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Abstract

 

Na-K-Cl cotransport plays an important role in the kidney

in NaCl reabsorption in the thick ascending limb of Henle

and a less well defined role in the inner medullary collecting

duct (IMCD). Two Na-K-Cl cotransporters encoded by dif-

ferent genes have been identified in the mammalian kidney:

BSC1/NKCC2 which localizes to the apical thick ascending

limb of Henle and BSC2/NKCC1 which was isolated from a

mouse IMCD cell line (mIMCD-3) but its localization has

not been determined. In this study we generated a poly-

clonal antibody (anti-mBSC2) against the mouse BSC2/

NKCC1 protein in order to characterize and localize this

protein in mouse kidney. Western blot analysis with affin-

ity-purified anti-mBSC2 showed a protein doublet of 140

and 150 kD which was most abundant in the renal papilla

but also seen in cortex and outer medulla. The 140–150-kD

bands were not seen with preimmune serum or with anti-

mBSC2 preabsorbed with specific antigen. Immunolocaliza-

tion confirmed expression of mBSC2 protein on the basolat-

eral surface of terminal IMCD segments and demonstrated

expression in the papillary surface epithelium. Immunofluo-

rescence also revealed the unexpected presence of the BSC2

protein at the juxtaglomerular afferent arteriole, in a juxta-

glomerular structure probably representing the extraglom-

erular mesangium, and throughout the glomerular me-

sangium. (

 

J. Clin. Invest.

 

 1996. 98:723–730.) Key words:

tubuloglomerular feedback 

 

•

 

 renin 

 

•

 

 inner medullary col-

lecting duct 

 

•

 

 mesangium 

 

•

 

 macula densa

 

Introduction

 

Recent molecular studies have demonstrated the existence of
two distinct genes encoding the mammalian Na-K-2Cl cotrans-
porter (for reviews see references 1 and 2). The first gene,

 

BSC1 

 

or 

 

NKCC2

 

, located on mouse chromosome 2 (3), en-
codes a kidney specific Na-K-2Cl cotransporter (4, 5) ex-

pressed on the apical membrane of the thick ascending limb of
Henle (TAL)

 

1

 

 cells (6). The other gene, 

 

BSC2

 

 or 

 

NKCC1

 

, lo-
cated on mouse chromosome 18 (7), encodes a widely ex-
pressed Na-K-2Cl cotransporter. The BSC2 cotransporter has
been isolated from the shark rectal gland (8), a human colonic
cell line (9), and a mouse inner medullary collecting duct cell
line (mIMCD-3) (7). Extensive transport studies in the shark
rectal gland and in the T84 colonic cell line have demonstrated
the presence of the cotransporter on the basolateral mem-
brane of these epithelial cells. Transport studies in the
mIMCD-3 cells also revealed a putative basolateral localiza-
tion of the cotransporter (7).

The salt and water reabsorptive function of the apical,
BSC1, isoform of the cotransporter in the thick ascending limb
is well established based on the large natriuretic effect of loop
diuretics. The salt and water secretory function of the basolat-
eral, BSC2, isoform is also well established in secretory epithe-
lia of respiratory tract, salivary gland, and sweat glands (10). In
contrast, the role and localization of the basolateral isoform of
the cotransporter in the kidney is still unknown. Precise local-
ization of this isoform in the mammalian kidney by immuno-
staining techniques is therefore of primary importance in de-
termining its role in kidney function. For this report, we
prepared and purified an antibody directed against a 74–amino
acid peptide located in the carboxyl-terminal tail of the
mBSC2 protein. The antibody was characterized by Western
blot analysis and used for localization by indirect immunofluo-
rescence. Anti-mBSC2 antibodies revealed the following loca-
tions of the mBSC2 protein: (

 

a

 

) the basolateral membrane of
terminal IMCDs, consistent with the high level of expression
in the mIMCD-3 cell line; (

 

b

 

) the papillary surface epithelium
which separates the papillary interstitium from the renal pel-
vis; (

 

c

 

) the unexpected presence in a subpopulation of vascular
smooth muscle cells located exclusively at the afferent arteri-
ole in close proximity to the glomerulus; and (

 

d

 

) a juxtaglom-
erular structure that probably represents the extraglomerular
mesangium and to a lesser extent throughout the glomerular
mesangium.

