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SLC26A7 (human)/Slc26a7 (mouse) is a recently identified
chloride-base exchanger and/or chloride transporter that is
expressedon thebasolateralmembraneof acid-secreting cells in
the renal outermedullary collecting duct (OMCD) and in gastric
parietal cells. Here, we show that mice with genetic deletion of
Slc26a7 expression develop distal renal tubular acidosis, as
manifested by metabolic acidosis and alkaline urine pH. In the
kidney, basolateral Cl�/HCO3

� exchange activity in acid-secret-
ing intercalated cells in the OMCD was significantly decreased
in hypertonicmedium (a normalmilieu for themedulla) butwas
reduced only mildly in isotonic medium. Changing from a
hypertonic to isotonic medium (relative hypotonicity) de-
creased the membrane abundance of Slc26a7 in kidney cells in
vivo and in vitro. In the stomach, stimulated acid secretion was
significantly impaired in isolated gastric mucosa and in the
intact organ. We propose that SLC26A7 dysfunction should be
investigated as a potential cause of unexplained distal renal
tubular acidosis or decreased gastric acid secretion in humans.

Thecollectingduct segmentof thedistal kidneynephronplays a
major role in systemic acid base homeostasis by acid secretion and
bicarbonate absorption.Theacid secretionoccurs viaH�-ATPase
and H-K-ATPase into the lumen and bicarbonate is absorbed via
basolateral Cl�/HCO3

� exchangers (1–4). The tubules, which are
located within the outermedullary region of the kidney collecting
duct (OMCD),2 have the highest rate of acid secretion among the
distal tubule segments and are therefore essential to the mainte-
nance of acid base balance (2).

The gastric parietal cell is the site of generation of acid and
bicarbonate through the action of cytosolic carbonic anhydrase
II (5, 6). The intracellular acid is secreted into the lumen via
gastric H-K-ATPase, which works in conjunction with a chlo-
ride channel and a K� recycling pathway (7–10). The intracel-
lular bicarbonate is transported to the blood via basolateral
Cl�/HCO3

� exchangers (11–14).
SLC26 (human)/Slc26 (mouse) isoforms are members of a

conserved family of anion transporters that display tissue-spe-
cific patterns of expression in epithelial cells (15–24). Several
SLC26 members can function as chloride/bicarbonate
exchangers. These include SLC26A3 (DRA), SLC26A4 (pen-
drin), SLC26A6 (PAT1 or CFEX), SLC26A7, and SLC26A9
(25–31). SLC26A7 and SLC26A9 can also function as chloride
channels (32–34).
SLC26A7/Slc26a7 is predominantly expressed in the kidney

and stomach (28, 29). In the kidney, Slc26a7 co-localizes with
AE1, a well-known Cl�/HCO3

� exchanger, on the basolateral
membrane of (acid-secreting) A-intercalated cells in OMCD
cells (29, 35, 36) (supplemental Fig. 1). In the stomach, Slc26a7
co-localizes with AE2, a major Cl�/HCO3

� exchanger, on the
basolateral membrane of acid secreting parietal cells (28). To
address the physiological function of Slc26a7 in the intact
mouse, we have generated Slc26a7 komice.We report here that
Slc26a7 ko mice exhibit distal renal tubular acidosis and
impaired gastric acidification in the absence of morphological
abnormalities in kidney or stomach.

EXPERIMENTAL PROCEDURES

Preparation of Slc26a7-null Targeting Construct, ES Electro-
poration, Chimeric Mice Generation, PCR Screening of F1 Pups
(Germline Transmission), and Generation of Slc26a7-null
Mice—Our strategy was to delete the Slc26a7 gene by knock-
ing out exons 3 and 4, which encode 168 amino acid residues.
Toward this end, a �15.6-kb fragment was subcloned from
the BAC-encoding part of the Slc26a7 gene for generation of
a targeting construct. The construct was designed with the
short homology arm (SA) extending �2.0-kb 5� to exon 3,
and with the long homology arm (LA) extending 8.3 kb 3�
beyond the 3�-end of exon 4. The Neo cassette replaces 4.2
kb of the gene including exons 3 and 4. Each modification
step in construction of the targeting vector was confirmed by
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restriction analysis and by sequencing using primers
designed to read from the selection cassette into the LA and
the SA. T7 and P6 primers anneal to the vector sequence and
read into the 5�- and 3�-ends of the BAC subclone. The sche-
matic diagram in Fig. 1A depicts the targeting construct used
to generate the Slc26a7 ko mouse, with location of the Neo
cassette indicated.
10�g of the targeting vectorwere linearized byAscI and used

