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Abstract. High speed video imaging microscopy and the31] and plays an important role in Nak*, CI~, and
pH-sensitive fluorophoré?’’,-bis(2-carboxyethyl)-5(6)- HCO; transport. Recent evidence has shown that the
carboxyfluorescein (BCECF) were used to examine acidtwo main cell types lining this nephron segment display
base functions of beta-intercalated cells of the rabbit corglifferent functions. Principal cells mediate Naeab-
tical collecting duct. The presence of intercalated cellssorption and K secretion [26] whereas intercalated cells
was established and the properties of apical and basolaftC) take part in HCQ and Cr transport [14, 21]. By
eral acid-base transporters assessed by monitoring cetheans of flux studies, intracellular pH measurements and
pH during acid loading and luminal and basolateral ionimmunohistochemical studies, the intercalated cells can
substitutions. We showed that treatment of beta-e further divided into several subclasses based on their
intercalated cells with ammonium chloride (2@nin-  specific transport characteristics. The alpha-IC pos-
duced a profound decrease of their intracellular pH fromsesses an Hpump on the apical surface in addition to a
6.98 £ 5.93 + 0.08. pH recovery occurred after differentCI-HCO; exchanger and a Clconductance in the ba-
lag periods ranging between 2 to 15 min (0.22 + 0.04solateral membrane. The beta-IC has an apicat Cl
dpH/dt). We demonstrated that this pH recovery mechaHCO; exchanger and a basolateral ldump and Cl
nism was independent of basolateral*Nand apical conductance [8, 21]. The TQHCO; exchanger is re-
HCO; and K'. It was also not affected by apical and sponsible for net HCQsecretion that can be observed at
basolateral addition of NEM, by basolateral DIDS and bythis nephron site.
apical application of the H-KATPase inhibitor Recently several investigators have identified inter-
SCH28080. The process of pH recovery was howevercalated cells that have CI/HGCQexchanger activity on
critically dependent on basolateral HGOThese results  both the apical and basolateral cell membranes [7, 36].
are best explained by acid-induced insertion and/or actiOur studies were confined fcells in which basolateral
vation of chloride-bicarbonate exchangers that are func€l/HCO; exchange in the basolateral membrane was ab-
tional properties with their apical analogues. sent in control conditions. Distinct differences have
been noted with respect to the two bicarbonate €X-
Key words: Intercalated cells — Cortical collecting tu- changers in the apical and basolateral membrane of in-
bule — Acidification — CI/HCO; exchange — Plastic- tercalated cells. The basolateral anion exchanger in the
ity of transport — Polarity alpha-cells is sensitive to stilbenes and shares immuno-
histological characteristic with band 3 protein. In con-
trast, the apical CIHCO; exchanger in beta-intercalated
cells is insensitive to stilbene inhibitors and has been

i _ o shown by many [1, 12, 21] but not all [30] investigators
The renal cortical collecting duct exhibits both structural;, |5ck the immunological properties of the anion trans-
and functional heterogeneity [2, 8, 10, 13, 16, 20-23, 25porter in alpha-intercalated cells.

Significant plasticity of intercalated cell function,
I reflected by changes in the activity of apical and baso-
Correspondence tal. Geibel lateral acid-base transporters, has been observed an

Introduction
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Table 1. List of solutions

Solution 1 Solution 2 Solution 3 Solution 4 Solution 5 Solution 6 Solution 7
NacCl 145 — — — — 120
NMDG — 140 120 — — — 140
CaCl, 1.0 1.0 1.0 — 1.0 1.0 1.0
MgSO, 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Glucose 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Alanine 4.0 4.0 4.0 4.0 4.0 4.0 4.0
KH,PO, 2.0 2.0 2.0 — 2.0 2.0 2.0
KCI 3.0 3.0 3.0 — 3.0 3.0 3.0
NH,CI — — 20.0 — — — 20.0
K Gluconate — — — 3.0 — — —
Na Gluconate — — — 140.0 — —
Ca Gluconate — — — 4.0 — —
HEPES 32.0 32.0 32.0 — — —
NaHCGQO, — — — 25.0 25.0 25.0 25.0

All concentrations are expressed in millimoles per liter.
Solutions 4—7 were continuously bubbled with 95%/8% CO,. Solution 6 and 7 were gassed with 95%/%3 CO..
All stock solutions were brought to volume and the osmolarity adjusted to 300 mOsm.

