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ABSTRACT
Structurally and functionally distinct populations of
intercalated cells have been described in the collect-
ing duct of both rat and rabbit. However, little is
known about these cells in the mouse kidney. The
study presented here examines ultrastructural and
immunological characteristics of different types of
intercalated cells in the mouse. Kidneys of two strains

of normal female mice, C57BL/6 and IBR, were pre-
served by in vivo perfusion with 1% glutaraldehyde or
paraformaldehyde-picric acid fixatives and pro-
cessed for morphological evaluation or light and

electron microscopic immunohistochemistry, respec-
tively. The avidin-biotin-horseradish peroxidase pro-
cedure was performed on wax sections using anti-
bodies against carbonic anhydrase II, H�-ATPase and
Band 3 protein. Immunogold cytochemistry was per-
formed on Lowicryl sections using antibodies to H�-
ATPase and Band 3 protein. Colocalization of H�-
ATPase and Band 3 protein was performed by double
labeling using an immunogold technique with silver
enhancement. Intercalated cells identified by posi-
tive staining for H�-ATPase and carbonic anhydrase II
constituted 35% to 40% of all cells in the connecting
tubule (CNT), cortical collecting duct (CCD), and
outer medullary collecting duct (OMCD). Type A in-
tercalated cells identified by positive Band 3 staining
constituted 16%, 24%, and 33% of the total cell popu-
lation in the CNT, CCD, and OMCD, respectively.

Electron microscopy and immunogold cytochemistry
demonstrated three distinct populations of interca-
lated cells. Type A intercalated cells with apical H�-
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ATPase and basolateral Band 3 immunoreactivity
were present in all segments examined, and had
prominent apical microprojections and characteris-
tic tubulovesicular structures beneath the apical sur-

face, both coated with studs on the cytoplasmic face.
Type B intercalated cells with basolateral and cyto-

plasmic H�-ATPase and no Band 3 immunoreactivity
were most frequently observed in the initial collecting
tubule, but were present also in the CNT and early

CCD. Type B intercalated cells had a fairly smooth
apical surface, a gray zone free of organelles be-

neath the apical plasma membrane, and small cyto-

plasmic vesicles without studs throughout the cell. A
third type of intercalated cell with apical and cyto-

plasmic H�-ATPase, but no basolateral Band 3 pro-

tein, was observed exclusively in the CNT and the

initial collecting tubule. This type of cell was large,
with numerous mitochondria, and vesicles coated
with studs were present throughout the cell. It resem-

bled a third type of intercalated cell described previ-
ously in the rat. It is concluded that three morpholog-
ically and immunologically distinct types of

intercalated cells are present in the mouse kidney.

Key Words: Light microscopy, transmission electron micros-

copy, carbonic anhydrase. H�-ATPase, Band 3 protein

T he mammalian collecting duct is an important

site of acid secretion and bicarbonate neabsonp-

tion. Studies from several laboratories have provided

evidence that intercalated cells are responsible for

acid-base transport in the collecting duct ( 1-3). In

addition to the collecting duct, intercalated cells are

also present in the connecting segment or the con-

necting tubule (CNT). which is a transitional segment

between the distal convoluted tubule and the collect-

ing duct. In the rabbit, the CNT is well demarcated and

contains only two main cell types, the CNT cell and the

intercalated cell (4). In the rat, the transition is more

gradual and the CNT also contains distal convoluted

tubule cells and principal cells, in addition to CNT

cells and intercalated cells (5,6). The morphology of

intercalated cells has been described In detail in both

the rabbit (4,7) and the rat ( 1 ,2,8). These cells exhibit

very distinctive features and have been called “dark

cells” because of the presence of a dense-staining

cytoplasm that contains numerous mitochondnia,

polysomes, and tubulovesicular membrane stnuc-

tunes.

At least two morphobogically and Immunologically

distinct populations of intercalated cells, Type A and

Type B, have been characterized in both the cortical

collecting duct (CCD) and the CNT ( 1 ,2,6,9). In the rat,
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each type of intercalated cell has a distinctive ultra-

structural appearance and can be easily identified

( 1 ,3). The Type A cell is characterized by the presence

of tububovesicular structures beneath the apical

plasma membrane and prominent luminal micro-

projections. In contrast, the Type B Intercalated cell

has short luminal microprojections, and small vesi-

des are distributed throughout a darker-staining cy-

toplasm (1 ,3, 10). In the rabbit, different configura-

tions of intercalated cells have also been described on

the basis of the density of the cytoplasm and the

appearance of apical cytoplasmic vesicles (4). How-

ever, the ultrastnucture of the intercalated cells in the

rabbit CCD and CNT can vary widely and it is not

possible to clearly separate the cells into two popula-

tions on the basis of morphologic criteria alone.