to transfect 129/SV embryonic stem cells by electroporation.
After selection in G418, surviving clones were expanded for
PCR analysis to identify recombinant ES clones. Primers A1, 2,
and 3 were designed downstream (3�) to the short homology
arm (SA) outside the region used to generate the targeting con-
struct (Fig. 1B). PCR reactions using A1, 2, or 3 with the N1
primer at the 5�-end of the Neo cassette amplify 2.15, 2.18, and
2.25 kb fragments, respectively. The control PCR reaction was
performed using AT1 andAT2, which is at the 5�-end of the SA
inside the region used to create the targeting construct. This
amplifies a band of 1.6 kb. The oligo sequences used to screen
the ES clones were as follows: A1: 5�-attccctggaacttcagttcc-3�;
A2: 5�-actctgattagtgcattcctc-3�. A3: 5�-ttggac acagccattcatgc-
ctg-3�; AT1: 5�-aggaccaggaagttctctcag-3�. AT2: 5�-gcatggc-
aatctctgagttcagtc-3�; N1: 5�-tgcga ggccagagg ccacttgtgtagc-3�.

Individual clones were screenedwith A2/N1 primers. Fig. 1C is
a PCR analysis ofDNA isolated fromES cells after electroporation

with the targeting construct and selection with G418. More than
400 surviving colonieswere screened. As shown in Fig. 1C, at least
two clones (clones 164 and 222) were identified as having under-
gone homologous recombination. The positive control amplifica-
tions using primers A2/AT2, AT1/AT2, and AT1/N1 gave the
expected fragment sizes of 1.1, 0.8, and 1.8 kb, respectively. The
homologous recombination events in clones 164 and 222 were
further validated by Southern blot (data not shown).
ES cells from clones 164 or 222 were microinjected into

C57BL/6J blastocysts. Chimeric mice were bred to obtain wild-
type (Slc26a7�/�) and heterozygous (Slc26a7�/�) mice (Fig.
1D). Intercrossing of Slc26a7 heterozygotes (�/�) generated
Slc26a7 ko mice. Tail DNA genotyping was performed using
theA2/N1primer set (see above). Northern hybridization dem-
onstrated the complete absence of Slc26a7 mRNA in stomach
and kidney of Slc26a7-nullmice (Fig. 1E). Immunofluorescence
labeling in kidney and stomach verified the absence of Slc26a7
in �/� mice (data not shown). Slc26a7-null mice are healthy
and have normal blood pressure.
Animals—Mice were cared for in accordance with the Insti-

tutional Animal Care and Use Committee (IACUC) at the Uni-
versity of Cincinnati and theMedical School of Hannover Uni-
versity. All animal handlers were IACUC-trained. Animals had
access to food and water ad libitum, were housed in humidity,
temperature and light/dark-controlled rooms, and were

FIGURE 1. Generation of Slc26a7�/� mutant mice. A, schematic diagram of the Slc26a7 targeting construct. The Neo cassette replaces 4.0 kb of the gene
including exons 3 and 4. B, Slc26a7 targeting allele and delineation of the locations of primers. Using primers designated as A1, A2, and A3, which are
downstream (3�) to the SA, PCR reactions were performed in conjunction with a primer at the 5�-end of the Neo cassette (referred to as N1). These reactions
were expected to amplify 2.1-, 2.2-, and 2.3-kb fragments, respectively. The control PCR reaction was done using AT1 and AT2, which is at the 5�-end of the SA
inside the region used to create the targeting construct. This amplifies a band of 2.0 kb. C, identification of homologous recombinant clones. PCR analysis of DNA
isolated from 200 surviving colonies identified two individual clones, which showed homologous recombination. Southern blotting confirmed the results. The
positive control was performed using primers AT1/N1, which gave the expected fragment size of 1.8 kb. D, generation of Slc26a7�/� and Slc26a7�/� mice. Tail DNA
genotyping identified Slc26a7�/�, �/�, and �/� mice. E, expression of Slc26a7 in kidney and stomach. Crossing of male and female heterozygote mice (�/�)
resulted in the generation of Slc26a7 ko (�/�) mice. Northern hybridization on RNA isolated from kidneys and stomachs of Slc26a7 �/�, �/�, and �/� mice
indicated that the expression of Slc26a7 is completely absent in Slc26a7-null mouse. Both male and female Slc26a7�/� mice were fertile.
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inspected daily. Animals were euthanized with the use of either
anesthetics (pentobarbital sodium) or cervical dislocation after
carbon dioxide narcosis according to institutional guidelines
and approved protocols.
In VitroMicroperfusion of Kidney Tubules andMeasurement