shown to be related to the acid-base status [10, 18, 21SOLUTIONS
24, 25, 29]. Of particular relevance are stimulation of
C|_/HCO§ exchange during induction of alkalosis. eleva- The composition of the solutions used is given in Table 1. N-ethyl-
tion of luminal CI", and increased mineralocorticoid ley- Ma/éimide (NEM), nigericin and 4,4disothiocyanostilbene-2, "2

s 121 CF/HCO,_ h ivity diminished i disulfonate (DIDS) were purchased from Sigma Chemical, St. Louis,
els [21]. CITHCGO; exchange activity diminished in an v " the 1.k inhibitor Schering 28080 was a generous gift of
acidified environment [18] at a time when increas€d H  schering-Plough. The pH of all solutions used in this study was 7.40

secretion could be demonstrated in alpha-intercalatedt 37°C unless otherwise noted. In MNH, solutions NHCI replaced
cells [13]. NaCl mole for mole. The high KNigericin solution contained 1@m

To examine the functional properties of apical andNigericin and (in nw): 105 KCI, 1.0 CaCj, 1.0 MgSQ, 2 NaH,PO,

basolateral acid-base transporters in beta-intercalatetf-2 dextrose, and 32 Hepes. pH was adjusted with HCI or N-methyl-
- . . i . b-glucamine. All solutions were equilibrated with air unless otherwise

C?"S during a.CUte .aCIdQSIS W.e have used eXCIt.atlon ra‘t"r51)oted and adjusted to an osmolality of 300-310 mOsm/kg.

high-speed-video imaging microscopy to monitor intra-

cellular pH. We found that acute acid loading by the

ammonium pulse technique [3] induced a novel-Cl INTRACELLULAR PH MEASUREMENTS AND

sensitive bicarbonate extrusion mechanism in the basd<tLL |DENTIFICATION

lateral membrane of beta intercalated cells. ) -
pH, was measured using the fluorescent pH-sensitive due, BCECF,

using a ratiometric technique previously described in our laboratory.
We used the techniques of Weiner et al. [33] to load intercalated cells
with BCECF by adding the acetoxymethyl estef,72bis(carboxy-
ethyl)-carboxyfluorescein (BCECF-AM) (Molecular Probes, Eugene,
OR) (10 M) to the luminal perfusate for 5-10 min. This procedure
MICROPERFUSIONSTUDIES OF RABBIT CORTICAL results in specific uptake of dye and conversion to BCECF, the pH-
COLLECTING TUBULE sensitive moiety of the dye, by intercalated but not principal cells.
Following dye loading the perfusion solution was switched to a dye-
Female New Zealand white rabbits were used and maintained on starfree solution before pHmonitoring commenced. The loading process
dard diet with tap water until use in the experiments. The animals weravas monitored by periodic dye fluorescence intensity measurements
sacrificed by an overdose of intravenous sodium pentobarbital. Thaising a high speed video imaging system (Georgia Instruments, At-
left kidney was removed and 1 mm thick tissue slices were taken fromlanta, Georgia).
the cortex. Individual cortical collecting ducts were dissected in bicar- Following the initial period of dye loading, pHvas measured
bonate-free media at 4°C. The isolated tubule fragments were thewontinually by methods previously described [9]. Briefly, the excita-
transferred to a thermostatically controlled chamber (37°C), containingion light (490 nm/440 nm respectively) was delivered to the tubule
HCO,-free Ringer solution (solution 1) and mounted on the stage of anfrom a 150 W Xenon light source coupled to two high speed mono-
inverted microscope (Nikon Diaphot). The tubules were then cannu-chromators set at a bandwidth of 2 nm. A specially designed bifurcated
lated and perfused using techniques previously described [4, 9]. Theguartz fiber optic bundle allowed for even field illumination. Emitted
bath solution was exchanged at a rate of 10 to 12 ml/min, resulting influorescence was collected at 535 nm using an intensified CCD camera.
a complete fluid exchange 5 times/sec. The luminal perfusion wasThe resultant ratio (490/440 nm) was simultaneously presented graphi-
maintained at ratez 10 nl/min using a gravity system. cally on the computer and television monitor and images acquired

