of the present study was 
to examine the effect of Slc26a6 deletion on the apical Na + /
H +  exchanger 3 (NHE3) in the straight segment (S3) of the 
proximal tubule, which is the major site for the reabsorption 
of filtered chloride in the kidney.  Methods:  The proximal tu-
bule S3 segment was perfused and the intracellular pH and 
apical Na + /H +   exchanger activity and expression were mea-
sured.  Results:  In the proximal tubule straight segments that 
were micro perfused in vitro, baseline intracellular pH, mea-
sured by BCPCF-AM, was 7.10  8  0.02 in Slc26a6–/– and 7.33 
 8  0.02 in Slc26a6+/+ animals, a significant reduction in 
 Slc26a6 mutant mice (p  !  0.00001). The activity of the api-
cal Na + /H +  exchanger was 0.49  8  0.02 pH units/min in 
 Slc26a6+/+ and 0.26  8  0.03 pH units/min in Slc26a6–/– ani-
mals, a significant reduction in Slc26a6–/– mice (p  !  0.0001). 
Formate-induced intracellular alkalinization, which is medi-
ated via NHE3, was significantly blunted in Slc26a6–/– ani-
mals, with an alkalinization magnitude of 0.16 pH unit in 
 Slc26a6–/– versus 0.37 in Slc26a6+/+ animals (p  !  0.00001, 
 n = 5 separate animals). Angiotensin II stimulation of NHE3 
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tional studies in in vitro expression systems demonstrated 
that SLC26A6 can mediate Cl – /HCO3

–, Cl – /oxalate, Cl – /
hydroxyl and Cl – /formate exchanges  [9, 11, 13, 15, 16] , all 
known anion exchange activities described in apical 
membranes of the kidney proximal tubule and/or small 
intestine  [17–19] . Microperfusion experiments demon-
strated that oxalate-stimulated NaCl absorption is abol-
ished and the apical Cl – /base exchanger activity is de-
creased in microperfused proximal tubules of Slc26a6-
null mice  [20] , indicating that Slc26a6 is a major apical 
chloride/base exchanger in the kidney proximal tubule 
 [20] .

  The kidney proximal tubule is comprised of 3 ana-
tomically and physiologically distinct segments, with the 
first 2 segments (S1 and S2) predominantly involved in 
bicarbonate reabsorption and the last segment (S3) main-
ly responsible for the reabsorption of filtered chloride 
 [21] . The chloride reabsorption in the S3 segment occurs 
via parallel activation of apical Na + /H +  exchange and
Cl – /base exchange  [17, 18] . The purpose of the present 
study was to examine the effect of Slc26a6 deletion on the 
apical Na + /H +  exchanger (NHE) activity in the S3 seg-
ment of microperfused kidney proximal tubule.

  Experimental Procedures 

 Animals 
 Slc26a6–/– and Slc26a6+/+ littermate mice  [20]  were bred 

from Slc26a6 heterozygote (+/–) breeding pairs. Animals were
3–4 months old and were predominantly male. They were eutha-
nized with the use of anesthetics (pentobarbital sodium) accord-
ing to the institutional guidelines and approved protocols.

  Proximal Tubule Isolation, in vitro Microperfusion and 
Intracellular pH Measurement 
 Isolation and microperfusion of proximal tubules in

Slc26a6+/+ mice and Slc26a6–/– mice were performed according 
to established protocols and as described  [19, 20] . Intracellular pH 
(pH i ) was measured using 2’,7’-bis-(3-carboxypropyl)-5(6)-car-
boxyfluorescein acetoxymethyl ester (BCPCF-AM), as described 
before  [19, 20, 22, 23] . The probe was excited at 488 and 440 nm 
and emission was measured at 520 nm. Regions of interest were 
placed in the individual cells and several cells per single tubule 
analyzed  [24] . Only one tubule per animal was analyzed. Digi-
tized images were analyzed with the Attograph software (BD Bio-
science, Rockville, Md., USA). Intracellular calibration was per-
formed with the high K + /nigericin method  [19, 20, 22, 23] .