 

Methods

 

Antibody production.

 

A fusion protein consisting of a 74–amino acid
segment of the carboxyl terminus of mBSC2 (amino acids 938–1011)
fused to the maltose-binding protein (MBP) was generated according
to the manufacturer’s instructions (New England Biolabs Inc., Bev-
erly, MA). The mBSC2-MBP fusion protein was purified with an
amylose resin column and injected subcutaneously into rabbits to
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generate polyclonal antibodies according to Antisera System proto-
col (HRP, Inc., Denver, PA). Preimmune and immune sera were har-
vested and used in the present studies.

 

Affinity purification of polyclonal antibodies.

 

Cyanogen bromide
coupled to Sepharose beads (Pharmacia Biotech Inc., Piscataway,
NJ) was activated and linked either to the fusion protein or to the
MBP. Immune serum was incubated for 1–3 d at 4

 

8

 

C with cyanogen
bromide Sepharose beads coupled to fusion protein, and specific anti-
bodies eluted from beads with 0.1 M glycine (pH 2.7). Cyanogen bro-
mide Sepharose beads coupled to MBP were used for negative selec-
tion of antibodies to the MBP. Purified antibody was stored in PBS
containing 0.02% sodium azide at 

 

2

 

20

 

8

 

C.

 

Western blots.

 

Kidney membrane protein fractions were ex-
tracted from male CD-1 mice (Charles River Laboratories, Wilming-
ton, MA). Briefly, dissected kidney sections were homogenized in 1–2
ml of homogenization medium (0.32 M sucrose, 5 mM Tris hydro-
chloride [pH 7.5], and 2 mM EDTA and protease inhibitors: 100 

 

m

 

M
PMSF, 2 

 

m

 

g/ml leupeptin, and 2 

 

m

 

g/ml aprotinin), and centrifuged at
3,000 

 

g

 

 for 10 min. The supernatant was centrifuged at 100,000 

 

g

 

 for
30 min. The final pellet was resuspended in 50–400 

 

m

 

l (depending on
pellet size) of suspension buffer (5 mM Tris-HCl [pH 7.5] and 2 mM
EDTA) and stored at 

 

2

 

80

 

8

 

C. Protein homogenates were resolved by
Laemmli SDS-polyacrylamide (6–10%) gel electrophoresis and trans-
ferred in 25 mM Tris-HCl, 192 mM glycine, 25% methanol to a poly-
vinylidene difluoride (PVDF) membrane. Prestained high range
SDS-PAGE standards were used (Bio Rad Laboratories, Hercules,
CA). The membrane was blocked for 1 h in 5% milk powder/TBST
(10 mM Tris-HCl, pH 8.5, 150 mM NaCl, 0.1% Tween 20). The mem-
brane was exposed to immune serum or purified antibody diluted in
5% milk powder/TBST overnight at 4

 

8

 

C and then to the second anti-
body (peroxidase-linked anti–rabbit Ig from Amersham Life Science,
Arlington Heights, IL) for 1 h at room temperature. After washing in
TBST, antigen–antibody complexes were detected by autoradiogra-
phy using chemiluminescence (ECL, Western blotting analysis sys-
tem from Amersham Life Science). For immunoabsorption studies,
fusion protein was preincubated with purified antibody at room tem-
perature for 1–3 h.

Figure 1. Western blot of anti-mBSC2 on mouse kidney proteins. (A) 
8% SDS-PAGE showing a major broad band of z 150 kD and sev-
eral smaller bands identified by anti-mBSC2 immune serum (lane 2), 
but not by preimmune serum (lane 1). (B) 6% SDS-PAGE using af-
finity-purified anti-mBSC2 on mouse cortical membranes (400 mg) 
(lane 1), outer medulla membranes (400 mg) (lane 2), and papillary 
membrane (5–10 mg) (lane 3) shows protein doublet of 140 and 150 
kD. (C) Broad 150-kD band identified by affinity-purified anti-
mBSC2 (lane 1) is not seen when the affinity-purified anti-mBSC2 is 
preabsorbed with specific antigen (lane 2). (D) Affinity-purified anti-
mBSC2 recognizes the mBSC2 fusion protein (see Methods) (lane 2) 
but not an rBSC1 fusion protein made from the corresponding region 
of the protein (lane 1).