Materials and Methods
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every 30 sec. To limit possible interference between two BCECF-A

loaded adjacent cells, only cells surrounded by non loaded “principal” Lumen | 1o ‘
cells were investigated. Cells above and below the plane of focus wer:
examined prior to the start of the experiment to eliminate out of focus Bath l 140 NaCl 1 20NH,4 ‘ 0Na | 140 NaCl |
fluorescence.
8.00
Nigericin Calibration 7.75
750 W
We concluded each experiment with a single point calibration, usinngi 7.25
the Nigericin/high K technique to obtain &,o4l,4, ratio at pH 7.0. 7.00
We divided alll ;00/1 440 ratios from an experiment by thgydl,4, ratio 6.75 5 Minutes
at pH 7.00 to yield normalized ratiok,§ | 440/ (149! 440 PH = 7.00 of 6.50 —_—
pH; between 5.5 and 8.5 at 0.5 pH unit increments. The relationship isB
described by a pH titration curve of the folmydl 4ud (l4od 1440 PH = Lumen‘ 140 NaCl ‘

7.00 = 1 +a X[(10PHPRY/L + 10gPHPIO — (1070PK)/1 + 107-0PKY)].
Using a nonlinear least squares method we then found the best fit fo

a scaling factor and pK based on 200 cells from 40 tubules harveste: Bath ‘ 140NaCl ‘2" NH4‘ ONa “40 NaCl
from 8 rabbits. ‘ NEM
775 g
IDENTIFICATION OF (3-CELLS 7.50
7.25
To distinguishB-cells from alpha intercalated cells we used the clas- pHi 7.00
sical approach of Clremoval from the bath and lumen of the tubule 6.75
[34, 35]. Bath CI removal resulted in an acidification of thg cell 6.50
under study whereas luminal Glemoval caused a rapid and reversible i
alkalinization of the cell. 238 5 Minutes

Fig. 1. pH recovery of intercalated cells after an acid load in the
absence of HC@CO, buffer. (A) The tubules were perfused with
HCOs-free solutions throughout the experiment (sol 1-3). The baso-

B-INTERCALATED CELL pH; BEHAVIOR IN HCO,/CO, lateral ammonium pulse (sol 3) induced a small acidification;. g
FREE SOLUTIONS turned within 10 min to the prepulse value when perfused in Na-free

solution (sol 2). B) The conditions are the same asAexcept that 0.5

. . . mv NEM was added to the bath before the Nplise.
The first set of experiments examined the response of

intercalated cells in bicarbonate free buffer to an acute

acid load induced by a basolateral Npulse. Figure A second, withdrawal of ammonium in the presence of
shows a typical experiment. The control cellpits i NEM initiated a further dramatic acidification. Finally,
the range of 7.5 and declined after the Nplilse was  pH recovery was completely suppressed until reintroduc-
discontinued. When Nawas removed from the bath, tion of sodium in the peritubular milieu. Tabl@Zum-
acidification was followed by a gradual phiecovery  marizes results observed in this series of experiments.
over a period of 10 min. Subsequent addition of N@ | yminal NEM had no effect on cell priata not showh

the bath lead to a rapid return of cell pH to control levels. We conclude from these studies that in the absence
This pH recovery is consistent with the known presencepf picarbonate at least two components, Na-H exchange
of Na-H exchange in the basolateral membrane of betagnd electrogenic Hextrusion in the basolateral mem-

intercalated cells [20, 33]. As shown in Tabl&,2nean  prane, participate in cell pH recovery of this subpopula-
values of control cell pH were 7.50 + 0.08 & 20),  tion of B-intercalated cells.

acidification following NH, pulsing reduced pH to 7.20

+ 0.06 (O = 20), and the pH change during the initial

phase of pHrecovery was dpH/dt: 240 + 20 x ThpH  B-INTERCALATED CELL pH, BEHAVIOR IN HCO4/CO,
units/min @ = 20). To study further the mechanisms of CONTAINING SOLUTIONS

pH recovery following an acid load in the absence of

Na", another series of experiments was carried out tcExperiments carried out in the presence of bicarbonate
evaluate active electrogenic’téxtrusion, a mechanism enabled us to characterif&intercalated cells further.
present in the basolateral membrane of beta-intercalatelhas been shown previously that removal of luminal Cl
cells [21]. Figure B summarizes the results of an ex- results in significant alkalinization as a consequence of
periment in which the Fransport inhibitor NEM was inactivation of CI/HCO; exchange in the apical mem-
tested. First, it should be noted that addition of this in-brane [33, 34]. Inspection of the results summarized in
hibitor resulted in an immediate decrease of cell.pH Fig. 2A andB and Table 3 confirm the presence of apical

Results
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Table 2. pH recovery in the absence of bicarbonate

A. Effect of NH, on pH recovery in the absence of bicarbonate

N* Control +NH, dpH/dT
pH, pH, x 10°% pH units/min

6(20) 7.50+0.09 7.20£0.06 240%20

B. Effect of NEM and 0 Na on pH recovery in the absence of bicarbonate

N* Control +NEM +NH, dpH/dT
pH, pH, pH, x 1074 pH units/min
5(15) 7.49+0.09 7.00+0.12 591+0.24 26+10

* The N value represents the number of animals used in the individual studies; the
number in brackets is the number of individual cells that were used in the study.

