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The purpose of this study was to determine the ex-
pression and distribution of band 3 in the collecting duct
and connecting tubules of the kidney of the marmoset
monkey (Callithrix jacchus), and to establish whether
band 3 is expressed in type A intercalated cells. The intra-
cellular localization of band 3 in the different populations
of intercalated cells was determined by double-labeling
immunohistochemistry. Immunohistochemical microscopy
demonstrated that band 3 is located in the basolateral
plasma membranes of all type A intercalated cells in the
connecting tubule (CNT), cortical collecting duct (CCD),
and outer medullary collecting duct (OMCD) of the
marmoset. However, type B intercalated cells and non-A/
non-B intercalated cells did not show band 3 labeling.
Electron microscopy of the CNT, CCD and OMCD con-
firmed the light microscopic observation of the basolateral
plasma membrane staining for band 3 in a subpopulation
of interacted cells. Basolateral staining was seen on the
plasma membrane and small coated vesicles in the peri-
nuclear structure, some of which were located in the Golgi
region. In addition, there was no labeling of band 3 in the
mitochondria of the CNT, CCD and in OMCD cells. The
intensity of the immunostaining of the basolateral mem-
brane was less in the CNT than in the CCD and OMCD.
In contrast, band 3 immunoreactivity was greater in the
intracellular vesicles of the CNT. From these results, we
suggest that the basolateral CI/HCO; exchanger in the
monkey kidney is in a more active state in the collecting
duct than in the CNT.
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Introduction

The collecting duct of the mammalian kidney plays a ma-
jor role in urine acidification. The mammalian collecting
duct is composed of two structurally and functionally dis-
tinct cell types, principal cells and intercalated cells [10,
16]. Although intercalated cells are considered as charac-
teristic of the collecting duct, they are also present in the
connecting segment or connecting tubule (CNT) [5].
Intercalated cells constitute approximately one-third of the
cells in the CNT, as well as in the cortical collecting duct
(CCD) and outer medullary collecting duct (OMCD) [10].
Based on the apical/basolateral locations of the C1 /HCO5
exchanger and H'-ATPase, the present classification dis-
tinguishes three types of intercalated cells: type A (basolat-
eral CI'/HCOs exchanger and apical H' -ATPase), type B
(apical CI /HCOs exchanger and basolateral H'-ATPase),
and non-A/non-B (apical CI /HCO; exchanger and H'-
ATPase) [13]. Electrophysiological studies, mostly con-
ducted on rabbit CCDs and CNTs, have defined the con-
ductance properties of type A and type B intercalated cells
using the in vitro microperfusion technique and membrane
potential recordings with microelectrodes [4,12]. Band 3
(AEL1 or anion exchange protein 1, the product of the CDB3
gene) was first identified and characterized in the human
erythrocyte. Subsequent studies have revealed that band 3
or one of its anion exchanger homologues (AE2 and AE3)
is found in most cells of the body [7,8]. In the human, rat,
mouse, and rabbit kidneys [6], band 3 (AE1) is localized
primarily to the basolateral membrane of a subset of inter-
calated cells of the CCD and MCD. At this location, band
3 is thought to facilitate the exchange of CI for HCO; , a
process involved in pH regulation by the kidney [19].
Other studies have established that type A and type B cells
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are present in the CCD and the CNT of rats [2,18], mice
[15], and rabbits [14]. However, there has been no report of
the localization pattern of band 3 in the kidney of the com-
mon marmoset monkey.

The aim of this study was to establish the localization pat-
tern of band 3 in intercalated cells in the kidney of the com-
mon marmoset monkey. Specific antibodies directed again-
st H-ATPase and band 3 proteins were used to identify
subpopulations of intercalated cells.