Figure 2. Immunolocalization of the mBSC2 protein in mIMCD-3 
cells grown on polycarbonate filters. Confocal images were taken at 
three different levels of cell height: (A) top, (B) middle, and (C) bot-
tom. The immunostaining shows expression of the mBSC2 protein 
along the basolateral membrane. Bar, 50 mm.
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tibody (antiuromucoid; Organon Teknika, Durham, NC) and labeled
with FITC-conjugated anti–rabbit IgG (Vector Labs) and Texas red–
conjugated anti–goat IgG (Jackson ImmunoResearch), respectively.
Sections were mounted with Vectashield (Vector Labs) and photo-
graphed with either a Nikon Microphot FXA microscope or a Bio
Rad confocal microscope. Immunoabsorption of anti-mBSC2 was
performed by incubating the purified antibody with specific antigen
(the fusion protein) overnight at 4

 

8

 

C or with MBP as control.
For immunofluorescence staining of mIMCD3 cells, cells were

grown to confluence on polycarbonate transwell filters (Costar Corp.,
Cambridge, MA) and processed as described above using affinity-
purified anti-mBSC2 antibody.

 

Results

 

Western blots of mouse outer medulla membrane protein us-
ing anti-mBSC2 immune serum showed a major, broad band
around 150 kD (Fig. 1 

 

A

 

, 

 

lane 2

 

) which was not seen using pre-
immune serum (Fig. 1 

 

A

 

, 

 

lane 1

 

), as well as several bands of lower
molecular mass. When the anti-mBSC2 immune serum was af-
finity purified using specific antigen, the broad band appeared
to be composed of two distinct bands of 140 and 150 kD which
increased in intensity from cortex (Fig. 1 

 

B

 

, 

 

lane 1

 

) to outer

 

Kidney sections.

 

Male CD-1 mice (Charles River Laboratories)
were perfusion fixed retrograde via the descending aorta with 4%
paraformaldehyde in PBS. Kidneys were sliced and postfixed over-
night in 4% paraformaldehyde at 4

 

8

 

C. The tissue was then washed in
PBS, cryoprotected in 30% sucrose overnight at 4

 

8

 

C, imbedded in
O.C.T. (Miles, Elkhart, IN), and finally frozen in isopentane cooled
in dry ice. 5-

 

m

 

m frozen sections were cut with an RMC CMT-955A
cryostat and thaw mounted on Superfrost Plus slides (Fisher Scien-
tific, Pittsburgh, PA).

 

Indirect immunofluorescence.

 

For immunofluorescence, tissue
sections were incubated in 1% SDS and 8% 2-mercaptoethanol for 5
min at room temperature followed by two 5-min washes in PBS. Sec-
tions were incubated for 30 min in PBS containing 1% BSA, and then
incubated with affinity-purified anti-mBSC2 antibody diluted in PBS
plus 1% BSA overnight at 4

 

8

 

C. After washes in PBS, sections were
incubated for 1 h with Cy3 conjugated anti–rabbit IgG (Jackson Im-
munoResearch, West Grove, PA) at room temperature. For double
labeling experiments, sections were incubated with anti-mBSC2 anti-
body and anti–

 

a

 

 smooth muscle actin (clone 1A4; Sigma Immu-
nochemicals, St. Louis, MO), or antirenin antibody (kindly provided
by T. Inagami [11]) and labeled with FITC-conjugated anti–mouse
IgG (Jackson ImmunoResearch) or anti–rabbit IgG (Vector Labs,
Burlingame, CA), respectively. For staining of macula densa, sections
were incubated with anti-rBSC1 immune serum, an antibody specific
for the apical Na-K-Cl cotransporter (6) and anti–Tamm-Horsfall an-