of Basolateral Cl�/HCO3
� Exchanger Activity in Acid-secreting

Cells in the OMCD—Kidneys from wild-type and Slc26a7-null
mice were decapsulated, sectioned into three to four cross sec-
tions per kidney, and immediately placed in a Petri dish con-
taining dissecting solution. Each section was stripped from the
papillary tip to the cortex into smaller wedges and transferred
into a second Petri dish containing dissecting solution main-
tained at 14 °C under a dissecting microscope (Nikon SMZ-
645). Segments of OMCDwere dissected andmicroperfused as
before (3, 38). The perfusate and bath superfusate were equili-
brated with solutions containing 95% O2-5% CO2. After equil-
ibration, the tubule was luminally perfused for 5 min with 5 �M

of the pH-sensitive dye BCECF-AM, leading to uptake of dye by
intercalated cells only, and not by principal cells (39). Fluores-
centmeasurementswere donewith ratio digital imaging system
using an inverted fluorescence microscope (Nikon TE-300).

Excitation wavelengths were
recorded at 490 and 440 nm, and
emission was measured at 520 nm.
Only one tubule per animal was
examined, with the visual field
including two to four cells per
tubule. Intracellular calibration was
performed by using the high-K�-ni-
gericin method (3, 38, 42).
Basolateral Cl�/HCO3

� exchan-
ger activity in Type A-ICs was
assessed as the rate of pHi change,
as well as the amplitude of pHi
response when the bath perfusate
was switched to a Cl�-free solution.
This maneuver causes cell alkalin-
ization in Type A-ICs via reversal
of the basolateral Cl�/HCO3

�

exchanger. Following pHi stabiliza-
tion in Cl-free medium, the bath
perfusate was switched back to a
Cl�-containing solution, resulting
in recovery of pHi to baseline levels
via Cl�/HCO3

� exchange (3, 38, 42).
Measurement of Acid Secretory

Rate in Isolated Gastric Mucosa—
The experimental maneuvers were
similar to those published, with
modifications as described (10).
Briefly, the mucosal layer was dis-
sected from mouse gastric corpus
under a stereomicroscope and
mounted between two Lucite
half chambers of a water-jacketed
Ussing system equipped with a
gas-lift system. The exposed sur-
face area was 0.283 cm2. The sero-

sal solution contained (in mM) 108 NaCl, 22 NaHCO3, 3 KCl,
1.3 MgSO4, 2 CaCl2, 2.25 KH2PO4, 8.9 glucose, and 10 sodium
pyruvate and was gassed with 95% O2-5% CO2, pH 7.4. The
chamber was allowed to equilibrate for at least 30 min in the
presence of indomethacin (3 � 10�5 M) and tetrodotoxin
10�6 M) added to the serosal solution to minimize the impact
of intrinsic prostanoid and neural tone.
The mucosal solution (154 mM NaCl) was gassed with 100%

O2 andmaintained at pH7.4 by the controlled addition of dilute
(2 mM) NaOH (in 0.1-�l volume) using a pH-Stat titration sys-
tem (Radiometer, Copenhagen, Denmark). If the stomach
showed acid secretion, basal parameters were measured for 30
min; and, after addition of 10�5 M forskolin to serosal solution,
a maneuver known to stimulate acid secretion. Acid secretory
rates were recorded for 60 min at 5-min intervals. Data repre-
sent means � S.E.

