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Abstract

By cable analysis and intracellular microelectrode impalement
in the in vitro perfused renal tubule, we identified a- and f,-in-
tercalated (IC) cells along the rabbit distal nephron segments,
including the connecting tubule (CNT), the cortical collecting
duct (CCD), and the outer medullary collecting duct in the
inner stripe (OMCDj). IC cells were distinguished from col-
lecting duct (CD) cells by a relatively low basolateral mem-
brane potential (VB), a higher fractional apical membrane re-
sistance, and apparent high Cl- conductances of the basolat-
eral membrane. Two functionally different subtypes of IC cells
in the CCDwere identified based on different responses of VB
upon reduction of the perfusate Cl- from 120 to 12 mM: the
basolateral membrane of f-IC cells was hyperpolarized,
whereas that of a-IC cells was unchanged. This is in accord
with the hypothesis that the apical membrane of 6l-IC cells
contains some Cl--dependent entry processes, possibly a Cl-/
HCO3exchanger. Further characterization of electrical prop-
erties of both subtypes of IC cells were performed upon lower-
ing bath or perfusate Cl- from 120 to 12 mM,and raising bath
or perfusate K+ from 5 to 50 mM. A 10-fold increase in the
perfusate K+ had no effect on Va in both subtypes of IC cells.
Upon abrupt changes in Cl- or K+ concentration in the bath, a
large or a small depolarization of the basolateral membrane,
respectively, was observed in both subtypes of IC cells. The
electrical properties of a- and f8-IC cells were similar among
the distal nephron segments, but their distribution was differ-
ent: in the CNT, which consists of IC cells and CNT cells,
97.3% (36/37) of IC cells were of the f, type. In the CCD,
which consists of IC cells and CDcells, 79.8% (79/99) of IC
cells were of the f,-type, whereas in the OMCD;100% (19/19)
were of the a type, suggesting that the fl type predominates in
the earlier and the a type in the later segment. (J. Clin. Invest.
1990. 86:1829-1839.) Key words: bicarbonate secretion * chlo-
ride, isolated perfused tubule * microelectrode - proton se-
cretion

Introduction

The distal nephron segments of the mammalian kidney, in-
cluding the distal convoluted tubule (DCT),' connecting tu-
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1. Abbreviations used in this paper: CCD, cortical collecting duct; CD

bule (CNT), and collecting ducts (CD), play major roles in the
ultimate regulation of Na+, K+, water, and the acid-base bal-
ance.

Although the DCT consists of a single type of cells, the
other segments consist of heterogenous cells. In the CNT,
CNTcells and intercalated (IC) cells are intermingled, whereas
the cortical and outer medullary portions of the collecting duct
are the mixture of CDcells and IC cells (1). In order to under-
stand precisely the functions of these segments, it is necessary
to clarify the transport properties of individual type of cell.

The CNTcells (2-4) as well as CDcells (5-18) primarily
appear to be mainly responsible for the transport of Na+ and
K+, whereas less numerous IC cells (6, 8, 10, 11, 14, 18, 19) are
thought to be responsible for H+, HCO-, and Cl- transport.
The microelectrode studies have characterized the electrical
membrane properties of these three distinct cell types (4, 8,
18). The cells of the inner stripe of the outer medullary col-
lecting duct (OMCDJ) is specialized by H+ secretion (20-24)
and their electrical properties have also been defined (25).

Stetson and Steinmetz (26) reported that in the turtle uri-
nary bladder, there are at least two subtypes of IC cells, a- and
,B-IC cells. Morphologic and immunocytochemical studies
have indicated that the similar subtypes also exist in the mam-
malian collecting ducts (10, 14, 27-35). The a-IC cells secrete
H+ and reabsorb HCO-. The HCO5exit is via a basolateral
Cl-/HCOj exchanger, which is immunologically similar to the
Cl-/HCO5 exchanger of the mammalian red blood cell, band 3
protein (28, 30), and is sensitive to the disulfonic stilbens (28).
In contrast, the f-IC cells reabsorb H+ via an H+ pump in the
basolateral membrane, and secrete HCO- via a Cl-/HCO-
exchanger in the apical membrane, which binds peanut lectin
(28, 30) and is resistant to the disulfonic stilbens (28). More
recently, several investigators (34-36), using fluorescent cell
pH measurement, identified two subtypes of the IC cells in the
rabbit cortical collecting duct (CCD). However, no informa-
tion is available for the electrophysiological differentiation of
two subtypes of IC cells. Recently, Yoshitomi et al. (4) re-
ported that IC cells can be identified by electrophysiological
means also in the CNT, but their exact subtype was unknown.
The present study was designed to identify a- and fl-IC cells
electrophysiologically and to characterize their electrical prop-
erties along the distal nephron segments.

Our results indicate that two functionally different sub-
populations of IC cells were identified and their distribution
along the distal nephron segments was heterogeneous.

cell, collecting duct cell; CNT, connecting tubule; DCT, distal convo-
luted tubule; fRA, fractional apical membrane resistance; IC cell, in-
tercalated cell; OMCDi, outer medullary collecting duct in the inner
stripe; RT, transepithelial resistance; VB, basolateral membrane volt-
age; VT, transepithelial voltage.
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Methods

Isolation and perfusion of tubules. Female Japanese white rabbits
weighing 1.5-2.0 kg were maintained on standard rabbit chow and tap

water ad lib. After the animals were anesthetized with pentobarbital
(35 mg/kg, i.v.), both kidneys were removed. Slices of the coronary

section 1-2 mmthick were madeand transferred to a dish containing a

cold intracellular fluid-like solution of the following composition: 14
mMKCI, 44 mMK2HPO4, 14 mMKH2PO4, 9 mMNaHCO3, and
160 mMsucrose.

