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Abstract. The proximal tubule N&HCO3 cotrans-  Introduction

porter is located in the basolateral plasma membrane and

moves N4, HCO;, and net negative charge together out The proximal convoluted tubule in higher vertebrates is
of the cell. The presence of charge transport implies thatesponsible for reabsorption of filtered bicarbonate
at least two HCQ anions are transported for each™Na (HCGs). The epithelial cells achieve this reabsorption
cation. The actual ratio is of physiological interest be-by secreting protons into the lumen and an equal number
cause it determines direction of net transport at a giverPf base equivalents across the basolateral plasma mem-
membrane potential. To determine this ratio, a thermobrane into the peritubular space. ANeCO; cotrans-
dynamic approach was employed that depends on medorter has been identified in the basolateral plasma mem-
suring charge flux through the cotransporter under debrane of several species as responsible transporter for
fined ion and electrical gradients across the basolater@xtrusion of base (Boron & Boulpaep, 1983; Burckhardt,
plasma membrane. Cells from an immortalized ratSato & Fromter, 1984; Yoshitomi & Fromter, 1984; Alp-
proximal tubule line were grown as confluent monolayerern, 1985; Biagi, 1985; Jentsch et al., 1985, 1986; Sasaki,
on porous substrate and their luminal plasma membran8hiigai & Takeuchi, 1985; Yoshitomi, Burckhardt &
was permeabilized with amphotericin B. The electrical Fromter, 1985; Akiba et al., 1986; Alpern & Chambers,
properties of these monolayers were measured in 4986; Biagi & Sohtell, 1986; Lopes et al., 1987; Sole-
Ussing chamber, and ion flux through the cotransportefmani, Grassl & Aronson, 1987). The cotransporter has
was achieved by applying Nar HCG; concentration ~been found to be electrogenic and linked to a net flux of
gradients across the basolateral plasma membran&€gative charge (Boron & Boulpaep, 1983; Biagi, 1985;
Charge flux through the cotransporter was identified aglentsch et al., 1985; Sasaki et al., 1985; Yoshitomi et al.,
difference current due to the reversible inhibitor dinitro- 1985; Biagi & Sohtell, 1986; Lopes et al., 1987). This
stilbene disulfonate. The cotransporter activity was Cl property indicates that the stoichiometry of the process
independent; its conductance ranged between 0.12 arifivolves more than one HCcotransported per each
0.23 mS/cr and was voltage independent between —60Na". Knowledge of the precise stoichiometry is impor-
and +40 mV. Reversal potentials obtained from currentiant for predicting direction of net transport. The larger
voltage relations in the presence of Ngradients were the stoichiometry, and hence the larger the net negative
fitted to the thermodynamic equivalent of the Nernstcharge movement per transport cycle, the more effective

equation for coupled ion transport. The fit yielded a co-is the membrane potential as driving force to move
transport ratio of 3HCQ1Na'. HCGO; out of the cell. The best estimates are a ratio of

3:1 for HCG;:Na" based on rates of concentration

changes in rat proximal tubule in vivo (Yoshitomi et al.,
Key words: Amphoterich B — Dinitro-stilbene disul- 1985) and on driving forces necessary to prevent solute
fonic acid — N&-HCO; cotransporter — Proximal tu- flux through the cotransporter in rabbit basolateral
bule — Rat, transport ratio — Ussing chamber plasma membrane vesicle (Soleimani et al., 1987). Both

estimates depend on a humber of assumptions or param-

eters that are difficult to measure with certainty, such as
- cellular buffer capacity or formation of ideal diffusion
Correspondence tdJ. Hopfer potentials.
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Table 1. Composition of solutions (concentrations immjn