RESULTS

Generation of Slc26a7-null Mice—The Neo cassette replaces
4.0 kb of the gene including exons 3 and 4 (Fig. 1, A and B,
“Experimental Procedures”). Targeted ES cells (Fig. 1C) were

FIGURE 2. Slc26a7�/� mice have distal renal tubular acidosis. A and B, arterial blood gas and serum bicar-
bonate. Arterial blood gas and serum chemical analysis demonstrated a significant reduction in arterial pH, and
serum bicarbonate, consistent with metabolic acidosis in Slc26a7�/� mice. C, urine pH. Slc26a7 ko mice have
elevated urine pH despite presence of metabolic acidosis.
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used to generate chimeric mice that were bred to obtain wild-
type (Slc26a7�/�), heterozygous (Slc26a7�/�), and null
(Slc26a7�/�) mice (Fig. 1D). The expression of Slc26a7 was
completely abrogated in the kidney and stomach of Slc26a7-
null mice (Fig. 1E). Slc26a7�/� mice exhibited normal growth,
blood pressure, and survival relative to wild-type littermates.
Slc26a7-null Mice Have Distal Renal Tubular Acidosis—Ar-

terial blood gas analysis and blood chemistry examination dem-
onstrated a significant reduction in arterial pH and serum
bicarbonate, consistent withmetabolic acidosis (Fig. 2,A andB,
n � 13 in each group). Slc26a7 ko mice have elevated urine pH

(Fig. 2C), despite severe metabolic acidosis (Fig. 2, A and B).
The presence of metabolic acidosis, along with an inappropri-
ately alkaline urine pH, is indicative of distal renal tubular aci-
dosis in Slc26a7 ko mice. Urine output was 2.01 � 0.2 and
1.92� 0.2ml/24 h in Slc26a7�/� and Slc26a7�/� mice, respec-
tively (p � 0.05, n � 5 in each group). Urine osmolarity was
2489 � 180 and 2710 � 150 mosm/liter in Slc26a7�/� and
Slc26a7�/� mice, respectively (p � 0.05, n � 5 in each group).

When challenged with an acid load in the form of NH4Cl (at
280 mM) added to their drinking water for seven days,
Slc26a7�/� and Slc26a7�/� mice dropped their serum bicar-

FIGURE 3. Basolateral Cl�/HCO3
� exchanger in acid (A)-intercalated cells in OMCD. A, microperfused mouse kidney OMCD. The acid-secreting (A)-interca-

lated cells are delineated by high fluorescence intensity reflecting cell type-specific BCECF uptake. B, representative intracellular pH (pHi) tracing of an
individual A-intercalated cell of OMCD in isotonic solution. Tubules from Slc26a7�/� (left panel); Slc26a7�/� mice (right panel) were subjected to sequential
chloride removal and restoration, first in the absence and then in the presence of DIDS (10 �M). C, representative intracellular pH (pHi) tracing of an individual
A-intercalated cell of OMCD in hypertonic solution subjected to the same protocol. Slc26a7�/� (left panel); Slc26a7�/� (right panel). D, rate of intracellular
alkalinization in response to basolateral Cl� removal in A-intercalated cells in isotonic and hypertonic solutions. As shown, basolateral Cl�/HCO3

� exchanger
activity is significantly decreased in Slc26a7�/� in a hypertonic solution.
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bonate to 21� 1 and 15.5� 1mEq/liter, respectively (p	 0.01,
n � 5). Urine pH was �5.5 and 6.5 in Slc26a7�/� and
Slc26a7�/� mice, respectively, following challenge with the
acid load (p 	 0.05). These results demonstrate a more pro-
found drop in serum bicarbonate (�4.5 mEq/liter versus 1.7
mEq/liter, p 	 0.05, n � 5) and the inability to acidify urine pH
(6.5 versus 5.5, p 	 0.05) in response to acid load in Slc26a7 ko
mice. Taken together, these results are consistent with distal
renal tubular acidosis in Slc26a7-null mice.
Impaired Basolateral Cl�/HCO3

�ExchangerActivity inAcid-
secreting (A) Intercalated Cells in the OMCD—Given the local-
ization of Slc26a7, we next examined the functional activity of
the basolateral chloride/bicarbonate (Cl�/HCO3