The results summarized in FigsA2andB are examples

Lumen ‘ ‘ ocl ‘ 120 NaCl 25 NaHCO, l A T i )
of pH; responses following acidification in the absence of
Na“ in the bath. It can be seen that significant pH-
Bath [ 30 T ona | recovery occurs following Ngiwithdrawal. Comparing
725 the pH recovery rates in Fig.Alwith those shown in
7.00 ~ Figs. 2A and B we note that the presence of Hg@c-
8.75 celerates cell alkalinization. We observed that the rate of
PH 650 alkalinization in the presence of HG@seeTable 3, and
6.25 Figs. 1A and A andB) accelerated the rate of recovery
6.00 ) from the acid load in all experiments & 14), however
5 Minutes . . e
5.75 — the time course of pHrecovery differed in individual
B ] experiments. In one group of tubules, an example of
umen | | oo 120NaC1 25 NaHCO, | which is shown in Fig. &, pH, remained low for a time
period of 10 to 15 min before partial recovery com-
Bath ‘ o | o ‘ 21 menced. In another group of experiments, as illustrated
275 o in Fig. 2B, pH; recovery began almost immediately after
750 E the sharp fall in pHfollowing NH, removal.
705 E To investigate further the properties of the ‘Na
7.00 £ independent pH recovery mechanism, the effect of NEM,
pH. 675 E a known inhibitor of H-ATPase, was tested. The results
g:gg = of a representative experiment are shown in Fig. 3. Itis
6.00 & apparent that NEM in the bath did not block the pH
ggg 3 5 Minutes recovery following cell acidificationr{ = 14). NEM

added to the lumen perfusate was also ineffective in

. . . modifying cell pH recovery data not shown, n= 14).
Fig. 2. pHi_recovery of aB IC after an acid load in the presence Qf In the next series of experiments we examined the po-
HCO,/CQO, in the bath. A) The tubules were bathed and perfused with . . .
HCO;5-Ringer. The alkalinization induced by the removal of chloride tential role of aplcal HC@'” the pH recovery process.
from the lumen indicated this cell wagsdC. An ammonium pulse was 1N particular, we wished to examine whether HCétry
used to acidify the cells. In the absence of peritubular sodium (sol 2) &rom lumen to cell via the CYHCO; exchanger, along a
pH; recovery occurred after a 10-min lag perioB) (n this cell the lag  favorable chemical gradient, could be responsible fqr pH
period of the pkrecovery was much shorter and ptdcovery began recovery after acid loading. Such a process would be
soon after the cell pH fell. favored by the very low intracellular pH that results from

the NH, pulse protocol.
To examine this possibility, experiments were con-

CI"/HCO; exchange as evidenced by the significant al-ducted in the nominal absence of apical HC@\s
kalinization after removal of Clfrom the lumen. Also shown in Fig. 4, apical HCDwithdrawal induced a
consistent with the presence of an apical/BCO; ex-  small acidification, a finding consistent with HG@f-
changer are lower control cell pH valueseéTable 3). flux from cell to lumen along a favorable chemical gra-
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Table 3. pH recovery in the presence of bicarbonate

A. Effect of NH, on pH recovery in the presence of bicarbonate

N* Control +NH, dpH/dT
pH pH x 10°% pH units/min
5 (15) 6.98 +0.09 5.95+0.06 30525

B. Effect of NEM and 0 Na on pH recovery in the presence of bicarbonate

N* Control +NEM +NH, dpH/dT
pH, pH, pH, pH, x 104 pH units/min
Lumen Bath
5 (14) 6.96 + 0.09 6.93+0.12 — 5.91+0.24 299+ 35
5(14) 6.92+0.11 — 6.92+0.11 5.94+0.24 310 £ 35

*The N value represents the number of animals used in the individual studies; the number in brackets
is the number of individual cells that were used in the study.