  The apical NHE was assayed as the rate of pH i  acidification 
[change in pH i  per change in time (dpH i /dt)] upon the removal of 
perfusate sodium as well as the rate of intracellular alkalinization 
(dpH i /dt) upon the return of perfusate sodium. The switching of 
the perfusate from the sodium-containing to sodium-free solu-
tion results in the reversal of the apical NHE direction and causes 
the exchange of luminal acid for cellular sodium. One tubule per 

animal was used. The replacement of the sodium-free with the 
sodium-containing perfusate results in intracellular alkaliniza-
tion by exchanging the cellular acid for the luminal sodium. The 
rate of NHE activity was measured as the steep phase of the re-
covery from acidic pH i . For microperfusion, the following solu-
tions were used for baseline pH i  measurement: for experiments 
without CO 2 /HCO3

–, both the perfusate and bath solution con-
sisted of 140 m M  NaCl, 2.5 m M  K 2 HPO 4 , 1.2 m M  MgSO 4 , 5.5 m M  
 D -glucose, 6 m M   L -alanine, 5 m M  HEPES, and 2 m M  CaCl 2 ; for 
experiments with CO 2 /HCO3

–, the perfusate and bath solution 
consisted of 115 m M  NaCl, 25 m M  NaHCO 3  2.5 m M  K 2 HPO 4 , 1.2 
m M  MgSO 4 , 5.5 m M   D -glucose, 6 m M   L -alanine, 1 m M  Na citrate, 
4 m M  Na lactate, and 2 m M  CaCl 2 ; for experiments without bicar-
bonate, the solutions were gassed with 100% O 2 , and for experi-
ments with bicarbonate, the solutions were gassed with 95% 
O 2 /5% CO 2 . All solutions had a pH value of 7.4 at 37   °   C. The ra-
tionale for using early proximal tubule perfusate in the S3 seg-
ment was to avoid changes in pH i , as late proximal tubule perfus-
ate has a lower bicarbonate concentration and thus a lower pH 
value (approx. 6.8). Introduction of this latter solution to the tu-
bule lumen lowers the pH i  and, therefore, artificially alters proton 
and bicarbonate gradients. For apical NHE activity measurement, 
the perfusate was switched to a Na-free perfusate in which NaCl 
was replaced with tetramethylammonium chloride (TMACl). For 
formate stimulation of apical Na + /H +  exchange, 100  �   M   formate 
was added to the bath and pH i  was monitored. The intracellular 
alkalinization of proximal tubule cells in response to formate ex-
posure is mediated via apical Na + /H +  exchanger 3 (NHE3)  [24] . 
Formate was added only to the basolateral side in order to prevent 
any interference of formate uptake by the apical Slc26a6, which 
has been shown to transport formate in vitro  [11] . All pH i  mea-
surements were performed in the absence of CO 2 /HCO3

– in the 
media.

  For apical Cl – /OH –  exchange measurement, the perfusate was 
sequentially switched to chloride-free and chloride-containing 
solutions  [19, 20] . Exposing the tubule to a chloride-free perfusate 
results in intracellular alkalinization and switching back to a 
chloride-containing solution results in the return of the alkaline 
pH to baseline. The Cl – /OH –  exchanger activity was assessed by 
the rate of the intracellular alkalinization upon switching to the 
chloride-free solution. For chloride-free experiments, chloride-
containing solutions were replaced with gluconate and calcium 
was adjusted at 4 m M .

  Buffer Capacity 
 The intrinsic cell buffer capacity ( � i) was measured with the 

NH 4 Cl prepulse technique according to established protocols 
 [24] . We used Na-free solutions to block sodium-dependent trans-
porters. NaCl was replaced with the equimolar amount of TMA-
Cl. DIDS, at 1 m M , was added to the bath and luminal side to keep 
the chloride-dependent transporters inactive. In NH 4 Cl-contain-
ing solutions, 20 m M  NH 4 Cl replaced equimolar concentration of 
TMACl. Equivalent base flux (EBF) was calculated as dpH i /dt  !  
 � i  !  V and expressed in picomoles per millimeter of tubule per 
minute, where  � i is the intrinsic cell buffer capacity in bicarbon-
ate-free solutions. V designates cell volume per tubule length cal-
culated according to the formula V =  � [(d o ) 2  – (d i ) 2 ]/4. d o  and
d i  stand for the outer and inner tubule diameter. Tubule diam-
eters were measured at  ! 4,000 magnification with an eyepiece 
reticle.
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  Immunoblot Analysis of NHE3 
 Brush border membrane proteins were isolated from the kid-