Three different distal nephron segments, including the CNT, CCD,
and OMCDi, were isolated by identifying them according to the crite-
ria previously reported (1, 2, 25). Then, the isolated nephron segment
was perfused in vitro according to the method of Burg et al. (37) with
slight modifications. Briefly, the tubule segment was perfused via a

perfusion pipette inserted into one end of the tubule. A PE- 10 tube
(Intramedic, Clay Adams, Parsippany, NJ) was inserted into the per-

fusion pipette to permit rapid exchange of the perfusate with a test

solution within 5 s. The opposite or distal end of the tubule was held in
a glass holding pipette with a small amount of Sylgard 184 (Dow
Corning Corp., Midland, MI). The perfusion flow rates were > 15
nl/min and controlled by the height of the outflow sink.

The tubule was perfused in the bathing chamber of 100 gl to

permit rapid exchange of the bathing solution within 5 s. The bathing
solution flowed at 5-15 ml/min from the reservoirs by gravity through
a water jacket to permit the bath temperature to be regulated at 37°C.

Electrical measurements. The transepithelial and cellular electrical
properties of the tubule were measured using techniques described
previously (5, 8, 12, 18, 25, 38) with slight modifications. Briefly, the
perfusion pipette was connected through an agar bridge (3% agar in 3
MKCI) to a calomel half-cell electrode. Bathing fluid was also con-

nected through an agar bridge (3% agar in 3 M KCI) to another
grounded calomel half-cell electrode. The transepithelial voltage (VT)
was measured with a dual-channel electrometer (KS-700, WPInstru-
ments, Inc., New Haven, CT), and recorded on a four-pen chart re-

corder (R64, Rikadenki, Tokyo, Japan).
The transepithelial resistance (RT) was measured by cable analysis

undertaken by injecting constant-current pulses, AI0, 50-100 nA (300
ms in duration, 10-s intervals) into the tubule lumen via the perfusion
pipette. The resulting voltage deflections at the perfusion end, AV0,
were recorded via the salt bridge and electrometer noted above. At the
distal end of the tubule, the voltage deflections, AVL, resulting from the
injection of the constant-current pulses were measured via a calomel
half-cell electrode connected to the tubular fluid accumulating in the
holding pipette through an agar bridge. The luminal length constant
(X) determined by

L/X = cosh-' (AVo/AVL),

where L is the length of the tubule. RT is obtained from

RT = 27rrX(AVO/AIO) tanh (L/X),

and at the site of microelectrode puncture from the perfusion end,
respectively. The deflections of transepithelial voltage (AVx) at the
point of cellular impalement was estimated as

AVx = AV0 cosh (X/X - L/X)/cosh (L/X), (4)

where X is the distance between the perfusion pipette and the point of
impalement with the microelectrode.

Identification of the IC cell and characterization of the electrical
properties of different cell types. IC cells were electrophysiologically
distinguished from other cell types by a relatively low VB and highfRA,
as described in several previous papers by Muto et al. (8) and Koeppen
( 18, 25). They were also differentiated by different VB responses upon
step changes in bath K+ and Cl- concentration. Thus, to identify the
different cell types and better characterize their electrical properties of
apical and basolateral membranes, the bathing or perfusing solutions
were rapidly changed by lowering Cl- from 120 to 12 mM(cyclamate
substitution) or raising K+ from 5 to 50 mM(Na replacement), as
shown in Table I.

Solutions. The composition of all solutions is listed in Table I. Each
had an osmolality between 285 and 295 msmol/kg of H20 and was
equilibrated at 370C with 95% 02/5% Co2.

Statistical analysis. All values are expressed as means±SE. Com-
parison between two groups was made by a paired t test.

Results

Electrical profiles and cable properties of CNT, CCD, and
OMCDisegments
Table II summarizes electrical profiles and cable properties
determined when each nephron segment was perfused with a
symmetrical control solution (Table I). The VT and RT ob-
tained from the CNTand CCDare consistent with those pre-
viously reported (4, 5, 8, 12). The RT obtained from the
OMCDi in the present study, 293.5 Q _ cm2, was lower than
that reported by Koeppen (25) in this segment, 534 U.* cm2.
The reason for this difference is unknown.

Identification of the IC cell in the CCD
At first, we electrophysiologically identified the CD cell and
the IC cell in the CCD, according to the criteria described
previously (see Methods). As shown in Fig. 1, we observed two
distinct populations based on the values of VB and fRA: one

(1) Table I. Composition of Solutions

(2)

where r is the apical radius of the tubule.
Conventional microelectrodes were fabricated from borosilicate

glass capillaries (1.2 mmOD, 0.6 mmID; Frederick Haer & Co.,
Brunswick, ME) by using a vertical puller (PE-2, Narishige, Tokyo,
Japan). Microelectrodes were filled with 0.5 MKCI and connected to
one channel of a high-input impedance electrometer (Duo 773, WP
Instruments, Inc.) via a holder having Ag-AgCI pellets. Microelectrode
resistance was between 80 and 150 MQ. The basolateral membrane
voltage (VB) was measured by impaling a cell with an electrode.