‘!ZONaCI rZONaCI }
Lumen [ focwl 120 NGl 25 NaHCO, ‘ Lumen fsseo0 st b
Bath a
Bah e T B ] | B Jowm | e | ek ]
= ] 750

700 E 700 [

6.75 oH Uk
H 650 i 6.75 =

625 & 6.50 ;_

6.00 5 Minutes 6.25 2 5 Minutes

575 = 6.00 — -

Fig. 3. Effect of NEM on the pkirecovery mechanism ¢ IC after an Fig. 4. Effect of removal of apical HCQon the pH recovery off IC

acid load. Bicarbonate was present in both lumen and bath perfusatester an acid load. Bicarbonate was initially present in lumen and bath.

(sol 6). The addition of 0.5 mNEM to the bath did not affect the pH A B IC was identified as evidenced by cell alkalinization following

recovery from an acid load. removal of luminal chloride (sol 4). HCOwas removed from the
lumen and decreased pgdol 1). pH recovery after an acid load was not
effected.

dient. Importantly however, a dramatic pH recovery was

still observed following the ammonium induced acid INpbucTION oF A CI/HCO; EXCHANGER IN THE

loading. We conclude from these experiments that theBAsoLATERAL MEMBRANE OF 3 IC

pH recovery mechanism is independent of apical HCO

and cannot be explained by HG@ansport from lumen To examine the possibility that a basolateral/BICO;

to cell. exchange mechanism mediates the NEM-insensitive pH
However, recovery of cell pH is strongly dependentrecovery, we tested the effects of removal of @bm

on bicarbonate in the basolateral fluid. Whereasig-l  the bath in control and acid loaded intercalated cells.

covery occurred in bicarbonate-containing solutions defigure 5 shows the results of a representative experi-

spite the absence of Nand in the presence of NEM in ment, Table 4 summarizes this series of data. Before the

the bath, it was totally blocked when under the sameammonium pulse, basolateral Glemoval induced sig-

conditions bicarbonate was absent (compare MBgyith nificant acidification of the cell, 0.43 * 0.03 pH units

Fig. 3). The next series of experiments was designed t¢seeFig. 5 and Table 4). In control conditions removal

clarify the role of HCQ@ transport in the pHrecovery of CI” from the lumen induced a significant alkaliniza-

process. These experiments were carried out by compation of the cytoplasm (mean change of,pB.21 £+ 0.01,

ing the response of cell pH to the removal of @omthe n = 14), a finding consistent with inhibition of apical

bath in control and acid loaded cells. CI"/HCO; exchange. Our results confirm those of
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120 NaCl
Lumen | 25Hcaos l oct I

120 NaCl 120 NaCl
25 HCO, ocl 25 HCOj

120 NaCl 120 NaCl
Bath | 25HCO, | 0C! I 25 HCO,

20 NH.,I

120 NaCl 120 NaCl
25 HCO3 ocl 25 HCO,

7.75

7.50
7.25
pH 700

6.75 \\\’//
6.50

6.05 10 Minutes

Fig. 5. Induction of a basolateral CI/HCO
exchanger activity irg-IC. Basolateral Cl

removal before acid-loading induced a small cell
acidification, whereas removal of T(sol 4) from
the lumen alkalinized the cell. Following the acid
pulse removal of Clfrom the lumen again
alkalinized the cell. In contrast, removal of Cl
from the bath now alkalinized the cell.

r\w

Table 4. Effects of CI removal from lumen and bath

A. Effect of deletion of CI from the lumen and bath on pH recovery in the absence of bicarbonate from both lumen and
bath

N* Control Lumen dpH/dT +NH, dpH/dT
ocr +Cr x 10" * pH units/min x 10" * pH units/min
PH; pH; pH; PH;
7(14) 7.25+0.07 7.46 +0.01 7.08 +£0.07 275+ 22 6.04 +0.07 315+ 27

*The N value represents the number of animals used in the individual studies; the number in brackets is the number of
individual cells that were used in the study.