Figure 3. Confocal microscopy views 
showing the localization of the mBSC2 
protein in the mouse inner medulla. 
IMCDs are stained with anti-mBSC2 anti-
body mostly in the terminal two-thirds of 
the IMCDs: a minimal signal is seen in the 
upper third (A) but increases progressively 
from the middle (B) to the terminal third 
(C) of the inner medulla. High-power 
views of the collecting ducts in the termi-
nal third of the inner medulla (F and G) 
show that the expression of the mBSC2 
protein is along the basolateral, but not the 
apical membranes of the epithelial cells. 
The papillary surface epithelium seen on 
the right edge of the tissue sections (A–C) 
shows equivalent intensity of staining from 
the upper to the terminal third of the inner 
medulla. As seen on the high-power view 
(D), the basolateral membranes of the 
papillary surface epithelium are stained 
while the apical membranes, indicated by 
arrows, are negative. Light microscopy 
view of immunoabsorption of affinity-
purified anti-mBSC2 (E) shows an ab-
sence of signal in the terminal inner me-
dulla. Bars, A–C, 50 mm; D–G, 25 mm.
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medulla (Fig. 1 

 

B

 

, 

 

lane 2

 

) and were most intense in the inner
medulla/papillary tissue (Fig. 1 

 

B

 

, 

 

lane 3

 

). The lower molecular
mass bands were not seen with this affinity-purified antibody.
Note that the amount of inner medulla protein used on the
Western blot in Fig. 1 

 

B

 

 was 

 

.

 

 40-fold less than the amounts of
cortex or outer medulla protein. The major signal around 150
kD was not seen when the affinity-purified anti-mBSC2 was
preabsorbed with specific antigen (Fig. 1 

 

C

 

), demonstrating
the specificity of the 150-kD signal for the mBSC2 protein. The
specificity of anti-mBSC2 for BSC2 protein over BSC1 protein
(the apical, absorptive Na-K-Cl cotransporter in the TAL) was
demonstrated in Fig. 1 

 

D

 

 where anti-mBSC2 recognizes the
mBSC2-MBP fusion protein (

 

lane 2

 

), but not an rBSC1-MBP
fusion protein which consists of the comparable region of
BSC1 (amino acids 834–900, 

 

lane 1

 

). The 140–150-kD sizes
seen on Western blot are consistent with the mBSC2 protein
being a glycoprotein based on the 130-kD size predicted by the
coding region of the 

 

mBSC2

 

 gene. For comparison, human co-
lonic Na-K-Cl cotransport protein (NKCC1) was found to be
170 kD whereas the shark rectal gland NKCC1 protein was
195 kD with a core molecular mass of 135 kD (9, 12). Observa-
tion of a protein doublet suggests expression of different glyco-
sylation or phosphorylation forms of the mBSC2 protein.

The immunopurified anti-mBSC2 was used to localize the
mBSC2 protein in cells and tissue sections from mouse kidney.

Mouse mIMCD-3 cells, grown to confluence on filters, showed
a clear basolateral pattern of staining with anti-mBSC2 (Fig. 2,

 

A–C

 

), consistent with the putative basolateral location of
mBSC2 suggested by 

 

86

 

Rb-uptake studies done in polarized
mIMCD-3 cells (7).

Mouse kidney stained with affinity-purified anti-mBSC2
showed basolateral staining of the inner medulla/papilla, most
intense in the terminal two-thirds of the collecting ducts (Fig.
3, 

 

A–C

 

) and along the papillary surface epithelium (Fig. 3 

 

D

 

).
Although the signal in IMCD is predominantly along the baso-
lateral membrane (Fig. 3, 

 

F

 

 and 

 

G

 

), some intracellular signal is
present which may represent background or localization of the
cotransporter in intracellular compartments. No fluorescent
signal was seen in outer medulla. The relatively light signal de-
tected in outer medulla on Western blot with anti-mBSC2
(Fig. 1 

 

B

 

) may represent a low level of protein expression not
detectable by immunostaining of tissue sections or perhaps
contamination from inner medulla on kidney dissection. Speci-
ficity of the antibody was demonstrated by absence of signal
when anti-mBSC2 was preabsorbed with specific antigen (Fig.
3 

 

E

 

) while no change in the signal was observed when the anti-
body was preabsorbed with the MBP (data not shown).