Fractional resistance of the apical membrane (fRA) was estimated
as

fRA = RA/(RA + RB) = 1 - AVB/AVX, (3)

where RAand RBare the resistance of the apical and basolateral mem-

branes, respectively, and AVB and A Vx are the voltage deflections
during luminal current injection across the basolateral cell membrane

Control 50 mMK+ 12 mMCl-

mM

Na+ 146.8 91.8 146.8
K+ 5.0 50.0 50.0
Ma2+ 1.0 1.0 1.0
Ca2+ 1.8 1.8 1.8
C1- 120.6 120.6 12.0
HCO 25.0 25.0 25.0
Acetate 10.0 10.0 10.0
HPO2- 0.8 0.8 0.8
H2PO4 0.2 0.2 0.2
Cyclamate 108.6
L-Alanine 5.0 5.0 5.0
D-Glucose 8.3 8.3 8.3

All solutions were gassed with 95% 02-5% CO2at 370C.
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Table II. Electrical Profiles and Cable Properties of CNT, CCD,
and OMCDiSegments

Parameters CNT CCD OMCDi

Tubules (n) 64 98 12
Transepithelial voltage,

VT (m V) -9.9±0.9 -7.4±0.7 7.5±1.6
Cable analyses (n) 8 75 10
Tubular length, L (,gm) 425.6±65.1 801.3±30.2 641.0±60.1
Length constant, X (Am) 154.3±26.4 297.2± 12.3 279.8± 15.1
Tubular radius, r(,im) 13.7±0.5 14.1±0.2 15.5±0.5
Transepithelial resistance,

RT (Q . cm2) 39.7±6.7 111.7±6.8 293.5±37.6

Values are mean±SE.

group2 had a higher VB (-81.8±1.4 mV, n = 38) and a lower
JRA (0.33±0.04, n = 38), and the other group had a lower VB
(-28.3±1.1 mV, n = 86) and a higher fRA (0.95±0.003, n
= 86). The former cell type was compatible with the CDcell,
whereas the latter was identified as the IC cell. These findings
are in good agreement with those reported in several previous
papers reported by Muto et al. (8) and Koeppen (18, 25).

Evidence for two subtypes of IC cells in the CCD
During random impalements of IC cells, we noticed that upon
reduction of the perfusate Cl- from 120 to 12 mM, some IC
cells exhibited a hyperpolarization of the basolateral mem-
brane, whereas others did not. These two distinct responses
were sometimes observed in the same tubule. Fig. 2 illustrates
representative recordings in which two different responses
were observed in the same CCDsegment. The latter cell type
was identified as the a-IC cell because of the absence of a Cl-
entry step at the apical membrane. The former cell type was
identified as the ,B-IC cell because of the presence of a process
that is dependent on luminal Cl- concentration. This distinc-
tion of 1- from a-IC cells by the presence or the apparent
absence of apical Cl- entry process is based on previously de-
duced IC cell models (10, 14, 26-36, 40). Since both subtypes
of IC cells were observed in the same tubule, the observation
reflects true cellular heterogeneity within the same segment
rather than variations among the tubules or animals.

Weexamined the effect of reduction of the perfusate Cl-
concentration on VB of IC cells in the CCDas identified by the
criteria mentioned above. The frequence distribution of the
deflection of VB is shown in Fig. 3. It is clear from this figure
that there are two groups of cells having different responses to
the reduction of the luminal Cl- concentration. There was no
overlap of the values between two groups. Therefore, the cell
which hyperpolarized by > 8 mVwas defined as the 13-IC cell.

Properties of the apical and basolateral membranes of the
a- and f-IC cells in the CCD
The electrical properties of the apical and basolateral mem-
branes of these two subtypes of IC cells were further character-

2. Because we focused on the IC cells of the CCD, we did not necessar-
ily take data when we impaled CDcells. Therefore, the frequency of
the CDcell in the present study does not correspond to that reported
previously in the rabbit CCD(1, 11, 39).
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Figure 1. Discrimination of CDcells and IC cells with two electro-
physiologic parameters, VB and fRA. (e) CDcells; (o) IC cells.

ized by observing changes in VB upon changing ion concentra-
tions in the perfusate or in the bath.

a-IC cell. The a-IC cells had a mean VB of -27.1±2.1 mV
(n = 29). The fRA was near unity and averaged 0.94±0.01 (n
= 26). In view of the extremely high values of fRA, it seems
that the apical membrane of the a-IC cell contains no appre-
ciable ion conductances. To rule out the presence of significant
conductive pathway for K+ in this membrane we observed VB
by raising K+ concentration in the perfusate from 5 to 50 mM.
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Figure 2. Representative tracings of VB showing two different VB re-
sponses in the same CCDsegment upon reduction of the perfusate
Cl- from 120 to 12 mM.
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Figure 3. Frequency distribution of voltage deflection (A VB) upon re-
duction of perfusate Cl- concentration in the IC cells of the CCD.
Positive values of A VB indicate depolarization of the basolateral
membrane, whereas negative values indicate hyperpolarization.

The VB was unaffected by this maneuver, indicating that there
is no appreciable K+ conductance in the apical membrane.