Weiner and Hamm who observed similar cell pH Addition of NEM to either the bath or lumen
changes during removal of Clrom either lumen or bath perfusate under these conditions also failed to influ-
or both [34, 35]. Figure 5 and Table 4 also show the datance the Clinduced pKresponsedata not showrfn =
of cell pH following removal of CI from lumen and bath 12)). To examine the possible role of apical H-K ex-
after acidification. Following an ammonium pulse and change in the pH recovery, several maneuvers were em-
after pH restoration, luminal Clremoval again alkalin- ployed. These included changes in luminalas well as
ized the cell demonstrating that the observed pH changaddition of the K-H inhibitor SCH28080 during the pe-
was similar to that observed prior to acidification. How- riod following the acid load. Increasing lumeri K5—20
ever, removal of Clfrom the bath now alkalinized the mwm) also failed to stimulate pHecovery (pHchange at
cell. The mean pH change observed was 0.29 + 0.13 pHK™ = 5 mm: 0.24 + 0.04 pH units{ = 9), pH change
units (W = 5). Whereas the difference between cell pHat K* = 20 mv: 0.25 + 0.02 pH unitsi{ = 9). In a
values between pre- and post-acid loading conditions folseparate series of experiments we observed that reducin
lowing basolateral Clremoval was 0.46 = 0.13 pH units, lumen K" to 0 mv, or addition of 15Qum SCH28080, did
the corresponding cell pH changes following luminal Cl not inhibit pH recovery (pH change at'K= 5 mwm: 0.28
deletion was 0.02 pH units; thus, there were significantt 0.05 x 10 pH units/min (i = 5), at K" = 0 mm: 0.25
changes of cell pH after removal of Tirom the bath  + 0.03 x 10% pH units/min @ = 5). pH recovery was
solution, whereas cell pH changes were virtually identi-also unchanged following exposure to SCH28080 (0.23
cal following CI" removal from the lumen. Time-control + 0.04 x 10“ pH units/min @ = 5). It appears from
experiments in the presence of HE@ithoutacidifica-  these results that cell acidification did not activate apical
tion showed no significant modification of the basolat- K-H exchange.
eral response. Chloride removal from the bath induced In additional experiments the response to DIDS of
identical changes in cell pH with acidification, at the the newly activated CIHCO; exchanger was also in-
beginning, and end of the 30-min time period. vestigated. The experiment presented in Fig. 6 shows
We propose the following interpretation of these that the processes of pH restoration following ammo-
data. Removal of bath Cis expected to lower cell CI  nium withdrawal as well as the responses of cell pH to
as CI moves from cell to basolateral fluid through™ClI removal of CI, both in the lumen and the bath, are not
channels in this membrane. As a consequence, acceleraffected by 10Qum DIDS. pH increased by 0.25 + 0.02
tion of apical CI/HCO; exchange by a more favorable pH units, 6 = 5) in the presence of DIDS, a value not
electrochemical gradient for Clions lowers cell pH  significantly different from that measured in its absence
In contrast, removal of Clfrom the lumen should im- (0.024 + 0.03 pH unit® < 0.01). Thus, insensitivity to
pede HCQ extrusion and thus induce alkalinization.  stilbenes is shared by the TWHCO; exchanger in the



J. Merot et al.: Basolateral CI/HC@xchange in Cortical Collecting Duct 259

120 NaCl 120 NaCl

Lumen ‘ 25 HCO, I ocl | 25 HCO, IOC" goHréaoc: |
Bath l 1zgoncaoc; oc [ é%loéaoC; \20 NHal ;EsoH'g:g ‘OC’| ;%OH%ag;
} 100uM DIDS |
8.00
7.75
7.50
H 7.25
PH ggg Fig. 6. Effect of DIDS (100um) on basolateral
6.50 CI/HCO; exchange. Note that the response to
6.25 10 Minutes removal of CI from the bath was unchanged in
6.00 the presence of DIDS.
Lumen | 12%%1% ‘ oc | EgoH%a()C; | oct | ;goHNcag ‘
Bath | B [oo] ZHS  Jeow B, | o0 ] SEHCo, |
7 75 | 100uM Colchicine |
7.50
7.25
H; 7.00 Fig. 7. Effects of pretreatment with 10Qm
P 675
) chochicine the microtubule and microfilament
6.50 inhibitor prior to acid load. Please note that the
6.25 10 Minutes cell no longer expresses an alkalinization
6.00 - following CI~ removal (sol 4).
g

basolateral membrane of beta-intercalated cells [7, 1%ollecting tubule. At least three acid-base-related trans-

27]. port mechanisms are present in the basolateral membran
of beta-intercalated cells: electrogenic” textrusion,