�) exchanger
in acid-secreting cells in the OMCD. Toward this end, intracel-
lular pH in A-intercalated cells was measured by the pH-sensi-
tive dye (BCECF) inmicroperfused kidney outermedullary col-
lecting duct (OMCD). Fig. 3A depicts a microperfused mouse
kidney OMCD. The acid-secreting (A) intercalated cells are
delineated by bright color, which reflects the uptake of BCECF,
as principal cells do not take up the dye in significant amount.
Fig. 3B (left) is a representative pHi tracing in Slc26a7�/�

mouse OMCD and performed in isotonic solutions (290
mosM) in the perfusate and bath. As indicated, there is a signif-
icant intracellular alkalinization in response to the removal of
bath chloride in microperfused OMCD, which is significantly
diminished in the presence of 10�MDIDS (Fig. 3B, left). Fig. 3B
(right) depicts pHi tracing in Slc26a7�/� mouse OMCD and
indicates the presence of a significant DIDS-sensitive intracel-
lular alkalinization in response to the removal of bath chloride
in microperfused OMCD. Fig. 3C (left) is a representative pHi
tracing in Slc26a7�/� mouse OMCD and performed in hyper-
tonic (440 mosM) perfusate and bath (mannitol was used to
make the solutions hypertonic). As indicated, there is a signifi-
cant intracellular alkalinization in response to the removal of
bath chloride in microperfused OMCD cells, which is not sig-
nificantly affected by 10 �MDIDS (Fig. 3C, left). The rate of the
intracellular alkalinization in hypertonic solution is signifi-
cantly diminished in Slc26a7�/� mice (Fig. 3C, left versus right
panel). In all experiments that were performed in either iso-
tonic or hypertonicmedium, EIPA at 10�mol was added to the
bath to prevent NHE1 activation and potassium was removed
from the luminal fluid and concanamycin A at 100 nM added to
the lumen to inactivate H-K-ATPase and H�-ATPase, respec-
tively. The baseline pHiwas significantly elevated in hypertonic
medium in Slc26a7�/� mice (pHi 7.26) versus Slc26a7�/� ani-
mals (pHi 7.11) (Fig. 3C). The results of five separate experi-

ments from different animals demonstrated that the rate of
basolateral Cl�/HCO3

� exchange was decreased by only �18%
in Slc26a7�/� in isotonic medium (p 	 0.05) but decreased by
�70% in hypertonic medium relative to Slc26a7�/� mice (p 	
0.01) (Fig. 3D). Whether the set point for other basolateral acid
base transporters is changed in hypertonic medium in Slc26a7
ko mice cannot be excluded.
Decreasing the Osmolarity of the Medium Decreases the

Membrane Abundance of Slc26a7 in Vitro—The osmotically
tolerant cultured kidney (MDCK) cells were transiently trans-
fected with the epitope-tagged Slc26a7 (referred to GFP-
Slc26a7) and switched to a hypertonic medium (440 mM) over-
night to mimic the in vivo milieu in the medulla. Forty-eight
hours after transfection, cells were either switched to an iso-
tonic medium or remained in hypertonic medium for an addi-
tional 60 min. Cells were then fixed and processed for image
analysis under confocal microscopy. The results as demon-
strated in Fig. 4, top panel indicate that reducing the osmolarity
of the medium from hypertonic (440 mM) to isotonic (290 mM)
for 60min,whichmimics the changes inmicroperfusedOMCD
(Fig. 3), causes significant reduction in membrane abundance
of Slc26a7 (Fig. 4, top panel, columnC) relative to cells that stay
in hypertonic medium, which demonstrate a predominant
membrane expression pattern (Fig. 4, top panel, columnB). The
Z-line (side view) images of confocal pictures demonstrate that
the membrane abundance of Slc26a7 is indeed decreased in
cells switched to isotonic medium (Fig. 4, top panel, lower
frame of column C relative to column B). The epitope-tagged
Slc26a7 was predominantly detected in the cytoplasm in cells
transfected and grown in isotonic medium (Fig. 4, top panel,
column A). The GFP alone (no Slc26a7 insert) was localized
intracellularly in both isotonic and hypertonic medium (Fig. 4,
top panel, columns D and E). The membrane abundance of
epitope-tagged AE1 did not change in isotonic medium (data
not shown).
Decreasing the Osmolarity of theMedulla in Vivo Reduces the