Materials and Methods

Experimental animals

In this study, we used three male common marmoset mon-
keys (Callithrix jacchus), ranging in age from two to three
years, obtained from the Genetic Resources Center at the
Korea Research Institute of Bioscience and Biotech-
nology. The animals were housed at a constant temperature
(23°C) and relative humidity (60%) with a fixed 12 h light/
dark cycle and free access to food and water. Procedures in-
volving animals and their care conformed to the institu-
tional guidelines, which comply with current international
laws and policies (NIH Guide for the Care and Use of
Laboratory Animals, NIH Publication No. 85-23, USA).

Tissue preservation

Animals were anesthetized with sodium pentobarbital in-
jections (40 mg/kg body weight, i.p.; Abbott, USA) and
were perfused transcardially with 0.1 M phosphate-buf-
fered saline (PBS, pH 7.4) containing 0.1% sodium nitrite
and 1 U/100 ml of heparin, followed by 4% paraformalde-
hyde in 0.1 M phosphate buffer (pH 7.4). After perfusion,
the kidneys were excised and cut into slices, which were
fixed by immersion in the same fixative solution for 2 h at
4°C. Sections of tissue were cut transversely through the
entire kidney with a vibratome at a thickness of 50 um and
were processed for immunohistochemical studies using a
horseradish-peroxidase preembedding technique.

Antibodies

Band 3 immunoreactivity was detected with an affin-
ity-purified rabbit polyclonal antibody directed against hu-
man erythrocyte band 3 protein. The antibody has been
characterized in a previous study [8]. An H -ATPase-di-
rected antibody was used to identify intercalated cells. This
antibody is capable of labeling all intercalated cell sub-
types in both the mouse and rat [5].

Immunohistochemistry

The vibratome sections (50 um) were processed for im-
munohistochemistry using an indirect preembedding im-
munoperoxidase method. All sections were washed three
times for 15 min each with 50 mM NH4CI in PBS. Before
incubation with the primary antibody, the sections were

pretreated for 3 h with PBS containing 1% bovine serum
albumin (BSA), 0.05% saponin, and 0.2% gelatin (solution
A). The sections were then incubated overnight at 4°C with
antibodies directed against band 3 diluted 1 : 100,000 in
1% BSA in PBS (solution B). Control incubations were
performed in solution B lacking the primary antibody.
After three washes with solution A, the sections were in-
cubated for 2 h with a peroxidase-conjugated donkey an-
ti-goat or anti-rabbit IgG Fab fragment (Jackson, USA) di-
luted 1 : 100 in solution B. The tissues were rinsed first in
solution A and were then rinsed in 0.05 M Tris buffer (pH
7.6). For the detection of horseradish peroxidase, the sec-
tions were incubated in 0.1% 3,3'-diaminobenzidine
(DAB) in 0.05 M Tris buffer (pH 7.6) for 5 min, after which
H,O, was added to a final concentration of 0.01%, and the
incubation was continued for 10 min. After the sections
had been washed with 0.05 M Tris buffer (pH 7.6), they
were dehydrated in a graded series of ethanol. The vi-
bratome sections (50 um thick) through entire kidneys
from all the animals were embedded in Epon 812, and were
sandwiched between polyethylene vinyl sheets.

Double labeling

Each region was excised from the flat-embedded vi-
bratome sections of kidneys processed for the im-
munohistochemical identification of type A intercalated
cells using band 3 protein, and was glued onto an empty
block of Epon-812. Two consecutive 1 um sections were
cut for double immunolabeling for H -ATPase. The sec-
tions were treated for 15 min with a mixture of saturated so-
dium hydroxide and absolute ethanol (1 : 1) to remove the
resin. After three brief rinses in absolute ethanol, the sec-
tions were hydrated with graded ethanol and were rinsed in
tap water. The sections were then rinsed with PBS, in-
cubated in normal donkey serum for 1 h, and were then in-
cubated overnight at 4°C with an antibody directed against
H'-ATPase. After the sections had been washed in PBS,
the sections were incubated for 2 h in peroxidase-con-
jugated donkey anti-goat or anti-rabbit IgG (Fab frag-
ment), and were washed again with PBS. In detecting
H'-ATPase, Vector SG (Vector, USA) was used as the
chromogen to produce a gray-blue color, which is easily
distinguishable from the brown label produced by DAB in
the first immunolocalization procedure for band 3, using
the preembedding method. The sections were washed with
distilled water, dehydrated with graded ethanol and xylene,
mounted in balsam, and examined by light microscopy.