Close scrutiny of the renal cortex immunostained with anti-
mBSC2 revealed an unexpected intense staining in the region
of the juxtaglomerular apparatus and less intense staining

Figure 4. Renal colocalization of anti-
mBSC2 with smooth muscle–specific anti–
a-actin under confocal microscopy. A high 
level of expression of the mBSC2 protein 
(A, C, and G) is seen in juxtaglomerular 
vasculature as identified by colocalization 
with anti–a-actin (B, D, and H, open ar-

rows). mBSC2 protein is also expressed in 
the glomerular mesangium (A, C, and G) 
and in a neighboring juxtaglomerular 
structure which is negative for anti–a-actin 
and probably represents extraglomerular 
mesangium (C and G, solid arrows). 
Larger intrarenal arterioles were recog-
nized by the smooth muscle–specific anti–
a-actin (F) but not by anti-mBSC2 (E) an-
tibodies. g, glomerulus. Bars, A–D, 50 mm; 
E–H, 25 mm.
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within the glomerular mesangium (Fig. 4, 

 

A, C, and G). No
other cortical structures were recognized by the anti-mBSC2
antibody. To delineate the specific structures identified by the
anti-mBSC2 antibody in the juxtaglomerular apparatus, colo-
calizations of anti-mBSC2 with smooth muscle–specific anti–
a-actin antibody (Fig. 4) and antirenin antibody (Fig. 5) were
performed. Fig. 4 shows expression of mBSC2 protein in juxta-
glomerular vasculature which also labels with anti–a-actin and
in a juxtaglomerular structure which is negative for a-actin and
which morphologically appears to be extraglomerular me-
sangium. Anti-mBSC2 immunostaining was specific for the
juxtaglomerular arteriole as other renal vasculature identified
by anti–a-actin staining (Fig. 4 F) showed no signal when
stained with anti-mBSC2 (Fig. 4 E). Colocalization of anti-
mBSC2 (Fig. 5, A and C–E) with antirenin antibody (Fig. 5, B
and F–H) showed that the vasculature labeled by anti-mBSC2
was limited to the afferent arteriole. As indicated by the low
magnification photographs (Fig. 5, A and B) every glomerulus
labeled with the antirenin antibody was positive with the anti-
mBSC2 antibody. Upon close inspection, it appears that vascu-

lar smooth muscle cells which stain positively for renin also ex-
hibit mBSC2 protein, though there are some neighboring cells
expressing the mBSC2 protein which do not stain for renin.
Specificity of the antibody was again demonstrated by absence
of signal when anti-mBSC2 was preabsorbed with specific anti-
gen (Fig. 5 I) while no change in the signal was observed when
the antibody was preabsorbed with the MBP (data not shown).

Since macula densa cells are known to have apical bumet-
anide-inhibitable Na-K-Cl cotransport (13), we examined
these cells for the presence of apical BSC1 and/or BSC2 iso-
forms of the Na-K-Cl cotransporter. The mouse macula densa,
as identified by negative anti–Tamm-Horsfall immunostaining
(14) in a juxtaglomerular CTAL (Fig. 6 A), did not show ex-
pression of the mBSC2 protein (data not shown), but showed
expression of the apical Na-K-Cl cotransporter, BSC1 (Fig. 6
B), as reported previously in the rat (6). Confirming that anti-
BSC1 and anti-mBSC2 recognize distinct proteins in the
mouse kidney, anti-BSC1 immunostains only the apical sur-
faces of MTALs and CTALs including the macula densa (6)
whereas anti-mBSC2 immunostaining is specific for the affer-

Figure 5. Renal colocalization of mBSC2 
protein with renin demonstrates expres-
sion of mBSC2 in the granular cells of the 
afferent arteriole. All juxtaglomerular af-
ferent arterioles labeled with the antirenin 
antibody (B, solid arrows) also label with 
the anti-mBSC2 antibody (A). Higher 
magnification demonstrates that the cells 
stained with antirenin (F–H) also stain 
with anti-mBSC2 (C–E) though the latter 
staining extends to cells which may be vas-
cular smooth muscle cells or extraglomer-
ular mesangial cells. The mBSC2 antibody 
also stains the glomerular mesangium. No 
mBSC2 signal is seen when the affinity-
purified anti-mBSC2 antibody is preab-
sorbed with the mBSC2 fusion protein (I). 
g, glomerulus; solid arrows, macula densa. 
Bars, A and B, 100 mm; C, D, F, G, I, 50 
mm; E and H, 25 mm.



728 Kaplan et al.

ent arteriole, intra- and extraglomerular mesangium, and the
terminal IMCD.