Normal K K-free

Low CI™ CI” free
Solution 1 2 3 4 5 6 7 8
Na-Gluc 40 40 10 40 40 10 20 60
NMDG 100 104.7 134.7 104.7 104.7 134.7 124.7 84.7
HCO;™ 10 10 10 10 2 10 10 10
KCI 4.7 0 0 0 0 0 0 0
MgCl, 1.13 1.13 1.13 0 0 0 0 0
CaCl, 2.25 2.25 2.25 0 0 0 0 0
Ca-Glug, 0 0 0 2.25 2.25 2.25 2.25 2.25
Mg-Gluc, 0 0 0 1.13 1.13 1.13 1.13 1.13
HEPES 20 20 20 20 20 20 20 20
D-Glucose 25 25 25 25 25 25 25 25
pH 7.0 7.0 7.0 7.0 6.4 7.0 7.0 7.0

* [HCO3] was calculated according to the relation: [HG= 3 10°5- 760- f - 10°H-®Dwheref is the CQ
partial pressure.

All solutions were “preincubated” in the voltage-clamp setup incubator at 37°C and 5%&@Q hr before
the beginning of the experiment.

All solutions were supplemented with 0.1% BSA.

Because of the importance of the cotransporter StoiELECTROPHYSIOLOGY
chiometry for overall HCQ absorption in the proximal _ _ _ .
tubule and uncertainties in the limited number of Studiegz"ters were mounted horizontally in a Ussing-type chamber (Analyti-
. : : L | Bioinst tation, Cleveland, OH) equipped with a pair of volt
so far, we have reinvestigated this question in a new celf2 Bioinstrumentation, Cleveland, OH) equipped with a pair of voliage

. . . nd a pair of current electrodes. Electrophysiological measurements
model, namely a recently immortalized cell line from rat ;010 made with a voltage-clamp module (Model 558-C-5, Bioengi-

renal proximal tubule. The cells form relatively high re- neering, University of lowa, IA). The data were recorded on a strip-
sistance monolayers so that electrophysiological meaehart recorder and in parallel through an A/D converter on a micro-
surements are feasible. To determine the stoichiometrycyomputer. The Ussing chamber and all solutions were maintained in a
the current through the cotransporter was isolated as difaeated incubator to control the partial pressure of @@l temperature.

. s .. . i i ° 0,
ference current due to the inhibitor dinitro-stilbene- BXPeriments were caried out at 37°C and at 5%,C00, pressure

disulfonate (DNDS) and the reversal potential deter_was continuously monitored with a G@nonitor (Puritan-Bennett, Los

X X | _ Angeles, CA). The filter in the Ussing chamber was perfused with
mined in the presence of a Ngrad|em- Information on qgified Ringer solutions as explained in the text. The composition of
the reversal potential and the Ngradient can be used to different solutions is given in Table 1.

calculate the stoichiometry based on thermodynamic

considerations.
MATERIALS

. Amphotericin B, bovine serum albumin, HEPESglucose, N-methyl-
Materials and Methods p-glucamine (NMDG), gluconic acid, and all salts were purchased
from Sigma Chemical (St. Louis, MO). Dinitro-stilbene-disulfonate
(DNDS) was obtained from Pfaltz & Bauer, (Waterbury, CT).
CeLL CuLTURE

Experiments were carried with the rat proximal tubular cell line SKPT- Results
0193 Cl.2 (Woost et al., 1996). The line was derived from microdis-

sected primary cultures of the S1 region of the proximal tubule. Cells
were immortalized by infection with a retroviral vector coding for PROPERTIES OF APROXIMAL TUBULAR CELL LINE