Membrane Abundance of Slc26a7 in OMCD Cells—To reduce
medullary osmolarity, animals were subjected to water loading
according to established protocols. Briefly, the control group
was allowed tap water ad libitum; whereas, the water-loaded
animals were induced to drink water abundantly by adding glu-
cose (50 g/1000 ml) to their drinking water. This maneuver has
been shown to increase water intake, decrease urine osmolarity
and increase urine output, all indicators of decreasing medul-
lary interstitial osmotic gradient. Our in vivo studies confirmed
the in vitro findings in Fig. 4, top panel, by demonstrating that

FIGURE 4. Effect of osmolarity on Slc26a7 expression in vivo and in vitro. Top panel, transient transfection of epitope-tagged Slc26a7 in cultured kidney
(MDCK) cells: effect of decreasing tonicity. Cells were transiently transfected with the GFP-SLC26A7 construct in isotonic medium and 24 h later were either
exposed to a hypertonic (440 mM) medium or remained in isotonic (290 mM) medium. Top panel, A, cells incubated in isotonic medium for the duration of
transient transfection (48 h) show intracellular localization of Slc26a7. B and C, cells were transfected with GFP-Slc26a7 in isotonic medium and switched
to a hypertonic medium 24 h later. 24 h after switching to the hypertonic medium, cells were either switched back to an isotonic (290 mM) medium
(column C) or remained in hypertonic medium (column B) for an additional 60 min. Cells were fixed and analyzed under confocal microscopy. D and E,
cells transfected with the GFP alone (no SLC26A7) and grown in isotonic or hypertonic medium are detected in the cytoplasm (columns D and E). Z-line
(side view) images of confocal pictures (lower frame for each column) demonstrate that Slc26a7 is detected predominantly in the basolateral membrane
in hypertonic medium (top panel, column B) and intracellularly in isotonic medium either for 48 h (top, column A) or 60 min after being switched back
from hypertonic medium (top panel, column C). Frames under each column show side view images. Bottom panel, effect of reduced medullary osmolarity
on membrane abundance of Slc26a7 and AE1 in OMCD. Animals were subjected to water loading for 5 days by addition of glucose to their drinking
water. Kidney sections from animals with hypertonic medulla (control) or reduced osmolarity (water-loaded) were immunostained with Slc26a7 or AE1
antibodies. Bottom panel, section A, Slc26a7 and AE1 staining in control state. Bottom panel, section B, Slc26a7 and AE1 in water-loaded animals. Slc26a7
shows significant reduction in membrane abundance in water-loaded animals.

Role of Slc26a7 in Kidney and Stomach Physiology

OCTOBER 23, 2009 • VOLUME 284 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29475



decreasing the tonicity of the kidney medulla by water loading
reduced themembrane abundance of Slc26a7 in A-intercalated
cells in the OMCD (Fig. 4, bottom panel, section B). Interest-
ingly, the abundance of AE1 was not significantly affected in
water loading (Fig. 4, bottom panel, section B).
Impaired Gastric Acid Secretion in Slc26a7-null Mice—To

ascertain the role of Slc26a7 in gastric acid secretion, stomach
pH and amount of acid in gastric secretions from Slc26a7�/�

and Slc26a7�/� mice were examined following stimulation of
acid secretion with histamine. The pH of gastric secretions was
not significantly different in Slc26a7�/� mice, with values of
4.2 � 0.4 in Slc26a7�/� mice versus 3.5 � 0.4 in Slc26a7�/�

(Fig. 5A, p � 0.05). Quantitation of gastric acid revealed acid
secretion to be significantly decreased in Slc26a7�/� mice

(75 � 6 mEq/g wet weight in Slc26a9�/� and 46 � 4 in
Slc26a7�/� mice) (Fig. 5B, p 	 0.01).
Acid Secretion in Isolated Gastric Mucosa from Adult Mice—

Toquantify actual rates ofHCl secretion, isolated gastricmuco-
sae from Slc26a7�/� and Slc26a7�/� mice were studied in
modified Ussing-chamber systems. The gastric mucosa from
Slc26a7�/� mice 40–45 days of age showed significant impair-
ment in forskolin-stimulated acid secretion comparedwith that of
wt mice (Fig. 5C, left and right panels; summarized in Fig. 5D).