The different populations of intercalated cells have

been characterized by both iinmunohistochemistry

and immunocytochemistry by using antibodies

against the vacuolar H�-ATPase, carbonic anhydrase

II (CA II), and erythnocyte Band 3 protein. All intenca-

lated cells in both the rat and rabbit exhibit immunos-

taming for H� -ATPase. They also contain high levels of

CA II ( 1 1). In Type A cells in both species, the H� -

ATPase is located in the apical plasma membrane and

in apical tubulovesicles, whereas in Type B cells the

H� ATPase is found in the basolateral plasma mem-

brane and in vesicles scattered diffusely in the cyto-

plasm (3, 1 2-1 7). However, in the rabbit, the H� -

ATPase immunolabeling is not as polarized as in the

rat, and many intercalated cells do not exhibit plasma

membrane labeling ( 1 6. 1 7). Band 3 Immunoreactivity

is present only in Type A intercalated cells and, there-

fore, can be used as a specific marker for this type of

intercalated cell (12, 18, 19). In the rat, Band 3 immu-

nostaining is located in the basolateral plasma mem-

bnane of all Type A cells ( 19). However, in the rabbit,
most Band 3-positive cells in the CCD and CNT also

exhibit strong immunostaining in small vesicles and

multivesicular bodies (20,2 1 ). Type B cells do not

possess Band 3 Immunoreactivity, thus providing ev-

idence that the apical Cl /HC03 -exchanger is dis-

tlnct from the Band 3-like anion exchanger in the Type

A cells (17-19).

A third configuration of intercalated cell has also

been described in the rat (22). This NonA-NonB type of

intercalated cell exhibits positive apical plasma-mem-

brane labeling for H�-ATPase but does not exhibit

basolateral Band 3 immunoreactivity (12).

Early electron microscopic studies by Rhodin
(23,24) and Clark (25) described the ultrastructunal

appearance of intercalated cells in the mouse kidney.

However, those studies did not describe different con-

figurations of these cells. Moreover, the functional
properties and immunocytochemical characteristics

of the intercalated cells in the mouse are not known.

Because of the incomplete knowledge of the anatomy

of intercalated cells in the mouse collecting duct, and

because of increased use of the mouse as a transgenic

animal model for the study of kidney disease, this

study was designed to identify both ultrastructural

and functional characteristics of the different types of

intercalated cells in the mouse.

METHODS

Preservation of Tissue for Transmission Electron
Microscopy

Five normal adult black female mice, Strain C57BL/6, and
five normal adult white female mice, Strain ICR, body weight
1 7 to 23 grams, were anesthesized with sodium pentobarbi-
tal, 50 mg/kg body weight ip. The kidneys were rinsed briefly
by perfusion through the abdominal aorta or through the left

ventricle with a phosphate-buffered balanced salt solution
(PBS) or a Tyrode buffer to remove all blood before being
preserved by perfusion with 1% gbutaraldehyde in the same

buffer solution for 4 mm. The kidneys were removed, cut
transversely into halves, and immersed in the fixative over-
night. Slices of kidney tissue from each animal were divided

into specific areas (cortex and outer medulla), and the tissue
from each area was cut into 1 to 2 mm3 blocks. All tissue was
postfixed for 1 h in 2% osmium tetroxide in 0. 1 M sodium
cacodylate buffer, dehydrated through a graded series of
ethanol and propylene oxide and embedded in Medcast
(Ted Pella, Inc., Redding, CA), an epoxy resin. One-micron
sections were cut, stained with tobuidine blue, and examined
by light microscopy. Thin sections were stained with uranyl

acetate in 30% ethanol and lead citrate, and examined with
a Zeiss 1OA transmission electron microscope (Zeiss,
Oberkochen, Germany). At least one grid from the cortex and

one grid from the medulla of each animal were studied and

all observed intercalated cells were photographed.

Preservation of Tissue for Immunocytochemistry

Six normal adult female white mice, Strain ICR, and six
normal adult female black mice, Strain C57BL/6 were stud-
ied. The kidneys were perfused through the abdominal aorta
or through the left ventricle with PBS and preserved for
immunocytochemical studies by perfusion with 2% or 3%

paraformaldehyde in PBS containing picnic acid for 4 min.

The number of animals perfused with 2% or 3% paraformal-
dehyde was equal (three for each strain). The kidneys were
removed, cut transversely into halves, and immersed in the
fixative overnight. For bight microscopic Immunohistochem-
istry, the kidney slices were dehydrated In graded ethanols
and embedded in wax (polyethylene glycol 400 disterate,
Polysciences Inc. , Warrington, PA). For immunogold cyto-
chemistry, tissue from the cortex was minced into 1 -mm3
samples, rinsed with PBS, dehydrated in graded ethanobs,
and embedded in Lowicryb K4M (Chemische Werke Lowi.
Waldkraiburg, Germany).