SV40 large T antigen. Passages 80 to 100 were used for the reported

experiments. Cells were grown on collagen-coated (20% Ethicon inThe cell line for this study was derived from micro-
60% ethanol) Millicell-CM filters (area= 0.6 cnf) in a 1:1 mixture of dissected proximal tubule S1 segments of rats. This
Dulbecco’s Modified Essential Medium and Ham’s F12, supplementedsegment is known to contain considerable*NM&CO;

with f15 m 1'?)EP'§S'I é‘z. :?.’T'GNE‘H?]QFS ng/ml ";S‘I“'(;" 5‘*9’?' cotransporter activity. The cells formed confluent mono-
transferrin, 10 ng/mi Epithelial Growth Factor,p4g/ml dexametha- 0o o the filters. One of the interesting characteris-

sone, and 10% fetal bovine serum. Usually, at®ux 1¢ cells were . h lative | | f
seeded and grown to confluence in five days. Light microscopytICS was the relative low monolayer conductance of about

showed “cobble stone” appearance that is typical for epithelial cells. 1 mS/cnt due to poor ion permeability of tight junctions.
No piling of cells was observed. This low baseline conductance allowed the detection of
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Fig. 1. Schematic presentation of the premises on which experiments-ig. 2. Short-circuit currentl() of a luminally permeabilized mono-

were based. The NeHCOj; cotransporter and Ne&K*™ ATPase trans-  layer. Cells were initially perfused with normal*kRinger (solution

port (h — 1) net negative and one positive charge, respectively. The#1). The increasetl.following luminal application of amphotericin B

Na'/H* exchanger is electrically silent. Luminal application of ampho- reflects the activity of the Na K* ATPase. Inhibition of the enzyme

tericin B “removes” functionally the luminal membrane for electrical upon removal of K (OK™) (perfusion with K-free Ringer (solution

measurements. #2)) or upon basolateral application of Ivnouabain (Oub) results in
a decrease i,

electrical signals from cellular transporters without too
much “background” conductance from the paracellular rents associated with N&HCO; cotransporter activity,

pathway for ion flow. the electrical current in response to appropriate ionic
gradients or cotransporter-specific conductance needs to
EXPERIMENTAL STRATEGY be measured. The cotransporter is known to be inhibited

by stilbene disulfonates. Therefore, the general ap-
Eroach for sorting out NaHCQO; transport was to per-

: ) . eabilize monolayers on the luminal side with ampho-
tL:}buIe. The trantsportlers :asdsc_)mtahtedb W'tlh teleftr'ca(gricin B and to measure either current generated by Na
g arge Tr_rrllovemenl 3re tr?caN%Jr I,?\TPe ast?] ateral mem, HCG; gradients or conductance that could be inhib-

rane. *hese include the ) ase (the pump), ited by the stilbene disulfonate DNDS. DNDS is a re-

the N&-HCO; cotransporter, and Kchannels. To re- g qipie inhibitor of the N&HCO; cotransporter which
veal these electrogenic processes to external electrode

) . . Alows meaningful control measurements after wash-out
it was necessary to remove the electrical resistance of thszf the drug
luminal plasma membrane. The polyene ionophore am- '
photericin B has been used to specifically achieve this
aim in monolayers of epithelial cells (Kirk & Dawson, PERMEABILIZATION OF THE LUMINAL PLASMA
1983). Amphotericin B renders the membrane permeMEMBRANE BY AMPHOTERICIN B
able to small monovalent ions (KlaK*, CI7), but not to
those with higher valences, such as’Gand stays re- Figure 2 shows the effect of luminal application of am-
stricted for several hours to the plasma membrane tghotericin B. The permeabilization process can be con-
which it was added. This property is a result of a re-veniently followed by the short-circuit curreritf). The
quirement for cholesterol in the membrane, the relativelyinitial current is a result of a redistribution of ions after
high cholesterol content of the plasma membrane, angermeabilization as well as ion flux generated by pumps
the relatively low content of intracellular membranes. in the basolateral plasma membrane in response to ion
With permeabilization of the luminal membrane to influx across the luminal plasma membrane. By defini-
monovalent ions, the Ne&K*™-ATPase turnover can be tion, the change in steady-state current after permeabili-
measured by its ability to generate a current in symmetrization is due to cellular ion pumps, either directly or
cal solutions, i.e., in the absence of any electrical potenindirectly. The concentration of amphotericin B used in
tial, ion concentration gradients, or osmotic or hydro-the experiment in Fig. 2 was 40m, which is optimal in
static pressure differences. In other words, the shortthat it is the lowest concentration that gave a maximal
circuit current with identical solutions on both sides change in steady-state current. This value had been es-
guantitatively measures pump turnover. To identify cur-tablished in preliminary experiments.