Discussion

The renal specific (BSC1 or NKCC2) and more widely ex-
pressed (BSC2 or NKCC1) isoforms of the Na-K-2Cl cotrans-
porter are both highly expressed in the mammalian kidney (4,
5, 7, 15). In contrast to the BSC1 isoform, the precise localiza-
tion of the BSC2 isoform within the kidney and its physiologi-
cal function are unknown. In rabbit, the mRNA expression of
the BSC2 isoform was shown to be low in cortex and outer me-
dulla and to increase markedly from inner medulla to papilla
(our unpublished observation), and in mouse, in situ hybrid-
ization showed high level of expression in glomeruli and distal
nephron segments (16). This localization by Northern analysis
and in situ hybridization is compatible with the high level of
expression found in the mouse inner medullary collecting duct
cell line, mIMCD-3, which was used to isolate the cDNA en-
coding the mBSC2 cotransporter. The aim of this study was to
localize this putative basolateral isoform of the Na-K-2Cl
cotransporter in the mouse kidney. For this purpose, we gener-
ated a polyclonal antibody which, as shown in Fig. 1, A–C, spe-
cifically recognizes a protein doublet of z 140 and 150 kD.
Anti-mBSC2 antibody was shown to be specific for the baso-
lateral isoform as demonstrated by the absence of reactivity
against the BSC1 fusion protein (Fig. 1 D, the two fusion pro-
teins being designed in corresponding regions of the respective
cotransporter proteins) and by the absence of any signal in
MTAL or CTAL where BSC1 is highly expressed on apical
membranes (6).

mBSC2 protein localized in the kidney to two distinct re-
gions: the papillary IMCD, as anticipated based on the origin
of the mBSC2 cDNA clone from the mouse mIMCD-3 cell
line, and unexpectedly, the glomerulus and the juxtaglomeru-
lar apparatus. In the mouse papilla, mBSC2 protein was lo-
cated mainly in the terminal two-thirds of the IMCD, in a con-
tiguous pattern consistent with previous reports of a single cell
type in this region (17). Although some intracellular staining
was observed, the mBSC2 protein localized predominantly to
the basolateral surface of the IMCD cells. Expression of an
Na-K-2Cl cotransporter in the IMCD is consistent with previ-
ous reports which showed bumetanide-sensitive 86Rb uptake in
rat and mouse IMCD cells with functional basolateral location

of the Na-K-2Cl cotransporter demonstrated in the mouse
IMCD cells (7, 18). Since the papillary osmolarity can reach
very high levels and is subject to great variability, the volume
regulatory function of the basolateral Na-K-2Cl cotransporter
(19) may be particularly important in this segment. Although
the IMCD segment is generally believed to mediate Na1 reab-
sorption through apical Na1 channels and basolateral Na1/K1

pumps, it has also been reported that atrial natriuretic peptide
stimulates NaCl secretion via a furosemide-inhibitable Na-K-
2Cl cotransporter (20). These results are consistent with the
upregulation in mIMCD-3 cells of Na-K-2Cl cotransporter ex-
pression by atrial natriuretic peptide (21), a hormone other-
wise known to downregulate the expression of the Na1 chan-
nel and the Na1/K1 pump (22, 23). The papillary interstitium is
also known to contain high amounts of ammonium. Since both
NH4

1 and H1 secretion have been demonstrated in isolated rat
IMCD (24), and since the NH4

1 cation can compete with the
K1 binding site on the cotransporter (25), the basolateral Na-
K-2Cl cotransporter in the IMCD could constitute one of the
major routes for H1 and NH4

1 secretion. This is of particular
importance in light of recent findings demonstrating a primary
role for the basolateral Na-K-2Cl cotransporter in acid secre-
tion in the stomach (26).

Other structures within the papilla (i.e., thin limbs) exhib-
ited only very faint signal with anti-mBSC2 which may either
represent very low levels of expression or background staining.
The signal seen on the basolateral surface of the terminal
IMCD cells becomes fainter in the more proximal IMCD and
disappears before reaching the outer medulla. No signal was
observed in outer medulla. A strong signal was also seen on
the basolateral aspect of the papillary surface epithelium
which is in contrast to a previous functional study of rabbit
papillary epithelium showing apical Na-K-Cl cotransport (27).