ney cortex according to established protocols  [25] , resolved by 
SDS-PAGE (50  � g/lane) and transferred to the nitrocellulose 
membrane. The membrane was blocked with 5% milk proteins, 
and then incubated for 6 h with antibodies against NHE3  [26] . 
The secondary antibody was a donkey anti-rabbit IgG conjugated 
to horseradish peroxidase (Pierce, Rockford, Ill., USA). The re-
sults were visualized using a chemiluminescence method (Super-
Signal Substrate, Pierce, Rockford, Ill., USA) and captured on 
light-sensitive imaging film (Kodak, Rochester, N.Y., USA).  � -Ac-
tin abundance was determined by western blotting and the results 
were expressed as NHE3/ � -actin.

  Immunofluorescence Labeling Studies 
 Mice were euthanized and kidneys were removed, cut in tissue 

blocks, and fixed in formaldehyde solution overnight at 4   °   C  [27, 
28] . The tissue was frozen on dry ice, and 6- � m sections were cut 
with a cryostat and stored at –80   °   C until used. For staining, cryo-
sections were washed twice in 0.01  M  PBS (pH 7.4) and blocked 
with 10% goat serum for 30 min at room temperature. Cells were 
permeabilized in 0.3% Triton X-100/PBS solution for 45–60 min. 
Primary antibodies against NHE3 were diluted 1:   40 in 0.3% Tri-
ton X-100/PBS solution and applied to sections overnight at room 
temperature. Sections treated with the primary antibodies were 
rinsed twice in 0.01  M  PBS for 10 min and then incubated with a 
secondary antibody for 2 h at room temperature. Alexa Fluor 488 
(green) or Alexa Fluor 568 (red) goat anti-rabbit antibody was 
used at 1/200 as secondary antibodies. After washing, sections 
were mounted in Vectashield mounting medium (Vector Labora-
tories, Burlingame, Calif., USA). Sections were examined on the 
epifluorescent microscope Eclipse 600 (Nikon Bioscience, Mel-
ville, N.Y., USA) equipped with a SPOT digital camera (Diagnos-
tic Instruments, Inc., Sterling Heights, Mich., USA).

  RNA Isolation and Northern Blot Hybridization 
 Total cellular RNA was extracted from kidneys according to 

established methods, quantitated spectrophotometrically, and 
stored at –80   °   C. Total RNA samples (30  � g/lane) were fraction-
ated on a 1.2% agarose/formaldehyde gel, transferred to Magna 
NT nylon membranes, cross-linked by UV light and baked. Hy-
bridization was performed according to established protocols 
 [29] . The membranes were washed, blotted dry and exposed to a 
PhosphorImager screen (Molecular Dynamics, Sunnyvale, Calif., 
USA). A  32 P-labeled NHE8 or renin cDNA fragment was used for 
northern hybridizations. For NHE8, a PCR fragment encoding 
the nucleotides 396–1116 from mouse cDNA (Genbank No. NM_
148929) was used. The primer sequence for the mouse NHE8 was 
comprised of NHE8–396: TCCTTCTCTTGCTCCCACCTAT-
TATC and NHE8–1116: CCAAGAAATGCAAACACACACG. 
For renin, a PCR fragment encoding the nucleotides 1033–1277 
from mouse cDNA was used.

  Materials 
  32 P-dCTP was purchased from New England Nuclear (Boston, 

Mass., USA). Nitrocellulose filters and other chemicals were from 
Sigma Chemical Co. (St. Louis, Mo., USA). RadPrime DNA label-
ing kit was purchased from Gibco BRL (Gaithersburg, Md., USA), 
and BCECF was from Molecular Probes Inc. (Eugene, Oreg., 
USA).

  Statistical Analyses 
 Values are expressed as mean  8  SEM. Statistical analysis was 

performed using the Student t test or ANOVA; p  !  0.05 was con-
sidered statistically significant.