Figure 1 illustrates the transporters that are thought to b
involved in N& HCO; reabsorption in the proximal
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Cl™-free solution. Current and conductance traces were measured in a
Fig. 3. Activation of Na'-HCO; cotransport by a Nagradient. Current  Ussing chamber. This experiment is similar to that in Fig. 3, except for
and conductance traces were measured in a Ussing chamber. Lumingle lack of CI. Luminal and basal compartments were initially per-
and basal compartments were initially perfused with*afi¢e, 40 nm fused with a K- and Cr-free, 40 nm Na" solution (solution#4).
Na" solution (solution#2). Permeabilization with amphotericin B pro-  Activation of the Nd&-HCO,™ cotransporter was achieved by establish-
duced only a transient peak in current because Na,K-ATPase was iring a N&-gradient (luminal 40 m to basal 10 mi) with Cl™-free
hibited by the lack of K. Subsequently, a Nagradient (luminal 40 m solution (solution#6) on the basal side. The addition of MnDNDS
to basal 10 mi) was established by decreasing basal compartmeht Nato the basal compartment reveals a DNDS-sensitive current and con-
to 10 mm (solution #3). The N& gradient produced a Nélux and ductance even in the absence of.Cl
large I that includes contributions by the cotransporter. Subsequent
basal application of the cotransporter inhibitor DNDS revealed agg| potential as long as the coupling ratio Of+N'dCO§
DNDS-§enS|tlve current and conductance. The DNDS-sensitive Comse different from 1. To measure ion gradient-driven co-
ponent is observable even on the background of ac@hductance that _ -
is increasing with time (compare the time-dependence of conductanc&ranSporter turnover, Neor HCG; gradlent§ were estab-
in the presence of Clin Fig. 3 with the lack of a time-dependent liShed. Thelg. generated by these gradients, however,
component in C-free medium in Fig. 4). has contributions from all conductance pathways in the

monolayer, in particular the paracellular pathway with

After permeabilizationl. (equivalent to cation flux the tight junction and the lateral intercellular space. To
from luminal to basal compartment) increased steeplydentify the N&-HCO; cotransporter activity, the differ-
and then leveled off. Based on several criteria, theence current due to the presence of @ BNDS in the
steady-state current represents largely ,N&-ATPase basolateral solution was measured.
turnover: (i) The current could be reversibly inhibited by ~ An experiment demonstrating the cotransporter ac-
replacement of K (solution#1, Table 1) with NMDG  tivity driven by a Nd gradient is shown in Fig. 3. The
(solution#2) in both luminal and basal solution (Fig. 2). €xperiment shows the initial lov. generated by the
(ii) It could be reversibly inhibited by 1 m ouabain Mmonolayer when perfused with a modified Ringer solu-
added to the basal solution (Fig. 2). (ii) The currenttion (solution#2) with 40 mu Na", no K", and only 4.8
depended on the presence of'Na the perfusion solu- MM CI™ (with replacement by gluconate). Luminal per-
tions @ata not showh The amphotericin B permeabi- meabilization generated a fast transient becausekNa
lization did not substantially increase the total monolayerATPase activity is not sustained wheri I§ replaced by
conductance data not showp These results demon- NMDG™. The imposition of a Nagradient by lowering
strate that the amphotericin B-treated monolayers rethe N& concentration in the basal compartment (replace-
tained a substantial degree of cellular and monolayeMent with solution#3) generated ar. of about 14
integrity, even though, the luminal membrane becamerA/cm?as well as a gradual increase in conductance (G)
permeab]e to monovalent ions and thus e|ectrica”y Conmeasured with small current pulses. Contributions to the
ductive. Others, have shown that under these conditiongurrent and to the conductance by the cotransporter could
the intracellular monovalent ion composition equilibratesPe demonstrated by the effects of MnDNDS in the
with that of the luminal solution (Kirk & Dawson, 1983). basal solution. The conductance decreased about 0.25
mS/cnt while the current (lumen- basal compartment)
increased by about @A/cm? as expected for inhibition
of a luminal-to-basal anion (negative) current.