Antibodies

CA II was localized by the Immunoperoxidase technique
using a rabbit polyclonal antibody against mouse erythrocyte

CA II at a dilution of 1 : 1600 for light microscopic immuno-
cytochemistry. The antibody was provided by Dr. Paul Lin-

ser, Department of Anatomy and Cell Biology, University of
Florida, Gainesville, FL, and has been characterized prey-
ously (1 1,26). Vacuolar H�-ATPase was localized by using a
rabbit pobycbonal antibody against the 70 kd catalytic sub-
unit of the H� -ATPase from bovine brain clathrin-coated
vesicles at a dilution of 1 :2000 for light microscopic immu-
nohistochemistry and 1 : 1 000 for immunogold cytochemis-
try. The antibody was provided by Dr. Dennis Stone, Univer-
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sity of Texas Health Science Center, Dallas, Texas, and is
known to label intercalated cells in the rat and rabbit
( 16,27,28). The Band 3-like Cl -HCO3 -exchanger was local-
ized using a rabbit polyclonal antibody against human eryth-
rocyte Band 3 protein at a dilution of 1 :400 for both light

microscopic immunohistochemistry and immunogold cyto-
chemistry. The antibody was provided by Dr. Philip Low,

Purdue University, West Lafayette, Indiana, and is known to
label Type A intercalated cells in the rat (19).

Light Microscopic Immunohistochemistry

The avidin-biotin-horseradish peroxidase complex tech-
nique was used. Four �m thick sections were dewaxed,
rehydrated. and incubated for 30 mm with 3% H2O2 to
eliminate endogenous peroxidase activity. After being rinsed
in PBS, the sections were treated with blocking serum before

being incubated with the primary antibody against CA II,
H�-ATPase, or Band 3 protein diluted with 1% BSA in PBS for
60 mm. The sections were then rinsed with PBS and incu-
bated with biotinylated goat antirabbit IgG for 30 mm. After
being rinsed, the sections were incubated with the ABC
reagent (Vectastain ABC kit, Vector Laboratories, Burl-
ingame, CA) for 30 mm and were then exposed to the
peroxidase substrate solution (diaminobenzidine) for 5 mm.

The sections were washed, counterstained with hematoxylin,
and then examined and photographed on a light microscope
(Zeiss Photomicroscope II; Zeiss, Oberkochen, Germany).

Sections processed in the same way but incubated without
primary antibody served as negative controls.

Quantitation of Intercalated Cells

To quantify the different subtypes of intercalated cells in
the CNT, CCD, and outer medullary collecting duct (OMCD),
the number ofcells that exhibited immunoreactivity for CA II.
H�-ATPase, and Band 3 protein were counted on wax sec-
tions and expressed as a percentage of the total number of

cells in the different tubule segments. For each antibody.
cells were counted from one section cut through the entire
kidney from each of the 12 animals studied. Areas to be
counted were selected in a systematic randomized fashion by
using an eyepiece grid, and between 100 and 300 cells were
counted from each tubule segment per animal for each
antibody. Because principal cells in the OMCD also exhibited
weak staining for CA II, we did not count the number of CA
Il-labeled cells in this segment of the collecting duct.

Immunogold Cyfochemistry

The details of this procedure have been described prey-
ously (28). Thin sections of Lowicryl-embedded tissues from
six animals of each strain were mounted on formvar-coated
nickel grids. The grids were treated with 0. 1 M NH4C1 before

being incubated overnight at 4#{176}Cin a moist chamber with
polyclonal rabbit antibodies against H � -ATPase or human
Band 3 protein, diluted in a 10 mM Tris-HC1 buffer contain-
ing 500 mM NaC1, 0.025% NaN3, and 1% BSA (pH 7.2). This
was followed by incubation with 1 5 nm gold-conjugated goat
antirabbit antibody (GAR) (Auroprobe EM G- 15; Amersham

Arlington Heights, IL) of 1 :50 dilution for 2 h. The grids were
counterstalned with uranyl acetate and lead citrate and were
examined on a Zeiss 1OA transmission electron microscope
(Zeiss, Oberkochen, Germany).