  Results 

 In the first series of experiments, the pH i  was mea-
sured in microperfused proximal tubules in the absence 
of CO 2 /HCO3

– in bath and perfusate. As demonstrated in 
 figure 1 , baseline pH i  was 7.33  8  0.02 in Slc26a6+/+ ani-
mals and 7.10  8  0.02 in Slc26a6–/– animals, a significant 
reduction in mice with Slc26a6 deletion (p  !  0.00001; 45 
cells in 6 separate Slc26a6+/+ animals and 43 cells in 6 
Slc26a6–/– animals). The reduction in baseline pH i  was 
also evident in the presence of CO 2 /HCO3

– in bath and 
perfusate (data not shown).

  In an attempt to determine the basis of decreased pH i , 
we examined the activity of the apical NHE, which is pre-
dominantly mediated via NHE3, in the proximal tubule. 
Following the stabilization of baseline pH i , the perfusate 
was switched to a sodium-free solution. Representative 
tracings in  figure 2 a demonstrate rapid intracellular acid-
ification upon switching to the sodium-free perfusate 
(which reflects NHE activity) in Slc26a6+/+ mice. The 
pH i  returned to baseline levels upon switching back to the 
sodium-containing perfusate ( fig. 2 a). The representative 
tracings in  figure 2 b are from Slc26a6–/– mice and dem-
onstrate significant blunting of cell acidification in re-
sponse to sodium withdrawal. Summation of the results 
demonstrated significant reduction in the rate of NHE 
activity in Slc26a6–/– (0.26  8  0.03 pH units/min) versus 
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  Fig. 1.  Baseline pH i  in the kidney proximal tubule in Slc26a6+/+ 
and Slc26a6–/– mice; pH i  was significantly decreased in the kid-
ney proximal tubule in Slc26a6-null mice. 
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Slc26a6+/+ mice (0.49  8  0.02 pH units/min) (p  !  0.0001; 
39 cells/5 Slc26a6+/+ animals and 37 cells/5 Slc26a6–/– 
mice). We also measured the rate of apical NHE-me-
diated intracellular alkalinization upon switching the 
 perfusate to the Na-containing solution. The results 
showed a significant reduction in apical NHE activity in 
Slc26a6–/– mice (0.301  8  0.03 pH units/min; 37 cells/5 
animal tubules) versus Slc26a6+/+ mice (0.79  8  0.07 pH 
units/min; 39 cells/5 animal tubules) (p  !  0.001).

  The buffering capacity in the absence of bicarbonate 
was 30.8  8  5.65 m M /pH (13 cells in 2 tubules) in
Slc26a6+/+ mice versus 26.4  8  5 m M /pH (7 cells in 2 tu-
bules) in Slc26a6–/– mice (p  1  0.05). These results indi-
cate that the buffering capacity was comparable in the 

straight segment of the proximal tubule cells in wild-type 
and mutant mice.

  The NHE-mediated EBF during the intracellular acid-
ification – induced in response to the luminal sodium 
removal – was 27.45  8  1.2 pmol/mm/min in Slc26a6+/+ 
and 15.01  8  1.1 pmol/mm/min in Slc26a6–/– mice (p  !  
0.0001). The NHE-mediated EBF during the recovery 
from intracellular acidosis – induced in response to the 
luminal sodium addition – was 30.57  8  3.01 pmol/mm/
min    in    Slc26a6+/+    and    15.62     8     1.14    pmol/mm/min    