The conductive properties of the basolateral membrane of
a-IC cells were also assessed by observing deflection of VB
upon abrupt changes in Cl- or K+ concentration in the bath.
Typical tracings are shown in Fig. 4 and the data are summa-
rized in Fig. 5 and Table III. Upon changing the bath Cl- from
120 to 12 mM, VB rapidly deflected by 25.7±2.4 mV(n = 23)
followed by a partial repolarization. Upon raising the Cl- con-
centration back to 120 mM, VB returned to the control value.
On the other hand, the effect of the bath K+ substitution on VB
was smaller. A 10-fold increase in the bath K+ from 5 to 50
mMresulted in a small but significant depolarization of the
basolateral membrane by 3.1±0.8 mV(n = 16). These charac-
teristics are strikingly similar to those of the OMCDicells as
studied by Koeppen (25).

f-IC cells. The #-IC cells had a mean VB of -28.9±1.3 mV
(n = 70), a value that was not significantly different from that
of the a-IC cells. The JRA of the f-IC cell was also near unity
and averaged 0.95±0.003 (n = 60), indicating that the apical
membrane of this cell also does not have any appreciable ionic
conductive pathways. As illustrated in Fig. 4 and summarized
in Table III and Fig. 5, raising the perfusate K+ from 5 to 50
mMhad no effect on VB. This response of the f-IC cell was
similar to that of the a-IC cell. In contrast, an increase in the
bath K+ from 5 to 50 mMresulted in a small, but a significant
depolarization of the basolateral membrane by 4.7±0.5 mV(n
= 31). WhenCl- concentration in the bath was decreased from
120 to 12 mM, there was an immediate depolarization of VB
followed by a partial repolarization. The magnitude of this
peak depolarization was 37.9±0.9 mV(n = 62), a value that
was higher than that of the a-IC cell (25.7±2.4 mV, n = 23).
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Figure 4. Typical tracings of
VB of three distinct cell types
in the CCDupon lowering
bath or perfusate Cl- from
120 to 20 mM, and raising
bath or perfusate K+ from 5
to 50 mM. Voltage spikes are
due to 50-1 00-nA constant
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Figure 5. Deflections of VB (A VB) of three distinct cell types in the
CCD, upon lowering bath or perfusate Cl- and raising bath or per-
fusate K+. All values are expressed as mean±SE. Positive values of
AVB indicate depolarization of the basolateral membrane; negative
values indicate hyperpolarization.

The magnitude of the repolarization after a rapid depolariza-
tion in the f-IC cells seemed to be smaller than that observed
in the a-IC cells.

Comparison of the electrical properties among CDcells,
a- and f-IC cells in the CCD
To compare the electrical properties of the apical and basolat-
eral membranes of the a- and f-IC cells with those of the CD
cell, we also examined the behavior of the CD cell by ion
substitution experiments. Representative tracings are also il-
lustrated in Fig. 4 and the data are summarized in Table III
and Fig. 5.

A 10-fold decrease in the luminal Cl- resulted in a signifi-
cant hyperpolarization of the basolateral membrane by
9.6±1.4 mV(n = 16). A 10-fold increase in the luminal K+
caused a rapid depolarization of the basolateral membrane by
48.3±2.7 mV(n = 12), suggesting that the apical membrane of
the CD cell was conductive for K+. Upon lowering the bath
Cl- from 120 to 12 mM, the basolateral membrane was rapidly
depolarized by 12.0±1.7 mV(n = 18) and then repolarized to a
new steady state level. A mirror image response was observed
when Cl- concentration in the bath was returned to its control
level. When the bath K+ concentration was increased, the ba-
solateral membrane of the CD cell was also depolarized by
16.3±2.7 mV(n = 22).

Thus, ion substitutions of Cl- or K+ in the lumen or bath
led us to characterize electrical properties among the three
distinct cell types of the CCD. To further define the features of
these three distinct cell types of the CCD, VB and its peak
response (A VB) upon reducing lumen or bath Cl-, observed in
the same cells, are plotted on three-dimensional scales (Fig. 6).
It is clear from this figure that three distinct cell types can be
separated without any overlap by using these parameters.

Identification and characterization of two subtypes of IC
cells in the CNT
Yoshitomi et al. (4) identified the IC cell in the CNTsegment
according to the criteria described previously (8, 18, 25), and
described membrane properties of the CNT. In the present
study, we confirmed their observation and extended our study
to identify the subtypes of the IC cell in the CNT. The mean
values of VB andfRA of IC cells were -25.1 ± 1.3 mV(n = 36)
and 0.92±0.01 (n = 1 1), respectively, which are contrast to
those of CNTcells (VB-77.4± 1.1 mV, n = 5 1;fRA 0.48±0.03,

Table III. Effects of Bath and Perfusate Ion Substitutions on VB of CDCells, fl-IC, and a-IC Cells in the CCD

CDcell ,B-IC cell a-IC cell

Ion Concn. n Control Experimental A n Control Expefimental A n Control Expefimental A

mM mV

Bath
K+ 5 - 50 22 -79.6±2.0 -63.3±3.4 16.3±2.7* 31 -27.5±1.9 -22.8±1.9 4.7+0.5* 16 -27.6±2.9 -24.5±2.8 3.1±0.8*
C1- 120 - 12 18 -80.8±2.4 -68.8±2.9 12.0±1.7* 62 -27.3±1.3 -10.5±1.5 37.9±0.9* 23 -23.6±1.6 2.1±3.2 25.7±2.4*