Colocalization of H�-ATPase and Band 3
Protein

A silver enhancement technique was used to colocalize
H�-ATPase and Band 3 protein in the intercalated cells.
Immunogold cytochemistry with antibodies to H�-ATPase
was performed as described above except 10 nm gold-conju-
gated GAR (AuroProbe EM G- 10; Amersham, Arlington
Heights, IL) was used as the secondary antibody. Silver
enhancement of the colloidal gold marker of the first anti-
body was then performed by using established procedures
(29,30). In brief, the grids were incubated for 5 mm at room
temperature in a silver-enhancement reagent (Boehringer
Mannheim, Indianapolis, IN), which was prepared immedi-
ately before use by mixing developer and enhancer at a ratio
of 1 : 1 . After the grids were rinsed with excess distilled water,
the second immunogold procedure was performed using
anti-Band 3 antibody as the primary antibody as described
above and 10 nm gold-conjugated GAR as the secondary
antibody. The grids were then counterstalned and examined

on a Zeiss 1OA transmission electron microscope. The label-
ing of each antibody in the same specimens could be recog-

nized by the difference in size of the gold particles with the

larger identifying H�-ATPase.

RESULTS

Light Microscopy

Three specific tubule segments, including the CNT,

the CCD, and the OMCD, were examined on 1 -pm

plastic sections by light microscopy. Intercalated cells

were easily identified by their dark-stained cytoplasm

and bulging apical surface, and were present in the

CNT as well as in the CCD and OMCD. No differences

were observed in the segmental distribution or the

morphological appearance of intercalated cells be-

tween the two strains of mice. Although the intenca-

bated cells varied in both size and shape, particularly

in the CNT and initial CCD, it was not possible to

identify subtypes of intercalated cells by light micros-

copy alone.

Light Microscopic Immunohistochemistry. Light

microscopic examination of the sections processed for
Immunohlstochemistry with antibodies against CA II

and H � -ATPase revealed strong and diffuse staining in
a subpopubation of cells in the CNT, CCD. OMCD, and

the initial inner medullary collecting duct (IMCD1). The

intensity of staining for both CA II (Figure la) and

HtATPase (Figure ib) was greater in the apical area,

and cells with distinct basolatenal labeling for H�-

ATPase could not be identified. Positive staining for

Figure 1 . Ught micrographs illustrating the immunohistochemical identification of intercalated cells in the mouse kidney by

using antibodies to carbonic anhydrase II (CA II) (a), H�-ATPase (b), and Band 3 protein (c and d). Strong diffuse staining for
CA II and H �-ATPase is present in a subpopulation of cells in both the CNT and CCD. A few cells show apical intensification of
H�-ATPase (b). Basolateral staining for Band 3 protein is weak in the CNT and CCD (c) and very strong in the OMCD (d). Note
large Band 3-negative cells in the CNT (arrowhead). Magnification, x 480.
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Figure 2. Transmission electron micrographs of Type A intercalated cell from mouse CCD. The cell is characterized by numerous
tubulovesicles in the apical cytoplasm and microprojections on the apical plasma membrane. A high magnification of the cell
(b) reveals that the tubulovesicles and regions of the apical plasma membrane are coated with studs. Magnification: (a) x
9200; (b) x 36,100.
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TABLE 1 . Percentage of collecting duct cells (mean
± SD) labeled for CA II, H�-ATPase, and Band 3
proteina

CNT CCD OMCD

CAll

ICR strain 36.7 ± 3.06 38.9 ± 3.53 ND

(N = 6)
C57BL/6 37.6 ± 2.20 40.5 ± 2.37 ND

(N = 6)
H �-ATPase

ICR strain 37.4 ± 1.96 39.4 ± 4.71 35.3 ± 0.89
(N = 6)

C57BL/6 40.7 ± 2.23 39.3 ± 3.15 33.1 ± 2.31
(N = 6)

Band 3

ICR strain 16.6 ± 3.10 25.7 ± 4.86 36.3 ± 3.03
(N = 6)

C57BL/6 15.3 ± 1.83 22.7 ± 2.38 30.6 ± 1.47

(N = 6)

a CNT. connecting tubule; CCD. cortical collecting duct; OMCD.
outer medullary collecting duct; CA II. carbonic anhydrase II.

H�-ATPase and CA II was also evident in proximal
tubules. By using antibody against Band 3 protein,

light microscopic examination revealed cells with ba-
solateral staining in the CNT, CCD. OMCD, and IMCD1
(Figures ic and id). The intensity of staining with
antibody against Band 3 protein was much stronger in

the OMCD and IMCD1 compared with the CNT and

CCD. Many large Band 3-negative cells were present

in the CNT (Figure ic). From each animal (six from
each strain), cells with positive staining for the differ-

ent antibodies were counted in the CNT. CCD, and

OMCD and expressed as the percentage of the total

number ofcells counted in the different segments. The
results are shown in Table 1 . Intercalated cells iden-
tified by W-ATPase and CA II staining constituted

35% to 40% of the cells In the CNT, CCD, and OMCD

in both strains of mice. However, the percentages of
Band 3-positive cells, presumed to be Type A interca-
bated cells, were different for the CNT (15% to 17%),

the CCD (23% to 26%), and the OMCD (30% to 36%).