Flux through the N&HCO;3 cotransporter can be driven A Na'-dependent CiHCO; exchanger has been de-
by Na" and/or HCQ gradients as well as by an electri- scribed in a variety of mammalian cells (Boyarsky et

Na"-HCO; TRANSPORTERACTIVITY
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This increase can interfere with the reliability of data on
Fig. 5. Activation of Na™-HCGO; cotransport by a HCDgradient. The difference currents t_hat. d_epend on seqL_JentlaI appllcatmn
current trace was measured in a Ussing chamber. Luminal and basénd removgl Of an. inhibitor. S.UCh_ an mcreasg 'n. con-
compartments were initially perfused with &+and Cr-free, 40 nm ductance with time is apparent in Fig. 3 but not in Fig. 4.
Na* solution containing 10 m HCO; (solutions#4). The cotransporter Because the major difference in condition between the
was activated by establishing a HG@radient (luminal 10 mM HCQ two experiments is the absence of Glom Fig. 4, the

to basal 2 m) by switching to solution#5 on the basal side. The latter ragylts indicate that the permeabilized rat cell monolay-
solution has a pH of 6.4 and HG®@f 2 mm at 5% CQ. The resulting rs develops a Clconductance with time
negative current returns to baseline levels upon basal application of f )

mm DNDS as expected for flux through the cotransporter.
THE STOICHIOMETRY OF THE

al., 1988; L’Allemain, Paris, & Poussegur, 1985; Na'-HCO; COTRANSPORTER
Rothenberg et al., 1983). We, thus, wanted to determine
whether the proximal tubule cotransporter is"Cl The cotransport of Naand HCQ across the basolateral
dependent. To this aim we repeated the procedure denembrane can be described by:
scribed in Fig. 3 for the activation of the cotransporter
after CI' was completely eliminated from the medium Na + nHCOj; « Na,* + nHCO;, (1)
(solutions#4 and#5, with CI” replaced by gluconate).
A representative result of such an experiment is depicteevhere the subscriptisando stand for inside and outside
in Fig. 4. Elimination of CT from the bathing media did compartments, respectively. The cotransport stoichiom-
not eliminate DNDS-sensitive current and conductancegtry of the N&-HCO; cotransporter can be determined
in agreement with the presence of @dependent co- by finding Na” and/or HCQ concentration gradients and
transporter. Further experiments were carried out in thenembrane potentials at which no flux through the co-
absence of Cl transporter occurs because electrical and chemical driv-

Figure 5 shows the effect of lowering basolateraling force balance each other. The cotransporter reaction
(bl) [HCO3],, from 10 nm to 2 mm by lowering the pH  (Eg. 1) is at equilibrium and no net flux occurs when:
from 7.0 to 6.4, at constant GQressure (Bo,), (replac- _ _
ing solution #4 on the basolateral side with solution Apg = nApdico ©)
#5). This manipulation resulted in a 2A/cm? de- ’

crease inls; 1 mv DNDS added to the basal solution \here A2 is the in-to-out electrochemical potential
reversed the effect (Fig. 5). In control experiments in thegitference for N4, Apfio, is the out-to-in electrochemi-
absence of Na(Na" replaced with NMDG on both the ¢4 potential difference for HCD andn is the number of
luminal and basolateral buffers), lowering [Hg,]_g had HCO; anions cotransported with each Neation. Ex-

no effect onlg; (not show). Table 2 summarizes the ,ressing the electrochemical potential differences in

effects of lowering peritubular Naand HCQ on the  termg of the relevant ion concentrations and the mem-
DNDS-sensitivels. It should be noted that in order to prane potentialy,,, yields:

lower [HCG]y,;, from 10 mm to 2 mw, the pH of the

basal solution ha_d tq be reduced _from 7.0 to 6.4. This [Na']; FV, [HCO3], FV "
may add a complicating factor, as it generates a pH gra- ex RT - — exp RT 3)
dient across the basolateral membrane, but has the ad- [Na, [HCG];
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Fig. 6. Current-voltage relation for the cotransporter in luminally per- Fig. 7. Plots ofE,., vs. [Na']/[Na'], for n = 2 and n= 3. The plots
meabilized monolayersll is the DNDS-sensitive current. The poten- \ere generated using Eq. 4 with [HGIZ[HCO3], = 1. Also depicted
tial of the basal compartment is taken as zero. Luminal and basahre the measuret,,, values for two [N4]/[Na'], ratios, calculated

compartments were initially perfused with 10nNa", Cl™-free solu-  from Fig. 6. These experimental data indicate a 3HCINa" cotrans-
tion (solution#6). [Na'],, was elevated from 10 mto either 20 nw port ratio.

(solution#7) (squares) or 60 mn(solution#8) (circles), while [Na],,,

was kept at 10 m. A straight line was fitted to the data of which the

slope is equal to the conductance of the cotransporter. The slopes amam (solution #8), while [HCG5], and the partial pres-

0.22 (circles) and 0.23 mS/éntsquares). The reversal potential is -8.5 gyre of CQ, on both sides remained unchanged. The

mvV (sguares) and -25 mV (circles). Each experiment was repeateq/o“age across the monolayer was then stepped to various

three times. Data represent average values. values, between -60 and +40 mV, and the current was
recorded after a 5-sec delay to avoid transients. This

where F, R and T have their usual meaning and the procedure was repeated with .nDNDS added to the

subscripted square bracké@ndo represent the concen- basal compartment. It should be noted that in these ex-

trations of the indicated ions inside and outside the cellperiments the [N§ gradient drives the NaHCO; co-

The membrane potentiaV/() at which no flux (current) transporter in the “reverse” direction at zero membrane

occurs is called reversal potentid, {) and can be ex- potential.

perimentally determined from the current-voltage rela-  As shown in Fig. 6, the reversal potenti&, () for

tionship.E,, can be used to evaluate the actual HG® the cotransporte’ at| = 0) depends on the intracel-
Na" transport ration, according to: lular to extracellular sodium concentration ratio: it is
-8.5mV and -25 mV for [N§;/[Na’], ratios of 0.5 and
_ RT [Na']; [HCO;]! 0.167, respectively. Note that at zero potential= 0),
Erev= F(n-1) In [Na'], [HCO5]" (4) the cotransporter currenkf) is positive for both ratios.

This is expected since, in this experiment, [Nawas set
Eq. 4 suggests thd,, depends logarithmically on the higher than [N&]; and thus the cotransporter was oper-
intra- to extracellular ratio of Naand of HCQ concen- ~ ating in reverse direction at zero membrane potential.

trations; as well as on the cotransport ratio. In Fig. 7, E., is plotted as a function of [N&/
[Na'], according to Eq. 4, whereby cotransport ratigs (

of 3 and 2 where assumed. The measlEggdata from
Fig. 6 are located very close to the curve which corre-
sponds to a cotransport ratio of 3 HGO Na'.

THE REVERSAL POTENTIAL

E,, for the Na-HCO;3 cotransporter was determined
from the current-voltage relation. Figure 6 shotusvs.