Lumen
K+ 5 - 50 12 -78.7±3.0 -30.4±2.6 48.3±2.7* 13 -26.9±3.9 -27.6±3.9 -0.76±0.4 16 -26.5±5.9 -25.0±5.6 1.5±0.7
Cl- 120 - 12 16 -82.3±2.1 -91.9±1.9 9.6±1.4* 52 -29.7±1.8 -50.3±2.4 21.5±0.9* 19 -26.8±2.6 -26.4±2.6 0.4±0.5

Values are mean±SE. n, number of experiments; A, differences from the control values. * P < 0.001 compared to control values.
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n = 9). Two different responses of VB upon reduction of the
perfusate C1- concentration were also noted in the CNTas well
as in the CCD. However, the relative population of the ,B-IC
cell is quite different. As illustrated in Fig. 7, and summarized
in Fig. 8, 36 of 37 IC cells (97.3%) hyperpolarized the basolat-
eral membrane by 19.6+2.7 mV, indicating that most IC cells
in the CNTsegment were identified as f-IC cells. Further stud-
ies were performed to characterize the electrical properties of
the apical and basolateral membranes of the fl-IC cell. Typical
tracings are illustrated in Fig. 7 and the data are summarized
in Fig. 8 and Table IV.

Figure 6. Three-dimensional
plots of VB and its peak response
of VB (A VB) to lowering perfus-
ate and bath Cl- from 120 to 12
mM, in the same cells of the
CCD. Positive values of AVB in-
dicate depolarization of the ba-
solateral membrane, whereas
negative values indicate hyper-
polarization. (-) CDcells; (A)
a-IC cells; (o) f-IC cells.

Whenthe perfusate K+ was increased from 5 to 50 mM, VB
of the f-IC was not affected. However, raising the bath K+
resulted in a small depolarization of the basolateral membrane
by 4.6±0.6 mV(n = 26). Upon reduction of the bath Cl- from
120 to 12 mM, VB was rapidly deflected by 31.3±2.8 mV(n
= 19) followed by a slow repolarization. These responses of VB
of f-IC cells in the CNTwere very similar to those of f-IC cells
in the CCD.

Comparison of the electrical properties between the f-IC
and CNTcells in the CNT. To compare the electrical proper-
ties of the fl-IC cell with those of the CNTcell, we also exam-

Bath
50K 1 2CI 50K Lumen 12CI

- _

l inn

Figure 7. Typical tracings of
VB of CNTcells and fl-IC
cells in the CNTand a-IC
cells in the OMCDi, upon
lowering bath or perfusate
Cl- from 120 to 12 mM, and
raising bath or perfusate K+
from 5 to 50 mM. Voltage
spikes are due to 50-100-nA
constant current pulses at
10-s intervals.
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Figure 8. Deflections of VB (A VB) of CNTcells and ,B-IC cells in the
CNTand a-IC cells in the OMCDi, upon lowering bath or perfusate
Cl- and raising bath or perfusate K+. All values are expressed as
mean±SE. Positive values of A VB indicate depolarization of the ba-
solateral membrane, whereas negative values indicate hyperpolariza-
tion.

ined conductive properties of the CNT cell upon rapid ion
substitutions of K+ and Cl- in the bath and perfusate. Typical
tracings are also illustrated in Fig. 7 and summaries are also
shown in Fig. 8 and Table IV. Raising perfusate K+ had a
significant deflection of VB by 30.0±2.9 mV(n = 10), whereas
lowering perfusate Cl- hyperpolarized the basolateral mem-
brane by 8.6±1.7 mV(n = 10). On the other hand, when the
bath K+ concentration was increased, VB was rapidly deflected
by 43.8±1.9 mV(n = 45). Also, when the bath Cl- concentra-
tion was decreased, the basolateral membrane was rapidly de-
polarized by 5.8±1.3 mV(n = 8) within several seconds and
then repolarized to a new steady-state value. This pattern was
reversed upon returning to control conditions. These observa-
tions are compatible with those of Yoshitomi et al. (4). Thus,
as shown in Fig. 7, we were able to discriminate sharply the
,B-IC cell from the CNTcell on the basis of its electrical proper-
ties of the apical as well as basolateral membranes.

Identification and characterization of the OMCDicell in
the OMCDi
The cells of OMCDihad a mean of VB of -29.1±2.3 mv (n
= 19). The fRA was near unity (0.96±0.01, n = 19). These
values are similar to those reported by Koeppen (25), in this
segment.

To determine the subtypes of the OMCDicell, we observed
the response of VB upon reduction of the perfusate Cl- from
120 to 12 mM. As illustrated in Fig. 7 and summarized in Fig.
8, all OMCDi cells of 19 cells punctured in 12 OMCDi seg-
ments had no change in VB. These results are in good agree-
ment with those of Koeppen (25) in this segment. Therefore,
the OMCDisegment appears to be composed of only an a-type
H+ secreting cell. Further characterization of the apical and
basolateral membranes was performed by ion substitutions
with K+ or Cl-. Typical tracings are also illustrated in Fig. 7
and the data are summarized in Fig. 8 and Table IV.

A 10-fold increase in the perfusate K+ had no effect on VB.
However, a 10-fold increase in bath K+ had a small, but a
significant depolarization of the basolateral membrane by
2.7±0.4 mV(n = 18). A 10-fold decrease in the bath Cl- also
had a rapid depolarization of VB of 15.8±1.4 mV(n = 18)
followed by a partial repolarization. These results are also
compatible with those of Koeppen (25). Thus, the electrical
characteristics of the apical and basolateral membranes of the
OMCDi cell were quite similar to those of the a-IC cell in
the CCD.