Because all of the cells in the OMCD showed positive

CA II staining, it was not possible to identify intenca-

bated cells in the OMCD by using this antibody.

Electron Microscopy

Transmission electron microscopy and immunogold

cytochemistry with antibodies to the vacuobar H�-

ATPase and enythrocyte Band 3 protein revealed three

distinct types of intercalated cells: ( 1 ) cells with apical
plasma membrane and apical vesicle H�-ATPase and
basolateral plasma membrane Band 3 immunoreac-

tivity (Type A cell); (2) cells with basolatenal plasma
membrane and diffuse cytoplasmic vesicle H�-ATPase
and no Band 3 immunoneactivity (Type B cell); and (3)

cells with apical plasma membrane and cytoplasmic

vesicle H�-ATPase and no Band 3 immunoneactivity

(NonA-NonB cell).

Type A Intercalated Cells. The first type of interca-
bated cell was the most prominent type of intercalated

cell in the entire collecting duct, and was distributed
from the late distal convoluted tubule and CNT
through the CCD, OMCD, and IMCD1. These cells

resembled, both morphologically and immunobogi-
cally, the Type A intercalated cells in the rat. Morpho-
logically, they were characterized by numerous micro-

projections on the bulging apical surface, and
prominent mitochondnia distributed generally above,
lateral to, and below the nucleus (Figure 2a). Charac-

tenistic tubulovesicular structures were located un-
denneath the apical surface, and the cytoplasmic sun-
face of the tububovesicles and the apical plasma

membrane of these cells were coated with studs (Fig-
une 2b). However, the cell shape and the number of

microprojections and tubulovesicular structures in
the Type A intercalated cells varied from one region to

another. In the bate distal convoluted tubule and the
CNT, the cells were square or rectangular, the apical

micnopnojections were relatively short, and the tubu-
lovesicular structures were less prominent. In the
CCD, the cells exhibited a bulging apical surface with

prominent microprojections, and numerous tubulove-
sicular structures were present in the apical cyto-

plasm. The Type A intercalated cells in the OMCD
were intermediate in ultnastnucture between those

observed in the CNT and the CCD, and had fewer

tububovesicular structures than those in the CCD.

Immunologically, all cells in this group had strong
labeling for H�-ATPase in both the apical plasma

membrane and the apical tubulovesicles (Figure 3a).
There was no labeling for H� -ATPase in the basolat-
eral plasma membrane. Distinct labeling for Band 3
protein was present in the basolateral plasma mem-
brane of the cells in this group (Figure 3b), but there

was considerable variability in the intensity of labeling

between the different segments of the collecting duct.

The intensity of labeling gradually increased from the
terminal part of the distal convoluted tubule to the
OMCD, and was strongest in the OMCD in the inner

stripe of the outer medulla. However, in the CCD,

some cells with a round shape and long apical micro-
projections exhibited very strong labeling for Band 3
protein.

Type B Intercalated Cells. The second type of Inter-
calated cell was observed primarily in the initial col-
lecting tubule, but was also present in the late CNT
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Figure 3. Transmission electron micrographs illustrating immunogold labeling for H�-ATPase (a) and Band 3 protein (b) In Type
A Intercalated cells in the mouse CCD. Label for H�-ATPase is present In the apical plasma membrane and apical tubulovesicles

(a) and label for Band 3 protein is present in the basolateral plasma membrane (b). Magnification: (a) x 1 7,900; (b) x 20,500.
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Figure 4. Transmission electron micrographs of Type B intercalated cell from the mouse CCD. The apical surface is fairly smooth

and small vesicles without studs are scattered throughout the cytoplasm and are especially prevalent in the apical region of
the cell (a). A gray zone free of organelles is located beneath the apical plasma membrane (b). Small studs are present on the
basal plasma membrane (c). Magnification: (a) x 1 1 300; (b) and (c) x 42,400.
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Figure 6. Transmission electron micrographs illustrating the ultrastructure (a and b) and immunogold labeling for H ‘ -ATPase (c)

and Band 3 protein (d) of NonA-NonB type of intercalated cells In the mouse CNT. The apical plasma membrane has prominent

microprojections, and numerous mitochondria and small vesicles are present throughout the cell (a). A higher magnification
reveals the presence of studs on both vesicles and the apical plasma membrane (b). Immunogold labeling for H �-ATPase is
present in the apical plasma membrane and in cytoplasmic vesicles (c). There is no Band 3 immunolabel in the basolateral
plasma membrane (d). Magnification: (a) x 5,200; (b) x 39,300; (c) x 21 700; (d) x 25,000.