In the cortex, anti-mBSC2 intensely labeled the smooth
muscle cells of the juxtaglomerular afferent arteriole as dem-
onstrated by colocalization with antirenin and anti–a-actin
antibodies. No other vasculature was stained for mBSC2. Im-
munostaining was also observed within the glomerular me-
sangium (Fig. 4, A and C, and Fig. 5, C and E) where the
cotransporter has been identified previously by both transport
and [3H]bumetanide-binding experiments (28). A strong signal
was seen in a juxtaglomerular structure which was negative for
anti–a-actin and which most likely represents extraglomerular
mesangium (Fig. 4, C, D, G, and H). While all cells recognized

Figure 6. Mouse macula densa localization 
of mBSC1 protein. (A) A macula densa re-
gion is identified by the absence of staining 
with anti–Tamm-Horsfall (arrowhead). 
(B) The same macula densa cells exhibit 
presence of BSC1 (arrowhead) using anti-
rBSC1 (6). Both anti–Tamm-Horsfall and 
anti-BSC1 labeled cortical thick limbs (ar-

rows). A and B, 3500.
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by antirenin were also recognized by anti-mBSC2, mBSC2 ex-
pression was also seen in some neighboring smooth muscle
cells which did not stain for renin. This specific localization of
the cotransporter to the extraglomerular mesangium and to a
subpopulation of smooth muscle cells of the afferent arteriole
suggests a role for the mBSC2 protein in tubuloglomerular
feedback (TGF) and/or renin secretion.

TGF is a mechanism by which an increased delivery of
NaCl in the CTAL affects the tone of the afferent arteriole at
the entrance to the glomerulus and consequently alters the
rate of filtration in the glomerulus (29). This increased delivery
of NaCl is thought to be sensed in the CTAL by macula densa
cells by means of a furosemide-inhibitable Na-K-2Cl cotrans-
porter which appears to be the apical renal-specific isoform of
the Na-K-2Cl cotransporter, BSC1, as seen in Fig. 6. The
mechanism of transmission of signal between the macula
densa and the afferent arteriole is the subject of much specula-
tion, but it is known that increased Cl2 delivery to the macula
densa results in Cl2 accumulation in the juxtaglomerular inter-
stitium. The presence of the basolateral isoform of the Na-K-
2Cl cotransporter on extraglomerular mesangial cells and
smooth muscle cells of the juxtaglomerular afferent arteriole
(Figs. 4 and 5) would be consistent with a direct role for Cl2 in

transmitting the TGF signal from the macula densa to the af-
ferent arteriole.

Additionally, this Cl2 sensing pathway from BSC1 in the
macula densa to BSC2 in the extraglomerular mesangium and
the afferent arteriole may be important in renin secretion
which is activated by a decrease in [Cl2] in the CTAL (30).
Both TGF and renin release are known to be inhibited by fu-
rosemide (31–33). Although this inhibitory effect of furo-
semide may take place through the macula densa apical Na-K-
2Cl cotransporter (BSC1), it is also possible that TGF and
renin release are inhibited by furosemide acting on the BSC2
isoform in the extraglomerular mesangium and/or the afferent
arteriole. This has potentially important clinical implications in
that a drug which would preferentially inhibit BSC2 in the
juxtaglomerular region and not BSC1 in the macula densa
might be useful in high renin hypertension and some other
high renin states.

In summary, we have developed an antibody against BSC2,
the widely expressed isoform of the Na-K-2Cl cotransporter,
and studied its localization in the kidney. The BSC2 protein is
expressed on the basolateral surface of the papillary surface
epithelium and on the basolateral surface of the terminal
IMCD cells where it may play a significant role in salt and/or

Figure 7. Diagram showing the localization 
of the two isoforms of the Na-K-2Cl cotrans-
porter BSC1 and BSC2 in the juxtaglomeru-
lar vasculature and the macula densa. MD, 
macula densa; CTAL, cortical thick ascend-
ing limb; AA, afferent arteriole; EA, effer-
ent arteriole. Dotted cells represent granu-
lar cells.
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acid secretion, and unexpectedly in glomerular mesangium,
juxtaglomerular cells which most probably represent extra-
glomerular mesangium, and in vascular smooth muscle cells of
the afferent arteriole including the renin-secreting granular
cells (Fig. 7). The BSC2 cotransporter may be part of the sig-
naling mechanism between the macula densa and the afferent
arteriole, an hypothesis which needs further study.
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