in Slc26a6–/– mice (p  !  0.0001). Cell volume was com-
parable in proximal tubule cells in Slc26a6+/+ and 
 Slc26a6–/– mice, with values of 1.465  8  0.02 and 1.442 
 8  0.03 nl/mm in wild-type and Slc26a6 knockout mice.
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  Fig. 2.  Representative tracings depicting apical NHE activity in isolated microperfused proximal tubules in 
Slc26a6+/+ ( a ) and Slc26a6–/– ( b ) mice. The rate of cell acidification was blunted in Slc26a6-null mouse. 
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  Fig. 3.  Representative tracings depicting formate-induced intracellular alkalinization in the kidney proximal 
tubule (NHE activity) in Slc26a6+/+ ( a ) and Slc26a6–/– ( b ) mice. The magnitude of formate-induced cell alka-
linization in the proximal tubule is blunted in Slc26a6-null mice. 
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  Recent studies indicate that formate can stimulate api-
cal NHE3 and cause intracellular alkalinization in the 
kidney proximal tubule  [24] . We next tested whether for-
mate-induced intracellular alkalinization, mediated via 
NHE3, is intact in Slc26a6–/– animals. Toward this end, 
pH i  was continuously monitored in microperfused kid-
ney proximal tubules before and after the addition of 
100  M  formate to the bath. Representative tracings in  fig-
ure 3  display intracellular alkalinization following the 
addition of formate. As indicated, the magnitude of cell 
alkalinization was significantly enhanced in Slc26a6+/+ 
mouse. Summation of the results demonstrated that
Slc26a6–/– mice have blunted alkalinization in response 
to formate (0.16  8  0.01 pH units, 23 cells in 5 Slc26a6–/– 
animals vs. 0.37  8  0.02 pH units, 12 cells in 3 Slc26a6+/+ 
animals), consistent with a significant reduction in
NHE3 activity in Slc26a6-null mice (p  !  0.00001).

  The activation of the apical NHE by angiotensin II 
(AII) was examined next in Slc26a6+/+ and Slc26a6–/– 
mice. Due to the length of the experiments needed to 
monitor NHE activity, and the decreased viability of prox-
imal tubular cells with time, the effect of AII versus a di-
luent (vehicle) on apical NHE activity was examined in 
different tubules. The tubules were either exposed to AII 
or a vehicle and apical NHE activity was measured. For 
the experiments, AII at 1 n M  was added to the bath, and 
the perfusate was switched to the sodium-free solution. 
The rate of intracellular acidification was determined and 
compared in both groups. Summation of the results in 
 figure 4  depicts apical NHE activity in the presence of AII 
in Slc26a6+/+ (0.85  8  0.04 pH units/min) and Slc26a6–/– 
mice (0.55  8  0.03 pH units/min). Comparison of these 

results with the results of the experiments in  figure 2  (see 
above), which were performed in the absence of AII, dem-
onstrates that AII stimulation of the apical NHE is intact 
and may be more robust in Slc26a6-null mice.

  To determine whether the downregulation in apical 
NHE activity in Slc26a6-null mice is due to the reduction 
in the expression of known apical NHEs in the proximal 
tubule, northern hybridizations and/or western blottings 
were performed.  Figure 5 a depicts the mRNA expression 
of NHE8 in the kidneys of Slc26a6+/+ and Slc26a6–/– 
mice. NHE8 mRNA expression levels were 105  8  16% in 
Slc26a6+/+ and 98  8  8% in Slc26a6–/– animals (p  1  0.05, 
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  Fig. 4.  AII stimulation of NHE3 activity in the kidney proximal 
tubules. NHE3 activity is stimulated by AII in Slc26a6+/+ and 
Slc26a6–/– mice (vs. no AII in fig. 3).     
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  Fig. 5.  Expression of NHE3, NHE8 and renin in the kidneys of 
Slc26a6+/+ and Slc26a6–/– mice.  a  NHE8 northern hybridiza-
tion.  b  Expression of renin in the kidneys of Slc26a6+/+ and 
 Slc26a6–/– mice.  c  NHE3 western blotting. Brush border mem-
brane vesicles isolated from kidney cortices of Slc26a6+/+ and 
Slc26a6-null mice were blotted against NHE3 antibody. NHE3 
abundance was comparable in the cortex of Slc26a6+/+ and 
 Slc26a6-null animals. 
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n = 4), when the NHE8 expression levels were adjusted 
for RNA loading determined by 18S rRNA levels.  Fig-
ure 5 b displays the expression of renin mRNA in the kid-
neys of Slc26a6+/+ and Slc26a6–/– mice. The results 
demonstrated comparable renin expression levels in the 
kidneys of Slc26a6–/– versus Slc26a6+/+ animals (115  8  
11% in Slc26a6+/+ vs. 102  8  8% in Slc26a6–/– mice, p  1  
0.05, n = 4).