EFFECTS OFMICROTUBULE AND Na-H exchange and a Ctonductance [8, 11, 15, 21, 24,

MICROEILAMENT INHIBITORS 33, 34]. However, a new transport mechanism appears

in the basolateral membrane following acute acidifica-
To further investigate the possibility involvement of the tion and participates in the regulation of cell pH. Figure
cytoskeleton and of vesicular trafficking, the microtubule 8 is a schematic presentation of the distribution of acid-
and microfilament inhibitors cholchicine (1) or Cy-  base related transport mechanisms in control conditions
tocholasin B (10Quv) were applied to the tubule priorto (A), during recovery from acidosisBf, and in post-
the CI'-removal and readdition step. Figure 7 illustratesacidotic conditions €).
the effects of removal of luminal Clon pH in the ab- Two lines of evidence support the view that acidosis
sence and presence of Cytocholasin B. Whenwds  activates CI/HCO; exchange in the basolateral mem-
removed from the bath prior to treatment cell acidifica- brane of beta-intercalated cells. First,;picovery fol-
tion was observed. Following acidification, in the pres- lowing acute acid loading persists, and can be shown to
ence of microtubule or microfilament inhibitors cholchi- be dependent on the presence of bicarbonate at a time
cine (or Cytocholasin B), removal of luminal Cled to  when the activity of other acid-extrusion mechanisms
alkalinization. However, when bath Tlas now re-  has been excluded. The presence of electroneutidl Cl
moved, the cell acidified to a level Comparable to thatHcog exchange would allow bicarbonate ions to enter
prior to the acidification. The results of this StUdy are pheta-intercalated cells in exchange for @k the steep
summarized in Table 5, and indicate that the disruptiorfa|| in cell pH enhances the trans-membrane concentra-
of the cytoskeleton leads to failure of expression of theyjon gradient for bicarbonate. Second, the observation of

CI"/HCO; exchanger in the basolateral membrane.  ¢g|| alkalinization that follows removal of Clfrom the
bath supports the hypothesis that a new anion exchanger
Discussion not present in control conditions, has been activated by

acidosis. The manipulation of bath Qprior to acidifi-
The main finding of the present studies was the apparentation did not induce cell alkalinization.
activation of a CI/HCO; exchanger in the basolateral An intriguing finding is the observation that the
membrane of beta-intercalated cells of the rabbit corticahewly activated CYHCO; exchanger was insensitive to
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Table 5. Effects of microtubule/microfilament inhibitors

A. Effect of microtubule/microfilament inhibitors on basolateral @ependent acidification

N* Control ocr Control ocr
+Cholchicine (10um) +Cholchicine (10um)
Lumen Bath Lumen Bath
pH, pH; pH; pH, pH, pH;
5(12) 7.24+£0.04 7.42 £0.03 7.03+£0.04 7.25+0.05 7.46 £0.17 7.19+0.12

+Cytocholasin B (10Qum)
7.21+0.08

+Cytocholasin B (10Qum)

5(11) 7.22+0.06 7.46 +0.05 7.02+0.08 7.44+0.12 7.18 +0.14

*The N value represents the number of animals used in the individual studies; the number in brackets is the number of

individual cells that were used in the study.

Apical Basolateral
H
(o]
Q ch A. Control
Cl
Apical Basolateral
e
Cl ) cl B. Recovery from
HCO, 0 HCO Acidosis
ci 3
Apical Basolateral

Cl ’ H . C. Post-Acidosis
Cl
Hco, ) Heo,
Cl

anion channels. Recent careful experiments have showr
that clamping of the membrane potential across the ba-
solateral membrane does not alter the response of cell
pH; to the removal of chloride in the bath [36]. Accord-
ingly, the observed cell alkalinization is best explained
by activation of CI/HCQ exchangers and our results can
be interpreted that acidification leads to basolateral in-
sertion of new anion exchangers or activation of those
already present. The observation that the cholchicine in-
hibits the chloride-dependent postacidotic alkalinization
supports as a possible mechanism the insertion into the
basolateral membrane of new-anion exchangers from a
cytoplasmic vesicular pool of transporters.

The appearance of new anion transporters in the ba-
solateral membrane of beta intercalated cells extends the
examples of plasticity of acid-base transporters in the
pool of alpha and beta-intercalated cells. Cellular re-
modeling of acid-base transporters [18, 21, 24, 30] oc-
curs during neonatal development [17], and following
alterations in acid-base status. For instance, systemic
acidosis increases and alkalosis decreases the intensity ¢
the staining pattern of apical ‘'HATPase in alpha-
intercalated cells [32]. Furthermore, careful morpho-
logical investigations during metabolic alkalosis have
demonstrated the appearance of a submembrane popule
tion of basolateral vesicles in beta intercalated cells, con-

Fig. 8. Cell models of beta-intercalated cells prior and following cell Sistent with an increase in the delivery of vacuolar H
acidification. @) Control conditions.B) Bicarbonate enters the cellby ATPase for insertion at this site.
the apical exchangerC} Activity of the anion exchanger following

restoration of cell pH after acidification.