Table IV. Effects of Bath and Perfusate Ion Substitutions on VB of CNTCells and fl-IC Cells in the CNTand a-IC Cells in the OMCDi

CNTcell p3-IC cell a-IC cell
(CNT) (CNT) (OMCDO)

Ion Concn n Control Experimental A n Control Experimental A n Control Experimental A

mM mV

Bath
K+ 5 - 50 45 -78.0±1.3 -34.2±2.2 43.8±1.9* 26 -26.7±1.8 -22.0±1.5 4.6±0.6* 18 -30.6±2.2 -27.8±2.3 2.7±0.4*
Cl- 120 - 12 8 -76.6±2.8 -70.9±3.6 5.8±1.3* 19 -22.6±2.0 8.6±4.2 31.3±2.8* 18 -29.5±2.4 -13.6±3.2 15.8±1.4*

Lumen
K+ 5 - 50 10 -77.3±1.7 -47.3±3.2 30.0±2.9* 14 -28.5±2.9 -28.5±3.0 -0.07±0.4 12 -29.6±3.5 -29.6±3.3 0±0.8
Cl- 120 - 12 10 -80.6±3.4 -89.2±3.4 -8.6+1.7* 16 -26.1±2.1 -45.7±3.2 -19.6±2.7* 16 -31.8±2.7 -31.0±2.5 0.4±0.7

Values are mean±SE. n, number of experiments; A, differences from the control values. * P < 0.00 1; Pp < 0.01 compared to control values.
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Discussion

The results of this study indicate that we can identify a- and
fl-IC cells along the rabbit distal nephron segments by the
intracellular microelectrode technique. This study was the first
to demonstrate the electrophysiological properties of the f-IC
cell and its distribution along the distal nephron segments.

Identification of IC cells. Morphologically defined IC cells
are intermingled along the CNTand collecting duct system of
the mammalian kidney (1). Microelectrode studies have de-
fined the electrical properties of the apical and basolateral
membranes of IC cells in the CNT (4) as well as collecting
ducts from rabbits (5, 8, 9, 12, 18). The IC cells, including
those in the OMCDi, are defined electrophysiologically by a
relatively low VB and high fRA near unity (4, 8, 18, 25). They
are also characterized by the absence of any detectable Na+ or
K+ conductive properties in the apical membrane, and the
presence of a Cl- conductance in the basolateral membrane (4,
8, 18, 25). In the present study, we confirmed those findings
and regarded them as criteria to define the IC cells.

Differentiation of two subtypes of IC cells in the CCD. Two
subtypes of IC cells have been identified in the mammalian
collecting ducts, with several methods including electronmi-
croscopic (10), immunohistochemical (28, 29, 33), and optical
fluorometric (34-36, 40) techniques.

Schwartz and Al-Awqati (41) have demonstrated that two
functionally distinct subpopulations of IC cells existed in the
rabbit CCD. One form which corresponds to the a-IC cell was
capable of endocytosis of a fluorescent marker from the lu-
minal side. Another type of the IC cell which corresponds to
the ,B-cell was capable of endocytosis from the peritubular side.
Furthermore, Schuster et al. (28), using monoclonal antibody
to human red blood cell anion exchanger, band 3 protein, and
peanut lectin binding, have demonstrated two subtypes of IC
cells in the rabbit CCD. They noticed that some IC cells bound
peanut lectin but not antibody to band 3 protein, whereas
others had band 3 protein, but not peanut lectin binding.
Peanut lectin-positive band 3-negative cells were supposed to
be (-IC cells, whereas peanut lectin-negative band 3-positive
cells were supposed to be a-IC cells.

Recently, Weiner and Hamm(36), using pH-sensitive dye,
acetoxy-methyl ester of 2',7'-bis (carboxyethyl)-5(6)-carboxy-
fluorescein (BCECF-AM), differentiated the IC cell from the
CDcell in the rabbit CCD, on the basis of the fact that lumin-
ally loaded BCECF-AMresulted in intense uptake into IC
cells, whereas basolaterally loaded BCECF-AMresulted in ap-
parent homogeneous uptake into all cells. Moreover, they
identified two subtypes of IC cells by fluorescent labeling. ,B-IC
cells were identified with fluorescein isothiocyanate-labeled
peanut agglutinin, whereas a-IC cells were identified by endo-
cytosis of luminal tetramethyl-rhodamine isothiocyanate-la-
beled dextran.

More recently, two subpopulations of IC cells in the rabbit
CCDperfused in vitro were identified based on the cell alka-
linization followed by a basolateral or luminal Cl- removal
(34, 35). fl-IC cells were identified by removing Cl- from the
lumen, which causes cell alkalinization via the apical Cl-/
HCO- anion exchanger. In contrast, a-IC cells were identified
based on a cell alkalinization via the basolateral Cl-/HCO3
exchanger in response to basolateral Cl- removal.