Figure 5. Transmission electron micrographs illustrating immunogold labeling for H�-ATPase in Type B intercalated cell in the

mouse initial collecting tubule. Label for H�-ATPase is present In cytoplasmic vesicles throughout the cell (a) and in the

basolateral plasma membrane (b). Magnification: (a) x 14,300; (b) x 36,900.

Journal of the American Society of Nephrology 269
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and the early CCD. The cells In the CNT and initial

collecting tubule were larger and had a lighter cyto-

plasm than those In the CCD, but the ultrastructure
of the cells was similar. Compared with the Type A

cell, the second type of intercalated cell had a less

bulging apical surface with short microprojections
(Figure 4a). A distinct characteristic of this subtype

was a cytoplasmic gray zone beneath the apical mem-

brane, similar to the dense band described in Type B

intercalated cells in the rat (6). This area contained

filamentous components and was gray and homoge-

neous in appearance because of the complete absence

ofvesicles (Figure 4b). Tubulovesicles characteristic of

Type A cells were not observed In the second cell type;

however, small vesicles were dispersed throughout

the remainder of the cytoplasm and were especially

concentrated below the apical gray zone. These vesi-

des did not contain studs, and there were no studs on

the apical plasma membrane. In contrast, small studs

were occasionally observed on the basolateral plasma

membrane (Figure 4c). Immunogold cytochemistry

demonstrated labeling for H�-ATPase on the basobat-

eral plasma membrane and on the cytoplasmic vesi-

des located throughout the cell (Figures 5a and 5b).

Weak labeling was also observed occasionally in yes-

ides close to the apical plasma membrane. There was

no Band 3 immunolabeling in this population of in-

tercalated cells.

Non A-Non B Type Intercalated Cells. The third type

of Intercalated cell was exclusively observed in the

CNT and initial collecting tubule. It exhibited a pro-

tnuding apical surface covered with microprojections

similar to the A cell in these segments; however, this

subtype had some additional distinct features. The

cell was large, the bulging apical area above the

nucleus contained numerous mitochondnia, and

small vesicles were distributed throughout the cyto-

plasm (Figure 6a). Few of these cytoplasmic vesicles

had a tubular configuration, but the cytoplasmic sun-

face of both the vesicles and the apical plasma mem-

brane were coated with studs (Figure 6b).

Immunogold cytochemistry revealed strong labeling

for W-ATPase on the apical plasma membrane, In-

cluding the prominent microprojections on the sun-

face, and on small cytoplasmic vesicles located pni-

manly in the protruding apical cytoplasm (Figure 6c).

There was no basolateral labeling for H�-ATPase and

no Band 3 immunoneactivity in these cells (Figure 6d).

Colocalization of H�-ATPase and Band 3 Immuno-
reactivity. Experiments with a double-labeling proce-

dune with silver enhancement of the first antibody-
gold conjugate confirmed the observations made by

the classic single-labeling procedure. However, with

the double-labeling procedure, increased background

was observed with antibodies to both H� -ATPase and

Band 3 protein. Apical labeling for H� -ATPase and

basolateral plasma membrane labeling for Band 3

protein were observed in cells with the morphologic

characteristics of type A cells (Figure 7). Basobateral

plasma membrane and diffuse cytoplasmic labeling
for H�-ATPase and no specific labeling for Band 3

protein were found in cells with the appearance of

Type B cells. Finally, apical labeling for H�-ATPase,

but no Band 3 immunolabebing. was observed in a
third population ofmntercalated cells located mainly in
the CNT (Figure 8).

DISCUSSION

This study identified three ultrastructuralby and
immunologically distinct populations of intercalated

cells in the mouse: Type A. Type B, and a third

NonA-NonB type of intercalated cell. In both strains of

mice, the intercalated cells identified by immunos-

taming for CA II and W-ATPase constituted approxi-
mateby 40% of all cells In the CNT, CCD, and OMCD.
This value is similar to the percentage of intercalated
cells reported in both the rat and rabbit ( 1 .2. 17).