Additional evidence also suggests significant cell re-
modeling of bicarbonate-secreting cells [18]. Such stud-
ies have shown that both acid feeding as well as incuba-

disulfonic stilbenes. This behavior is similar to that of tion of cortical collecting ducts in an acid medium for
the apical CI/HCO; exchanger but differs sharply from several hours leads to an increase in apical endocytosis ir
the analogous basolateral form of the transporter in alphalpha-intercalated cells suggesting insertion of additional
intercalated cells [7, 19, 27, 32]. Could the observed celH-transporters. Importantly, these morphological alter-
alkalinization following acid loading occur as a conse- ations were associated with reduced cell binding to pea-
guence of the activation of parallel conductances of Cl nut agglutinin (PNA), a reflection of diminished beta-
and HCQ? Were this the case, lowering chloride in the intercalated cell activity [18]. These studies in perfused
bath would reduce the cell-negative potential and detubules of the rabbit collecting duct are consistent with
crease the driving force for possible bicarbonate exit bychanges in the distribution and polarity of bicarbonate
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transporters. Such processes are thought to participate pH regulation as evidenced by its failure to respond to
the shift from bicarbonate reabsorption”(secretion) to  changes in cell pH that were induced by modulating
bicarbonate secretion during transition from acidosis tdasolateral HC@Qand pCQ [33-35]. Accordingly, it is
alkalosis. It is likely that cell pH changes play an im- safe to conclude that basolateral and not apical Cl
portant role in such remodeling of intercalated cell po-HCO; exchange restores cell pH following acid loading.
larity. Changes in intracellular pH could also be in- The mechanism by which acidosis activates basolateral
volved in modulating cell polarity in neonatal collecting CI"/HCO; exchange needs further explanation. Several
ducts. Relevant observations are experiments showingxamples of targeting, insertion and activation of renal
that the maturation process of alpha-and-beta-intercatransporters involve the cytoskeleton [5, 6]. Possibly,
lated cells can be significantly modulated by systemicchanges in acid-base balance could also modify the in-
acid-base changes [17, 25]. Intercalated cells developertion and subsequent activation of EICO; exchang-
gradually after birth and the relative distribution betweeners by altering the microenvironment at the lipid cyto-
alpha and beta cells takes several weeks to develop fullyplasmic interface [29]. The prolonged presence of the
Maternal alkalosis can be shown to shift the relationshipCI"/HCO; exchanger following restoration of cell pH
between these two subpopulations in favor of beta-after acidosis is consistent with but does not prove stimu-
intercalated cells. Acidosis had the opposite effect [17]ation of vesicular delivery of anion exchangers to the
21, 25]. basolateral membrane. It is presently not known how
The situation is complicated by findings that somelong the newly recruited transporters remain within the
cortical collecting duct cells have the potential of ex- basolateral membrane. Were they to continue to be ac-
pressing properties of both alpha and beta-intercalatetive continuously they could, as suggested by Weiner et
cells. Of particular relevance and underscoring the varial. [36], act as a sensor for bicarbonate and thereby play
able distribution of bicarbonate transporters are recena role in the regulation of bicarbonate secretion.
observations that cells of the rabbit cortical collecting In summary, our studies demonstrate that beta-
duct exhibit CI/HCO; exchange irboth apical and ba- intercalated cells respond to acidosis with activation of
solateral membranes [7, 36]. In a recent careful study obasolateral C'HCO; exchange, a process normally lim-
the distribution of CI/HCQ exchangers along the outer ited to the domain of the apical membrane in fheell
and inner medullary collecting ducts, a strikingly large population of our study. These observations further sup-
number ofp-intercalated cells with both apical and ba- port the notion of plasticity of acid-base transport polar-
solateral CI/HCQ exchangers was noted in tubules har-ity in intercalated cells of the cortical collecting tubule.
vested from rabbits in control acid base conditions. This
work led to the description of yet another intercalatedwe thank NIKON for technical support, and Drs. Robert Berliner and
cell type, they cell. Our studies focused on the classical Gerhard Malnic for their comments on the manuscript. This work was
B cell which lack basolateral CI/HCQexchange in con- supported by Nat_ional Institut_es of Health gr_ant DK-17433 (G.G., J.G.)
trol acid-base conditions. and the Connecticut Innovathns Cooperative Research anq Develop-
. .. ment grant (J.G.). Parts of this work have been presented in abstract
. Our observations ex_ter!d the concept of plasticity Cncform in theJournal of American Society for Nephrolo($991)2:706.
acid-base transporters in intercalated cells by demon-
strating the appearance of basolateral/BCO; ex-
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