In the present study, two subtypes of the IC cells were

differentiated by the response of VB upon reduction of the
perfusate Cl-. The observations are along the line of the pro-
posed cell models. Some IC cells caused hyperpolarization of
the basolateral membrane. This type of cells may be ,B-IC cells
because they do have a Cl- entry step across the apical mem-
brane (see below). The rest of the IC cells are suggested to be
a-IC cells, because they are assumed to have no Cl- entry step
at the apical membrane and have a remarkably similar re-
sponse of VB to that of the cells obtained from the rabbit
OMCDi, which are thought to be equivalent to H+-secreting
cells.

Characterization of the a- and fl-IC cells in the CCD. Since
the values offRA are close to unity in both a- and fl-IC cells,
the resistance of the apical membrane of both subtypes greatly
exceeds that of the basolateral membrane. The lack of VB re-
sponse to luminal K+ substitution further indicates that the
apical membrane of both subtypes does not have an apprecia-
ble K+ conductance. Two subtypes differ with respect to the
mechanisms of Cl- entry across the apical membrane. In a-IC
cells, luminal Cl- substitution has no effect on VB. This find-
ing is consistent with that reported by Koeppen (25) in the
rabbit OMCDi. Thus, it seems that the apical membrane of
a-IC cells of the CCDdoes not contain a Cl- conductance, as
well. However, the existence of a small Cl- conductance in the
apical membrane cannot be ruled out, because it is difficult to
detect the conductive properties of the high-resistance barrier
in the apical membrane.

In contrast, basolateral membrane of f-IC cells hyperpo-
larized upon luminal Cl- substitution, indicating the presence
of some Cl- entry steps at the apical membrane. The mecha-
nisms of a Cl- entry step across the apical membrane of the
fl-IC cells are not clear at the present time, but several possibili-
ties should be considered. The first may involve a Cl-/HCO3
exchanger at the apical membrane of the fl-IC cells. Upon
reduction of luminal Cl-, the Cl- entry into the cell via a
Cl-/HCO- exchanger at the apical membrane should be de-
creased, resulting in a reduction in intracellular Cl- activity,
which in turn would hyperpolarize the basolateral membrane
by increasing Nernst equilibrium potential for Cl-. However,
it is not known whether the Cl-/HCO5 exchange involves an
electroneutral or electrogenic mechanism. The second mecha-
nism may be a conductive pathway for Cl- at the apical mem-
brane. Since the fRA of the fl-IC cell is so high, it is unlikely
that the apical membrane has any appreciable ion conduc-
tances. In fact, we could not detect any initial depolarization
spike upon reduction in luminal Cl-. However, the presence of
a small Cl- conductance cannot be excluded. A third mecha-
nism may involve a Cl-/HCO- exchanger in parallel with a Cl-
conductive pathway at the apical membrane of the f-IC cell.
Finally, we cannot exclude a possible contribution of HCO3-
independent Cl- entry mechanisms including an active Cl-
transport in the apical membrane. Further detailed studies will
be required to solve the mechanisms of a Cl- entry at the apical
membrane of the fl-IC cell.

In contrast to the apical membrane, the basolateral mem-

brane of both subtypes of IC cells contains similar electrical
properties. In both subtypes, an initial rapid depolarization of
the basolateral membrane followed by a slow repolarization
was observed upon changing bath Cl-. Also, a small depolar-
ization of the basolateral membrane of both subtypes was
found upon raising bath K+. It is not known at present time
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whether this response is either due to an appreciable K+ con-
ductance at the basolateral membrane or due to circular cur-
rent loops across the epithelium generated by the change in VT
upon raising bath K+ concentration on the CDcell.

Characterization of the CD cell in the CCD. In previous
papers (5, 8, 12), the CDcell in the rabbit CCDwas distin-
guished by a relatively high VB and a lowfRA, and character-
ized by a large K+ conductance and a small Na+ conductance
in the apical membrane, and Cl- and K+ conductances in the
basolateral membrane. In the present study, we arrived at the
same conclusions. It was also demonstrated that upon reduc-
tion of luminal Cl-, the basolateral membrane of the CDcell
was significantly hyperpolarized, suggesting the presence of a
Cl- entry pathway at the apical membrane. This finding is
similar to that reported by Sansom et al. (42). They have pro-
posed that a neutral Cl-/HCO- exchange mechanism also
exists in the apical membrane of the CDcell. Further studies
will be needed to define the Cl- entry pathways at the apical
membrane.

Identification and characterization of two subtypes of IC
cells in the CNT. Morphologic (1, 6) and electrophysiologic (4)
studies demonstrated that the CNTsegment is composed of at
least two cell types, the CNTand IC cells. Although Yoshitomi
et al. (4) reported electrophysiologic properties of the CNT
cell, the function of the IC cell in the CNThas not yet been
established. In the present study, we found that almost all IC
cells in the CNT displayed electrophysiologic characteristics
similar to those of ,B-IC cells in the CCD. Thus, it is possible
that the IC cell in the CNTmay also exert HCO- secretion.
These findings are the first report to suggest the function of the
IC cell in the CNT.

Characterization of the CNTcell in the CNT. Recent elec-
trophysiologic studies (4) have shown that the CNTcell in the
rabbit CNThas a large K+ conductance and a small Na+ con-
ductance in the apical membrane, and a large K+ conductance
and a small Cl- conductance in the basolateral membrane.
The present studies confirmed those findings. In addition, we
observed that lowering perfusate Cl- caused the basolateral
membrane to hyperpolarize. This observation suggests the
presence of some Cl- entry mechanisms at the apical mem-
brane of the CNTcell as well. Further studies will be needed to
solve the Cl- entry mechanisms.