V for luminally permeabilized monolayers, wheh is Discussion

the difference in current in absence and presence afil m

DNDS andV is the transepithelial voltage. As was The findings of the present study strongly support the
shown by others (Kirk & Dawson, 1983), the complete existence of an electrogenic N&ICO; cotransporter in
voltage drop is across the basolateral membrane whethe basolateral membrane of a recently generated proxi-
the luminal membrane is permeabilized with amphoteri-mal tubule cell line. The electrogenic cotransporter
cin B. Initially, cells were perfused with 10mNa’, 10  model, illustrated in Fig. 1 predicts that setting [la<

mm HCOj; (pH 7.0) modified Ringer solution (solution [Na']; at constantPco,, should drive the cotransporter
#6). Following luminal membrane permeabilization “forward” and thus result with the exit of a net negative
with amphotericin B (40um) and stabilization ofi,, = charge and hence negative current. Our data clearly
[Na*],,, was elevated to either 20nm(solution#7) or 60  show that setting [Ng,,, < [Na*]; produces the predicted
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Table 3. CI"-dependent and Gindependent DNDS-sensitive conduc- - sistent with activation of flux through the cotransporter.
tance (all solutions containing 10MTHCO;) This current was sensitive to DNDS added to the basal
solution, also supporting the involvement of a ‘Na

Solution [CI (mm) G (mS/cnf)* n 2 : .
HCQO; cotransporter in the basolateral membrane. In in-
#2 6.8 0.30 2 tact cells, the exit of negative charge, in response to
#4 0 0.12 2 lowering [HCG;],,, would depolarize the membrane po-
tential. Such a depolarization was observed with a vari-
*Mean, niis the number of monolayers. ety of cells (Boron & Boulpaep, 1983; Yoshitomi &

Fromter, 1984; Yoshitomi et al., 1985; Lopes et al.,

) ] . 1987; Seki et al., 1993). Alternatively, the effect of low-

effect (Figs. 3 and 4). Exit of a net negative chargeering [HCG;],, on I, could have been accounted for by

would depolarize the inside negative, membrane poteny simple HCQ conductance (i.e., a channel). However,
tial as it would decrease the excess in negative chargg,,; opservation that reducing [HGR, in the absence of
inside the cell. Indeed, it was shown that lowering N5t had no effect onl,, (not show argues against a

_[Na*]bl erolarized the basolatgral membrar)e potenti imple HCG conductance and in favor of a N&ICO;
in a variety of tissues and that this depolarization resulte otransporter. It should be noted that in the experiment

from activation of the N&HCO; cotransporter (Boron described in Fig. 4, the cotransporter was activated by

and Boulpaep, 1983; Yoshitomi et al., 1985; Lopes et al'1owerin - :
g basolateral [HCE). Since the intracellular

31945,37(1).‘. \'/t\rlwe' also fognzd :_Tgt the dgurlrfent_ was dbl?glkDeg byionic composition is mainly determined by the luminal

4 diisithiocyana-2,2-stilbene disulfonic acid ( ) solution, this manipulation should not affect the intracel-
(not show), a stilbene derivative that binds covalently to lular concentration of HCQ which is mainly deter-
the cotransporter anion site (Grassl & Ar'onson, 19.86;mined by the luminal solution and the partial pressure of
Aronson, 1989), and by DNDS, another stilbene derlva-CO
tive that binds in a noncovalent fashion to the"N4CO; 2

cotransporter (Boron & Knakal, 1989) (Figs. 3, 4, 5). In the second pz_art of this study, we measured the
As can be seen in Fig. 3, the initial large and rapidcurrent—voltage relation for permeabilized monolayers

increase inlg, observed immediately after reducing and_used the DNDS—sen§itive current to o_btained infor-
[Na'],, is followed by a small (2pA/cm?) and slow mat|o_n apout the NaHCO; cotra_nsporter (Fig. 6). Sev-
decrease. It is possible that this decrease results from §{@! findings are remarkable: (i) The conductance (the
decrease in the paracellular permeability to* Niae to slope of the current-voltage relation) was mdependgnt of
cell swelling caused by permeabilization of cells with Voltage over a range of 100 mV for both sets of'Na
amphotericin B. Alternatively, it can be explained by an concentrations and gradients. There was no evidence for
unstirred layer effect in the lateral intercellular space.2 Goldman-type rectification. (ii) The conductance was
Electron microscopy of the monolayers reveal that cellséSsentially the same for both sets of Nancentrations
grow tall on porous support and have many convolutec®nd gradients. These results are consistent with a trans-
intercellular lateral membrane foldings (Woost et al., Porter-mediated process that saturates at the substrate
1996). This space is inaccessible to stirring and thereconcentrations employed.