DISCUSSION

Our studies in osmotically tolerant cultured kidney (MDCK)
cells demonstrate that reducing the osmolarity of the medium
from hypertonic (440 mM) to isotonic (290 mM) for 60 min,

FIGURE 5. Gastric acid secretion in Slc26a7�/� and Slc26a7�/� mice. Animals 5– 6 weeks old were fasted overnight and injected subcutaneously with
histamine at 2 �g/g body weight. After 15 min, the intact stomach was removed. The gastric contents, which included both basal and histamine-stimulated
acid-base equivalents, were rinsed in 5 ml of normal saline solution and centrifuged. Total acid-base equivalents in the supernatant were determined by
titration with NaOH. A, gastric acid secretion in Slc26a7�/� and Slc26a7�/� mice. Total secreted acid was decreased by �36% in Slc26a7�/� versus Slc26a7�/�

mice. B, gastric pH in Slc26a7�/� and Slc26a7�/� mice. The pH of the gastric secretions was more alkaline in Slc26a7�/� mice. C and D, acid secretory rates in
isolated gastric mucosa of adult Slc26a7�/� and Slc26a7�/� mice. C, acid secretion was measured at basal state and following the stimulation with forskolin
(10�5

M) in gastric mucosa of 40 – 45 days old (left and right panels). D, peak secretory acid secretion was decreased in Slc26a7�/� mice relative to Slc26a7�/�

mucosa (n � 6 for �/�, 7 for �/� mice).
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which mimics the changes in perfused OMCD (Fig. 2), causes
significant endocytosis of Slc26a7 from the membrane to the
cytoplasm (Fig. 4, top panel). These results are in agreement
with our previously published reports demonstrating that the
membrane abundance of Slc26a7 in significantly increased in
hypertonic medium by increasing its trafficking from the cyto-
solic pool (35, 36). The membrane abundance of epitope-
tagged AE1 was not affected by changes in themedium tonicity
of medulla.3
Our in vivo studies confirmed the in vitro findings by dem-

onstrating that decreasing the tonicity of kidney medulla by
water loading reduced themembrane expression of Slc26a7 but
had no significant effect on the abundance of AE1 in the baso-
lateral membrane of A-intercalated cells in the OMCD (Fig. 4,
bottom panel, section B). The expression pattern of Slc26a7 and
AE1 in control state is shown for comparison (Fig. 4, bottom
panel, section A). Further, increasing the osmolarity of the
medulla by water deprivation was associated with the increased
abundance of Slc26a7 and decreased abundance of AE1 in the

plasmamembrane ofA-intercalated cells inOMCD(36). Taken
together, these studies indicate that Slc26a7 is the dominant
bicarbonate-extruding transporter in the OMCD in hypertonic
medium; whereas, AE1 is more active in isotonic environment.
Northern hybridization and immunohistochemistry studies
indicated enhanced expression of AE1 in the OMCD of
Slc26a7-nullmice (supplemental Fig. 2). The expression of pen-
drin, the apical Cl�/HCO3

� exchanger in B-intercalated cells,
was significantly decreased in Slc26a7-null mice (supplemental
Fig. 2).
Mutations in AE1 have been shown to be associated with

distal renal tubular acidosis, as manifested by metabolic acido-
sis and renal bicarbonate wasting (4). AE1 is expressed on the
basolateral membrane of acid-secreting (Type A) intercalated
cells in the cortical, outermedullary and the first segment of the
inner medullary collecting duct (1–4, 37–39). Systemic dele-
tion of AE1 in mouse is associated with severe spherocytic
hemolytic anemia and early lethality, in some cases due towide-
spread thrombosis (40). The examination of the kidney defect
in systemic AE-1 ko mice is therefore complicated by the pres-
ence of concurrent severe systemic perturbations that can3 J. Xu and M. Soleimani, unpublished data.

FIGURE 6. Schematic diagrams depicting Slc26a7 as a major regulator of acid secretion in the kidney outer medullary collecting duct (A) and stomach
parietal cells (B). A, Slc26a7 and AE1 co-localize on the basolateral membrane of acid-secreting intercalated cells in the OMCD. Slc26a7 is predominantly active
in hypertonic environment whereas AE1 can function better at isotonic or hypotonic environment. B, Slc26a7 can regulate acid secretion in the stomach by
either functioning as a Cl�/HCO3

� exchanger (right panel) or an chloride channel (left panel) on the basolateral membrane of gastric parietal cells.
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impact the kidney medulla and indirectly affect the activity of
ion transporters. However, surviving AE-1-null mice exhibit
only a 25% reduction in Cl�/HCO3

� exchanger activity in Type
A-intercalated cells of the OMCD (41) as measured in an iso-
tonic environment.
Slc26a7 komice displayed reduced gastric acid secretion (Fig.