   Figure 5 c shows the results of an immunoblot analysis 
of NHE3 in brush border membrane vesicles isolated 
from the kidney cortex and demonstrates comparable 
abundance in Slc26a6+/+ and Slc26a6–/– mice. When 
adjusted for protein loading by blotting with  � -actin
antibody, the abundance of NHE3 was estimated at 1.03 

 8  0.08-fold in Slc26a6–/– versus 1.10 + 0.11-fold in
Slc26a6+/+ mice (p  1  0.05, n = 3).

  To examine whether the downregulation of apical 
NHE activity might be due to alteration in NHE3 distri-
bution along the length of brush border villi, immuno-
fluorescence labeling was performed in kidneys of
Slc26a6+/+ and Slc26a6–/– animals and images were ex-
amined by confocal microscopy. As shown in  figure 6 , 
NHE3 abundance on the apical membrane villi was 
 comparable in proximal tubules in Slc26a6+/+ and 
 Slc26a6–/– mice.

  In the last series of experiments, the apical Cl – /OH –  
exchanger activity, measured as the rate of intracellular 
alkalinization upon switching to a chloride-free perfus-
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  Fig. 6.  Immunofluorescence labeling of NHE3 in the kidneys of Slc26a6+/+ and Slc26a6-null mice. DIC = Dif-
ferential interference contrast (DIC). Abundance of NHE3 on the apical membrane of kidney proximal tubules 
was comparable in Slc26a6+/+ and Slc26a6–/– mice.       
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ate, was examined and found to be significantly reduced, 
but not abolished, in Slc26a6-null mice [0.65  8  0.09 pH 
units/min (n = 35 cells; 4 animals) in Slc26a6–/– versus 
0.96  8  0.04 pH units/min (n = 30 cells; 3 animals) in 
Slc26a6+/+ animals; p  !  0.005].

  Discussion 

 Studies in microperfused tubules and membrane ves-
icles have indicated that a major fraction of filtered Cl –  is 
reabsorbed in the proximal tubule via Cl – /base exchang-
es. Two well-known mechanisms of anion exchange iden-
tified in the kidney proximal tubule are Cl – /oxalate ex-
change and Cl – /OH – /HCO3

– exchange  [17–20, 30] . Slc26a6 
has the ability to operate in both exchange modes  [11, 13, 
15, 16] . In Slc26a6-null mice, oxalate-stimulated NaCl ab-
sorption was abolished and the apical Cl – /OH – /HCO3

– 
 exchanger was significantly inhibited  [20]  suggesting 
that Slc26a6 represents the Cl-oxalate exchanger and is 
the major contributor to apical Cl – /OH – HCO3

– exchange 
 [20] .

  Parallel coordination of apical Na + /H +  exchange and 
Cl – /base exchange is required for the absorption of fil-
tered NaCl in late proximal tubule, the site of reabsorp-
tion of the majority of filtered chloride  [17, 18] . The pres-
ent studies demonstrated that Slc26a6-null mice display 
reduced pH i  in late proximal tubule cells ( fig. 1 ). The re-
duction in cell pH was predominantly due to the down-
regulation of the apical NHE activity ( fig. 2 ). The down-
regulation of the apical NHE was also confirmed by 
blunting of the formate-induced intracellular alkaliniza-
tion in Slc26a6-null mice ( fig. 3 ). Comparison of the re-
sults in the presence or absence of AII demonstrated that 
AII stimulation of apical NHE is intact in Slc26a6-null 
mice ( fig. 4 ). The downregulation of apical NHE activity 
was not due to the reduced expression of NHE3 or NHE8 
( fig. 5 ) or redistribution of NHE3 to the base of brush 
border villi in the kidney proximal tubule ( fig. 6 ). It is 
worth mentioning that cytosolic acidification could help 
with the activation of the apical NHE.

  Recent studies demonstrated that formate directly 
stimulates the apical NHE3, as shown by luminal Na-de-
pendent, amiloride-sensitive intracellular alkalinization 
in kidney proximal tubule upon the addition of formate 
 [24] . The formate stimulation of NHE3 strongly suggests 
that enhanced NaCl absorption in the kidney proximal 
tubule by formate is primarily mediated via the activation 
of the apical NHE, with subsequent upregulation of chlo-
ride/base exchanger  [24] . In the present studies, the for-

mate-stimulated intracellular alkalinization was signifi-
cantly blunted, consistent with the downregulation of 
apical NHE activity in the kidney proximal tubule in
Slc26a6-null mice. To avoid any direct interference by
Slc26a6 deletion on formate uptake from the luminal 
side, formate was added only to the basolateral mem-
brane.