The three configurations of intercalated cells demon-

strated in the mouse kidney were immunologically sim-

ilar to Type A, Type B, and a third NonA-NonB type of
intercalated cell described previously in the rat

(10. 12,22). However, the axial distribution of these cells

was somewhat different from that described in the rat

(10,22). Cells with apical H�-ATPase and basobateral

Band 3 protein characteristic of the Type A intercalated

cell were the most frequently observed intercalated cell

in the CCD, and the only type oflntercabated cell present

in the medullary collecting duct. Those observations are

similar to results reported previously in the rat. The

labeling for W-ATPase was located on both the

apical plasma membrane and on the membrane of

apical cytoplasmic vesicles as in the rat ( 10. 13) and

rabbit ( 16). However, Band 3 immunoreactivity was

confined to the basobateral plasma membrane as in

the rat (19), and was not observed in cytoplasmic

vesicbes or in mubtivesicular bodies, as it is in the

rabbit (20,2 1).

The Type A intercalated cells in the mouse were also

similar in ultrastructure to the A cells in both the rat

(1 ,2, 10) and rabbit (4, 16). They contained a prominent

tububovesicular compartment beneath the apical
membrane, and numerous luminal microprojections.

The cytoplasmic surface of the tububovesicbes and the
apical plasma membrane were coated with club-bike

structures or studs similar to those described prey-

Figure 7. Transmission electron micrographs illustrating immunogold colocalization of H�-ATPase and Band 3 protein In Type A

intercalated cell in mouse CCD using a silver enhancement technique. Large gold particles identifying W-ATPase Immunola-
beling are located over the apical plasma membrane and apical tubulovesicles (a and b). Small gold particles identifying
Band 3 immunolabeling are located on the basolateral plasma membrane (a and c). Magnification: (a) x 20,300; (b) x 44,000;

(c) x 44,000.



Mouse Intercalated Cells: Immunocytochemistry

272 Volume 7 ‘ Number 2 - 1996

Figure 8. Transmission electron micrographs illustrating the apical (a) and basal (b) region of the same NonA-NonB type of

Intercalated cell from the mouse CNT after immunogold colocalization of H�-ATPase and Band 3 protein using a silver

enhancement technique. Large gold particles identifying H�-ATPase immunolabeling are located over the apical plasma
membrane and cytoplasmic vesicles (a). There is no labeling for Band 3 protein (small gold particles) over the basolateral
plasma membrane (b). Magnification: (a) x 19,600; (b) x 45,500.

ously In the rat and rabbit ( 1-4). Immunocytochemis-
try studies in the rat have demonstrated that these

studs contain a vacuolar-type H�-ATPase (13). The

ultrastructure of the Type A intercalated cells in the

mouse varied widely from one region to another and

different configurations were found even in the same

tubule segment. Some cells had a rectangular shape

whereas others were round because of the presence of

a bulging apical surface. In the same animal, some

Type A cells had few microprojections on the apical

surface whereas others had numerous elongated mi-

croprojections. These differences in cell configuration
most likely reflect different functional states of these
cells. The observation that apical tubulovesicles are
more prominent in the Type A intercalated cells in the
CCD than in the intercalated cells in the medulla

suggests that the cells in the cortex are in a resting

state in which tububovesicles have been internalized
from the apical plasma membrane. A similar differ-

ence in the prevalence of apical tubulovesicles be-

tween Intercalated cells in the CCD and OMCD exists

in both the rat and rabbit (K.M. Madsen, unpublished

observations).

Cells with basolateral and diffuse cytoplasmic H�-

ATPase and without Band 3 immunoreactivity char-

actenistic of Type B intercalated cells were most fre-

quently observed in the initial collecting tubule, but

were present also in the CCD and CNT. In the CCD of

the mouse, Type B cells were less common than in the

CCD ofthe rat (2,10,12,14) and rabbit (16,17). Mon-
phobogically, they could be distinguished by the dense

cytoplasmic gray zone located beneath the apical sun-

face and by the absence of studs on the cytoplasmic

surface of the vesicles. The darker-staining cytoplasm
and numerous mitochondnia that characterize the

Type B intercalated cell in the rat and rabbit (4,6,10)

were not observed in these cells in the mouse. Fun-

thermore, the arrangement of the cytoplasmic vesicles
in the B cells of the mouse was somewhat different

from that described previously in the rat. Rather than

being distributed diffusely throughout the cytoplasm,
small vesicles without studs appeared often to be

concentrated preferentially beneath the apical gray
zone of the mouse Type B cell. A fine coat of studs was

occasionally detected on the basolatenal plasma mem-

brane of these cells, which is in agreement with the
results of the immunocytochemical study demon-
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strating W-ATPase labeling on the basolatenal mem-

brane.

All Type B cells exhibited H�-ATPase immunoreac-
tivity both in the basolatenal plasma membrane and in
intracellular vesicles, many of which were located in

the apical cytoplasm. The function of the intracellular

vesicles in the B cells is not known with certainty.