fore ion gradients would change with a different time ~ In using Eq. 4 to calculate the stoichiometry of
course than in the bulk solutions (Harris et al., 1994). HCO; to Na' cotransportif) we assumed that the intra-

In the presence of C]we observed a larger DNDS- cellular concentration of HCDis equal to its extracel-
sensitive current and conductance components than in itglar concentration. This is a reasonable assumption, be-
absence. For example DNDS-sensitive current was 1.8sause the concentration of HG@ determined by pH
fold and the conductance 2.5-fold greater in the presencand CQ concentration, both of which equilibrate be-
of CI” than in its absence. This may be explained by theween the intracellular and luminal compartments. The
development of a DNDS-sensitive Tkonductance intracellular pH equilibrates with luminal pH through
which is related to volume regulation. DNDS was rapid equilibration of protons across the luminally per-
shown to inhibit CT conductance in a variety of cells meabilized membrane, while G@quilibrates by freely
(Cabantchick & Greger, 1992). Variations between cellsdiffusing through the plasma membranes (Yoshitomi &
at different passage numbers provide an additional exFromter, 1984).

planation. Indeed, even in the absence of,Ghe In conclusion, in this study we found an electrogenic
DNDS-sensitive conductance varied between 0.12 an#la’™-HCQO; cotransporter in the basolateral membrane of
0.22 mS/crA (seeTable 3 and Fig. 6). a proximal tubule cell line. The cotransporter exhibited a

The model presented in Fig. 1 predicts that flux cotransport stoichiometry of 3 HGQ(or their equiva-
through the cotransporter can be achieved by a [EICO lents, i.e., one HCQand one C&~) per each Natrans-
gradient. Indeed, we found that lowering [HGIQ) re-  ported out of the cell. This value is the same as that
sulted in generation of a negative current (Fig. 5), con+eported for the cotransporter measured in vivo in
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anesthetized rats (Yoshitomi & Fromter, 1985; Yoshi-Grassl, S.M., Aronson, P.S. 1986. WdCO; cotransport in basolateral
tomi et al. 1985)'Necturus(Lopes et al. 1987) and membrane vesicles isolated from rabbit renal cordeRiol. Chem.
retinal glial cells (Newman & Astion, 1991); but differs 2_61:8778_8783 _

from the 2:1 stoichiometry reported for the cotransporteriars. P.J., Chatton, J.Y., Tran, P.H., Bungay, P.M., Spring, KR.
of rabbit renal cortex (Soleimani et al. 1987) amphibian 1994. pH, morphology, and diffusion in lateral intercellular spaces

. . . . of epithelial cell monolayersAm. J. Physiol266:C73—-C80
astrocytes (Astion et al.,, 1989), amphibian retinal plg_Hughes B.A., Adorante, J.S., Miller, S.S., Lin, H. 1989. Luminal elec-

ment eplthehgm cells (Hughes et al., 1989), and Ieeph trogenic N&HCO, cotransport. A mechanism for HG@bsorption
g“_al Cells_ (Deitmer & Sch_lue, 1989)_- The d'ﬁeren_t StOI-  4cross the retinal pigment epitheliuth.Gen. Physiol94:125-150
chiometries may reflect d'ﬁerences In species or tissue 0_5entsch, T.J., Keller, S.K., Koch, M., Wiederholt, M. 1984. Evidence
perhaps the fact that less direct methods were used in for coupled transport of bicarbonate and sodium in cultured bovine
prior studies. corneal endothelial cellsl. Membrane Biol81:189-204
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