Transmission electron microscopy

Electron microscopic observations were made of the vi-
bratome sections postfixed with 1% glutaraldehyde and
1% osmium tetroxide in 0.1 M phosphate buffer (pH 7.4)
before they were dehydrated and embedded in poly/Bed
812 resin. Ultrathin sections were stained with uranyl ace-
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tate and lead citrate, and photographed using a trans- monkey kidney, immunohistochemical analysis was per-

mission electron microscope (1200EX; JEOL, Japan). formed with preembedding immunostaining of 50 pum
thick vibratome sections. Immunohistochemical staining

Results revealed abundant labeling of the CNT and CCD in the cor-
tex and the OMCD (Fig. 1).

Light microscopy To establish that band 3 is expressed in type A intercalated

To evaluate the overall distribution of band 3 in marmoset ~ cells, we used a double-labeling immunohistochemical

oy -

Fig. 1. Light micrographs of 50 um thick vibratome sections showing immunostaining for band 3 in the cortex (A, C) and outer medulla
(B, D) of the marmoset kidney. A: In the cortex of the marmoset kidney, band 3 immunoreactivity was evident in the connecting tubule
(CNT) and cortical collecting duct (CCD). B: In the outer medulla of the marmoset monkey kidney, band 3 immunoreactivity was evi-
dent in the outer medullary collecting duct (OMCD). C, D: Higher magnification of A and B, respectively. Scale bar = 100 pum.

Fig. 2. Differential interference contrast (DIC) microscopy of 1 pm sections of the CNT and CCD (A) and OMCD (B) of the marmoset
kidney. Double immunolabeling for H'-ATPase (blue) and band 3 (brown) in 1 um sections shows that band 3 is expressed in the baso-
lateral plasma membrane of H' -ATPase-positive intercalated cells. Arrowheads, type A intercalated cells with basolateral band 3 and
apical H'-ATPase in the CNT, CCD, and OMCD. Arrows, type B intercalated cells with basolateral H -ATPase in the CNT and CCD.
Stars, non-A/non-B cells with aplcal H'-ATPase in the CNT and CCD. Scale bar = 100 pm.
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procedure for H'-ATPase and band 3 protein on 1 um thick
sections from the marmoset kidney. Type A intercalated
cells, identified by the presence of apical H' -ATPase and
basolateral band 3 immunostaining, constituted a major
portion of the intercalated cells in the CNT, CCD, and
OMCD of the marmoset kidney. Type B intercalated cells
secrete HCO3 via an apical C1 /HCOs exchanger that is
functionally distinct from the basolateral apical C1 /HCOs
exchanger in the type A intercalated cells. Thus, type B in-
tercalated cells express H'-ATPase in the basolateral plas-
ma membrane and in vesicles throughout the cytoplasm,
but band 3 was not detected in the apical membrane.
Non-A/non-B cells were characterized by the presence of
H'-ATPase in the apical plasma membrane, but the cells
did not show band 3 immunoreactivity (Fig. 2).

Electron microscopy

With immunoperoxidase labeling, band 3 immunor-
eactivity was seen only in type A cells, where it was located
in the basolateral plasma membranes in the CNT, CCD,
and OMCD (Fig. 3). The basal staining was located on the
numerous small vesicles, some of which were located in
the Golgi region (Fig. 3). There was no labeling of mi-
tochondria or of the apical membrane in any cells of the
CNT, CCD and OMCD. The luminal plasma membrane
showed no evidence of specific immunolabeling, and band
3 immunoreactivity was not observed in type B cells (data
not shown). Immunoreactivity for band 3 was greater in the
CCD and OMCD cells than in the CCD cells (Fig. 3).