  The exact mechanism of apical NHE downregulation 
in the S3 segment of the kidney proximal tubule of
Slc26a6-null mice remains speculative at present. The 
mRNA expression levels for NHE3 and NHE8, two api-
cal NHEs in the proximal tubule, were not different in 
kidneys of Slc26a6–/– versus Slc26a6+/+ mice ( fig. 5 ). 
Further, NHE3 abundance remained the same in the 
kidney cortex and immunofluorescence labeling dem-
onstrated no significant alteration in its abundance at 
the tip of brush border villi in Slc26a6-null mice. Both 
NHE3 and Slc26a6 have been shown to interact with 
scaffolding proteins PDZK1 and NHERF through their 
PDZ-binding domains  [31, 32] . Whether Slc26a6 associ-
ates with NHE3 through binding with PDZK1 or NHERF 
remains speculative. Expression of NHERF and PDKZ1 
in the kidney proximal tubule of Slc26a6-null mice re-
mained unchanged by immunofluorescent labeling (data 
not shown) indicating that Slc26a6 deletion does not af-
fect the abundance of these proteins in the brush border 
membrane.

  The renal sodium and chloride excretion remained 
comparable in Slc26a6+/+ and Slc26a6–/– mice  [20] , de-
spite the downregulation of apical NHE activity in the S3 
segment ( fig. 1–4 ), raising the possibility of either com-
pensatory upregulation of Na + - and Cl – -dependent trans-
porters in the distal nephron or the activation of signal-
ing pathways that can stimulate the apical NHE in vivo. 
Our preliminary studies demonstrated that the expres-
sion of the apical Na + /K + /2Cl –  cotransporter (BSC1) did 
not increase in the kidneys of Slc26a6-null mice  [33] .

  At a cursory glance, these studies may appear in con-
flict with published reports on an independently gener-
ated Slc26a6-null mouse, which show comparable NHE 
activity with Slc26a6+/+ animals in luminal membrane 
vesicles isolated from the kidney cortex  [34] . In response, 
we would like to suggest that our experiments in micro-
perfused kidney proximal tubule are exclusively per-
formed in the S3 segment where the majority of chloride 
is reabsorbed  [21] . However, cortical membrane vesicles 
predominantly contain S2 and S1 segments of the proxi-
mal tubule, with little presence of the S3 segment.

  Slc26a6 deletion decreased but did not completely 
abolish apical Cl – /OH –  exchange or Cl – /HCO3

– exchange 
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 [20] . Further, Slc26a6 deletion did not affect the Cl – /for-
mate exchange activity in apical membranes of the kid-
ney proximal tubule  [34] . Taken together, these results 
support the presence of other apical chloride/base 
exchanger(s) in the kidney proximal tubule. The identity 
of this (these) other apical chloride/base exchanger(s) re-
mains speculative. A recent study demonstrated that
Slc26a7, which mediates Cl – /HCO3

– exchange and anion/
oxalate/sulfate exchange  [10, 35] , is detected on the apical 
membrane of kidney proximal tubule  [36] . Other studies, 
however, have localized Slc26a7 only to the basolateral 
membrane of acid-secreting A-intercalated cells in the 
outer medullary collecting duct  [35, 37, 38] . Additional 
studies, including examination of proximal tubule Cl – /
base exchanger in Slc26a7-null mice, should clarify the 
localization of Slc26a7 in the kidney.

  In conclusion, Slc26a6 deletion downregulates the api-
cal NHE activity in the straight segment of the proximal 
tubule, via mechanisms independent of its abundance in 
the brush border membrane. The absence of a significant 
renal sodium loss in Slc26a6-null mice, despite NHE3 
downregulation in the straight segment of the proximal 
tubule perfused in vitro, points to possible activation of 
signaling pathways that can stimulate the apical NHE in 
the proximal tubule in vivo.
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