There is evidence that intracellular tububovesicles

might be involved in the shuttling of the H�-ATPase

between the cytoplasm and the apical plasma mem-

brane of the Type A intercalated cells ( 1 ,2,22). How-

even, there is litHe experimental evidence to support a

role for vesicles in the Type B intercalated cells in the

shuttling of H� -ATPase to either the basolateral or the

apical plasma membrane. Another possible robe of the

H�-ATPase-positive vesicles in the B cells is an in-

volvement in the trafficking of other transporters and

possibly in their insertion into the plasma membrane.

The third type of intercalated cell, which exhibited

distinct apical labeling for H�-ATPase but no Band 3

immunoreactivity, was found only in the CNT and the

initial collecting tubule. It resembled the third type of

intercalated cell previously described in the rat ( 1 1,12)

where it was reported to constitute less than 1 % of the

intercalated cells in the cortex ( 1 2). In the mouse, this

configuration of Intercalated cell was much more com-
mon and it had fewer mitochondria and more cyto-

pbasmic vesicles than In the rat. The function of the

NonA-NonB type of intercalated cell is not known. It is

generally accepted that intercalated cells are involved

in acid-base transport in the collecting duct. The Type

A cells secrete protons and reabsorb bicarbonate,
whereas the Type B cells secrete bicarbonate. The

presence of an apical W-ATPase in the NonA-NonB

type of intercalated cell suggests that it may be in-

volved in proton secretion. However, it is not known if

the third cell type constitutes a distinct cell population

on a modified Type A cell. A subtype of intercalated

cells with these particular ultrastructunal features

has not been described In the rabbit.

To ascertain that the NonA-NonB configuration of

intercalated cell did not represent a B cell with an

unusual morphology or an A cell In a tissue section

with poor Band 3 antigen preservation, we performed

double-immunogold labeling with silver enhancement

using antibodies to both H�-ATPase and Band 3 pro-

tein, a procedure that should identify all three popu-
lations of intercalated cells on the same section. It has

been shown that the silver enhancement technique

results in the gold particles being encapsulated in
growing shells of silver, resulting in an increase in the

size of the gold marker (29) and also effectively block-

Ing binding to the secondary antibody (30). Therefore,

immunobabeling with two different antibodies can be

distinguished by the difference In the size of the gold
particles. By using this technique, we verified the

presence of the third cell type with apical W-ATPase

and no Band 3 immunoreactivity in CNT segments

that also contained classic Type A and Type B inter-

calated cells.

In the OMCD and the IMCD1, all intercalated cells

had the Type A configuration identified by basolatenal

Band 3 immunoreactivity. In contrast, In the CCD and

CNT, only 60% to 65% and 35% to 40%. respectively,

of the intercalated cells exhibited Band 3 Immunos-

taming. The quantitation of intercalated cells labeled

with antibodies to CA II, H�-ATPase, and Band 3

protein did not permit us to distinguish between Type

B cells and the NonA-NonB type of intercalated cells,

both of which were positive for CA II and H�-ATPase.

but Band 3-negative. However, the results of the

immunogold cytochemistry revealed that the NonA-

NonB configuration was present mainly in the CNT,

whereas the majority of the type B cells were located in

the initial collecting tubule. Because the NonA-NonB

configuration of the intercalated cell was not present

in the CCD, it can be assumed that the Band 3-nega-
tive Intercalated cells in the CCD, which constituted

approximately 35% to 40% of the Intercalated cells,

represent Type B cells. In contrast, the Band 3-nega-

tive intercalated cells in the CNT, which constituted

about 60% of the intercalated cells, included a mix-

ture of Type B cells and NonA-NonB cells.
Recently, transgenic techniques have been used In

mice to create new animal models of renal diseases as

well as new renal cell lines. In transgenic mice. renal

genes have been deleted or new genes have been

introduced either by injection into fertilized mouse

eggs or by insertion into mouse embryonic stem cells.

By using these new techniques. experimental models

of various renal diseases have been developed that

exhibit structural as well as functional abnormalities

such as gbomenubosclerosis. nephron atrophy, and

renal cyst formation (3 1-35). Moreover, renal cell

lines, including a CCD (36) and an IMCD (37) cell line,

have been developed from a mouse transgenic for the

early region of simian virus 40. To be able to accu-
rately evaluate the various structural abnormalities

Induced In these animal models and determine the

phenotype of the new cell lines, it Is Important to be

familiar with the ultrastructunal and immunological

characteristics of the normal mouse kidney. The re-

subts of the study presented here will serve this func-
tion with respect to the different populations of inter-

calated cells. Our observation provides the first

evidence for the presence of three distinct subpopula-

tions of intercalated cells in the mouse kidney and
constitutes a basis for further studies of acid-base

physiology in the mouse.
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