Discussion

The mammalian collecting duct is capable of both re-
absorption and secretion of bicarbonate, depending on the

Fig. 3. Transmission electron micrographs showing band 3 immunoreactivity in the CNT (A), CCD (B), and OMCD (C) of the marmo-
set kidney. Band 3 immunoreactivity is evident along the basolateral membrane and in vesicles in the basolateral parts of the cytoplasm
(A-C). The intensity of the band 3 immunoreactivity of the basolateral plasma membrane in the CCD and OMCD cells is stronger than
that in the CNT cells in A. Scale bar = 2.5 pm.

acid-base status of the animal [10]. The mammalian col-
lecting duct is composed of two structurally and function-
ally distinct cell types-principal cells and intercalated cells
[16]. Intercalated cells play a major role in proton and bi-
carbonate secretion in the collecting duct. These cells con-
stitute between 30% and 40% of the cells in the CNT, CCD,
and OMCD [10,16].

Arecent study characterized the differentiation of interca-
lated cells in the rat, mouse, and rabbit kidney [2,14]. Type
A intercalated cells secrete protons mediated by a vacuolar
type H'-ATPase, which is located in the apical plasma
membrane and apical tubulovesicles [15]. They reabsorb
HCO; via a truncated form of the erythrocyte CI /HCO;
exchanger, band 3, which is located in the basolateral plas-
ma membrane [2,14]. Type B intercalated cells secrete
HCOs viaan apical Cl1 /HCO; exchanger that is function-
ally distinct from the basolateral C1 /HCOs exchanger in
type A intercalated cells [3,11]. Type B intercalated cells
express H -ATPase in the basolateral plasma membrane
and in vesicles throughout the cytoplasm [15]. Non-A/
non-B cells have been described in the CNT and CCD of
both the mouse [4,15] and the rat kidney [4,9]. They are
characterized by the presence of H'-ATPase in the apical
plasma membrane and pendrin in the basolateral plasma
membrane [17].

This study was designed to investigate the subcellular dis-
tribution of the band 3 protein through the tubular segment
including the CNT, CCD and OMCD. This study was the
first characterization of band-3-positive intercalated cells
in the kidney of the common marmoset monkey, Callithrix
Jacchus. Type A intercalated cells, identified by the pres-
ence of apical H'-ATPase and basolateral band 3 im-
munostaining, constitute a major proportion of the interca-
lated cells in the CNT, CCD, and OMCD of the marmoset




kidney. In this study, we used specific antibodies directed
against H'-ATPase and band 3 protein to characterize the
localization of the intercalated cells in the marmoset
kidney. The results of the present study demonstrate that
band 3 is expressed in the basolateral plasma membranes
of all type A intercalated cells in the CNT, CCD, and
OMCD of the marmoset kidney. This demonstration of
band 3 expression agrees with the observations of Alper et
al. [1] and provides further support for the notion that band
3 defines the basolateral plasma membrane of type A inter-
calated cells [1]. However, electron microscopy confirmed
that band 3 immunolabeling of the basolateral plasma
membrane was more intense in the CCD and OMCD,
whereas immunolabeling of intracellular vesicles was
more intense in the CNT. In addition, we found that there
was no immunolabeing in the mitochondria of type A inter-
acted cells. From these observations, we suggest that type
A interacted cells of the CNT accumulate band 3 protein in
small transport vesicles in the inactivated state in the mon-
key kidney.

Band 3 is the basolateral CI/HCO3 exchanger of the acid
secreting Type A intercalated cell. Distal renal tubular
acidosis is characterized by defective acid secretion by the
type A interacted cells [1]. This study has demonstrated
that band 3 is expressed in the basolateral plasma mem-
branes of type A intercalated cells and has a role in the
acid-base balance in the marmoset kidney.

In summary, band 3 in the monkey kidney was present in
the basolateral membrane and was present in the intra-
cellular vesicles of type A intercalated cells, and has a role
in acid-base balance, especially in the CCD and OMCD.
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