5). Functional studies in cultured cells or oocytes demonstrated
that Slc26a7 can function as a chloride channel, as well as a
Cl�/HCO3

� exchanger (28, 29, 32–34). As a Cl�/HCO3
�

exchanger, Slc26a7 can facilitate the extrusion of bicarbonate
across the basolateral membrane, which should enhance the
generation of intracellular acid for secretion into the stomach
lumen via apical H-K-ATPase. As a chloride channel, Slc26a7
can contribute to the transport of chloride from blood into
parietal cells for eventual secretion across the apical membrane
alongwith the acid (H�). In eithermode, Slc26a7 has the poten-
tial to regulate gastric acid secretion, albeit via different mech-
anisms. Whether the main functional mode of Slc26a7 in gas-
tric parietal cells is the mediation of Cl�/HCO3

� exchange or
chloride channel remains speculative. Our studies in isolated
gastric mucosa mounted on Ussing chamber (Fig. 5) do not
distinguish between the two possible functional modes of
Slc26a7.
Slc26a7 co-localizes with AE2 (Slc4a2), a known Cl�/HCO3

�

exchanger, on the basolateralmembrane of gastric parietal cells
(28). Systemic deletion of AE2 resulted in growth retardation
along with achlorhydria (13, 14). Histological studies revealed
abnormalities of the gastric epithelium, including moderate
dilation of the gastric gland lumens and a reduction in the num-
ber of parietal cells in AE2-null mice (13, 14). The expression of
Slc26a7 was significantly deceased in stomachs of AE2-null
mice (13). Ultrastructural analysis of AE2�/� gastric mucosa
indicated loss of secretory canaliculi and tubulovesicles (13).
These results demonstrate that AE2 is essential formaintaining
the viability or development of parietal cells and for normal
abundance of secretory canalicular and tubulovesicular mem-
branes in mouse parietal cells. Whether the achlorhydria in
AE2-null mice is partly due to the down-regulation of Slc26a7
needs further investigation. We did not observe any detectable
alteration in the expression of AE2 on the basolateral mem-
brane of gastric parietal cells in Slc26a7-null mice (supplemen-
tal Fig. 3). Stomach and kidney histology in Slc26a7�/� did not
differ from those of Slc26a7�/� mice (supplemental Fig. 4).
In conclusion, genetic deletion of Slc26a7 in the mouse

results in distal renal tubular acidosis and decreased gastric acid
secretion. Deletion of Slc26a7 decreased basolateral Cl�/
HCO3

� exchanger activity in the acid-secreting cells in OMCD
and resulted in renal bicarbonatewastingwith subsequentmet-
abolic acidosis. In the stomach, deletion of Slc26a7 reduced
gastric acid secretion either due to impaired ability to extrude
bicarbonate across the basolateral membrane or secondary to
reduced chloride entry in the parietal cell.
The schematic diagrams in Fig. 6 depict the role of Slc26a7 in

acid secretion in the kidney outermedullary collecting duct and
stomach. In the kidney (Fig. 6A), Slc26a7 functions predomi-
nantly as a Cl�/HCO3

� exchanger that is active in hypertonic
milieu. AE1, on the other hand, is a Cl�/HCO3

� exchanger that
is predominantly functional in isotonic or hypotonic environ-

ment. The expression of AE1 inOMCD increased in Slc26a7 ko
mice (supplemental material). Whether this adaptation is sec-
ondary to acidosis or indicates a closer interaction between
Slc26a7 and AE1 remains to be determined.
Whether the role of Slc26a7 in acid secretion in the stomach

is via increased bicarbonate extrusion across the basolateral
membrane or enhanced entry of chloride in parietal cells via
chloride conductance (Fig. 6B, left and right panels) remains
speculative at the present. The expression of AE2 remained
unchanged in gastric parietal cells in Slc26a7.WhetherAE2 and
Slc26a7 show differential regulation under different signaling
pathways remains speculative at the present. We propose that
SLC26A7 dysfunction should be investigated as a potential
cause of unexplained distal renal tubular acidosis or decreased
acid secretion in the stomach in humans.
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