Identification and characterization of IC cells in the
OMCDisegment. The OMCDiis assumed to be specialized in
urine acidification and does neither participate in Na+ or K+
transport nor show any evidence for HCO- secretion ( 14, 21,
43). In the present study, the OMCDicell had a low VB and a
highfRA close to unity, and was characterized by the absence
of any detectable K+ or Cl- conductance in the apical mem-
brane and the presence of a Cl--selective conductance in the
basolateral membrane. These observations are consistent with
Koeppen's electrophysiological data (25) in this segment.
Moreover, recent immunocytochemical studies (28, 29) dem-
onstrated that a Cl-/HCO- exchanger is located at the baso-
lateral membrane whereas a H+-ATPase pump is at the apical
membrane. Thus, the OMCDi is supposed to be composed of
H+-secreting cells.

In contrast, morphologic studies of Ridderstrale et al. (14)
suggested that the rabbit OMCDiis also consisted of heteroge-
nous cells. Recent immunocytochemical studies (28, 30) have
also supported this view.

In the present study, however, we could not demonstrate
any heterogeneity in the OMCDiat least by the electrophysio-
logical mean. Furthermore, since all membrane properties of
the OMCDicell are in excellent agreement with those of the
a-IC cell in the CCD, we conclude that the OMCDi cell
mainly, if not exclusively, secretes H+ and is thus electrophysi-
ologically identical to the a-IC cell of the CCD. These obser-
vations are consistent with those of Koeppen (25), and support
the view of Hayashi et al. (43) who reported that Cl- transport
across the OMCDiby anion exchange was immeasurably low
or nonexistent and not induced by in vivo metabolic alkalosis.

Axial heterogeneity of a- and ,B-IC cells. Fig. 9 shows the
distributions of a- and f-IC cells along the rabbit distal
nephron segments. 36 of 37 IC cells (97.3%) in the CNTwere
,B-IC cells, whereas all of 19 OMCDicells were a-IC cells in the
OMCDi. In contrast, in the CCD, 79 of 99 IC cells (79.8%)
were ,B-IC cells. Wehad an impression that the population of
the a-IC cells in the CCDtended to increase toward the bound-
ary of the outer medulla.

Schwartz et al. (44), have reported that 22% of IC cells in
the rabbit CCDwere immunocytochemically identified as
a-IC cells. Their figure corresponds very well with our electro-
physiological data. Schuster et al. (28), using a monoclonal
antibody to human red blood cell band 3 protein, have demon-
strated that 29% of IC cells in the rabbit CCDwere identical to
be a-IC cells.

Furthermore, these two groups have also reported axial
heterogeneity of a- and fl-IC cells along the rabbit collecting
ducts, that is, the number of fl-IC cells was greater in the
cortex, whereas the number of a-IC cells was greater in the
outer medulla. Although they did not examine the CNTseg-
ment, our present results are consistent with their observa-
tions. If we consider all the segments tested, ,B-IC cells are

Figure 9. Distribution of two subtypes of IC cells along the distal
nephron segments. The ,B-IC cells are the most predominant in the
cortex, whereas the a-IC cells are predominant in the outer medul-
lary portion.
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predominant in earlier segments, whereas a-IC cells in the
later segments.

Role of a- and 13-IC cells in distal nephron segments. Sev-
eral physiological significances would be proposed for the axial
heterogeneity of two subtypes of IC cells along the distal
nephron segments. The systemic acid-base status may influ-
ence the transport of H+ and HCO- in the distal nephron
segments. The collecting duct system is responsible for reab-
sorption of a significant fraction of filtered HCO5and for net
H+ secretion. In rats, depending on the experimental condi-
tions, the fractional reabsorption of HCO5between the distal
tubule and the tip of the papilla may vary from 4%to 20%(45,
46). Of great importance is that the CCDcan secrete H+ or
HCO5depending on the acid-base status of the whole animal
(47, 48), whereas the OMCDialways secretes H+ (20-24). This
views are consistent with our results. Thus, the a-IC cell in the
OMCDimay play a critical role in the generation of pH gra-
dient.

The HCO- secretory system is of obvious importance in a
herbivore like the rabbit, that usually secretes an alkaline
urine. Another aspects which deserve emphasis are the studies
of McKinney and Burg (47, 48). They reported that the iso-
lated perfused CCDfrom normal and acid-loaded rabbits se-
cretes H+, whereas the CCDfrom HCO--loaded rabbit secretes
HCO-. Star et al. (49) and Garcia-Austt et al. (50) also re-
ported net HCO5secretion in the CCDfrom deoxycorticoste-
rone-treated rats and rabbits. Ishibashi et al. (24) observed that
the steady-state luminal pH in stop-flow condition in the rab-
bit CCDwas alkaline and was only slightly decreased after a
bath pH reduction, supposing that HCO- secretion may be the
most important role of the CCD. From these observations,
HCO- secretion by f3-IC cells in the CNT as well as CCD
segments may be a physiologically important response to net
alkali intake or to metabolic alkalosis. Alternatively, (3-IC cells
may be necessary for Cl- absorption coupled with HCO3 se-
cretion (49-5 1).

In summary, by using cable analyses and intracellular mi-
croelectrodes we have clearly defined two subpopulations of IC
cells and characterized their electrical properties along the
rabbit distal nephron segments.
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