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We examined the properties of Na+/K+/2C1 - cotransport in cultured mouse mTAL cells with respect to its kinetics, the 
contribution of K / K  exchange to K fluxes mediated by the cotransporter, and [3H]bumetanide binding and turnover numbers in 
media with varying osmolality. The addition of bumetanide, the replacement of external Na ÷ or the replacement of external CI- 
resulted in an almost identical (approx. 50%) decrease in K ÷ influx, suggesting that Na+-dependent, C1--dependent, BS K ÷ 
influx was a measure of Na+/K+/2C1 - cotransport. The kinetics of the BS K ÷ influx revealed a high affinity for external Na ÷ 
(apparent K m 7 mM) and external K ÷ (apparent K m 1.3 mM), but a very low affinity for external C1- (apparent K m 67 mM 
with a two-site model). Of interest was the finding that none of the K ÷ (86Rb+) effiux was sensitive to bumetanide, suggesting 
the absence of cotransport mediated K / K  exchange in this cell type. Specific [3H]bumetanide binding was a saturable function of 
free bumetanide concentration with a K d of 0.20/zM and maximum binding (Bma x) of 0.63 pmol/mg, or about 53 000 sites per 
cell. Simultaneous transport and bumetanide binding assays yielded a turnover number of 255 min-a. The omission of external 
Na ÷, K + or CI- reduced specific [3H]bumetanide binding to values indistinguishable from zero. Changing medium osmolarity 
resulted in a co-ordinate change in BS K ÷ influx and bumetanide binding, with a monotonic increase in both transport and 
bumetanide binding with increase in osmolality from 200 to 400 mosmol/kg. About 85% of the cotransporter sites were located 
on the apical side, as in the intact mTAL tubule. The simultaneous measurement of BS ion transport and [3H]bumetanide 
binding in the mTAL cell may provide valuable insights into the regulation of Na+/K+/2C1 - cotransport in this nephron 
segment. 

Introduction 

The N a + / K ÷ / 2 C 1  - cotransport  is the major route 
of NaC1 entry from the lumen into the medullary thick 
ascending limb (mTAL) cell [1]. Salt reabsorption in 
the loop of Henle  accounts for about 25-40% of the 
filtered load [1]. The importance of salt reabsorption in 
this nephron segment in general, and of Na + / K + / 2 C I -  
cotransport  in particular is underscored by the observa- 
tion that administration of loop diuretics such as 
furosemide or bumetanide results in a significant natri- 
uresis and diuresis. Despite  its importance, many fea- 
tures of this cotransport  pathway in the m T A L  remain 
controversial or unknown. 

The kinetic propert ies  of  the cotransporter  have not 
been examined directly by transport  studies in intact 
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m T A L  cells. The interest in the kinetic properties of 
N a + / K + / 2 C I  - cotransporter,  and in particular the 
CI -  dependence stems from the fact that luminal C1- 
concentrations in the m T A L  are believed to be about 
50 mM [1]. Thus, luminal C I -  would not be rate 
limiting for transepithelial C I -  reabsorption if the 
affinity for external CI -  was high, but would be limit- 
ing if the affinity was low (i.e., K1/2 for C1- was 50 
mM or higher). Greger  et al. have examined the kinet- 
ics of the equivalent short circuit current ( I sc )  in the 
cortical (but not the medullary) T A L  [2,3]. Since Isc 
approximates the transepithelial CI -  reabsorption [2], 
others have assumed that the kinetics of the Isc reflect 
the kinetics of the apical N a + / K + / 2 C 1 -  cotransport  in 
the cTAL [1]. However, this t reatment  assumes that 
the events at the apical membrane  are rate limiting, an 
assumption that has not been tested rigorously. For 
this and other reasons, Greger  et al. have cautioned 
that their description of kinetics of Isc  may not neces- 
sarily reflect the kinetics of Na + /K+/2C1  - cotransport  
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[2]. Kinetics of the Na+/K+/2C1 - cotransport have 
also been examined in medullary vesicles [4,5], but not 
in intact cells. Conclusions regarding kinetics of the 
cotransport derived from the Isc studies in cTAL and 
from medullary vesicle studies are widely discrepant. 
The Isc studies in cTAL suggest a low affinity for CI, 
with a K m of about 55 mM [2], whereas the medullary 
vesicle studies suggest a relatively high CI- affinity 
(apparent K m 15 mM [4-6]). Thus, it is not clear 
whether luminal C1- concentrations, which may be 
about 50 mM, are limiting for transepithelial NaC1 
reabsorption in the TAL. 

The technique of [3H]bumetanide binding has added 
considerably to our understanding of Na+/K+/2CI - 
cotransport [7-16]. [3H]Bumetanide binding has been 
measured in dog kidney medulla [7], mouse kidney 
membranes [12] and more recently in membranes from 
thick ascending limb [15], but [3H]bumetanide binding 
and transport assays have not been performed in the 
same study. While earlier studies have shown a strictly 
co-ordinate correlation between the bumetanide- 
sensitive (BS) ion transport and [3H]bumetanide bind- 
ing sites, two recent studies suggest that [3H]bume- 
tanide binding alone may not always provide an accu- 
rate measure of the activity of the cotransporter. In 
endothelial cells, changes in BS K ÷ influx with 
bradykinin were not accompanied by similar quantita- 
tive changes in [3H]bumetanide binding, and a marked 
change in the turnover number per transporter site was 
observed [10]. Even more striking is the observation in 
human adenocarcinoma (HT-29) cells that chronic ex- 
posure to cAMP more than doubled BS K + influx 
without any change in the number of cotransporter 
sites [16]. These studies have underscored the need to 
measure both transport and binding at the same time. 

The aim of the present study was (a), to define the 
kinetics and in particular, the CI- dependence of 
Na+/K+/2CI-  cotransport in mTAL cell; (b), to inves- 
tigate whether the Na+/K+/2C1 - cotransporter in 
mTAL mediates a bidirectional K / K  exchange, similar 
to the K / K  exchange in almost every cell type studied 
so far, and if this K / K  exchange (in addition to the K ÷ 
efflux mediated by the K + channel) is in part responsi- 
ble for the K ÷ recycling across the apical membrane of 
the mTAL and (c), to examine the effect of medium 
osmolality on cotransport in this cell by simultaneously 
measuring transport and [3H]bumetanide binding. 

Detailed kinetic studies of Na t,  K ÷ and C1- de- 
pendence and simultaneous [3H]bumetanide binding 
isotherms and flux studies require quantities of tissues 
not easily obtainable from freshly isolated tubules or 
cells. Therefore, we used cells cultured from mTAL of 
the mouse kidney, and used between passage 7-25. 
These cells have the advantage in that they were de- 
rived from a known, specific kidney segment and have 
been well characterized [17,18]. 

Materials and Methods 

Cell culture 
Mouse mTAL cells, obtained by flee-hand dissec- 

tion of toTAL tubules [17,18] were a gift from Dr. John 
D. Valentich (Galveston, TX, USA). They were used 
between passage 7-25. These cells were maintained in 
stock cultures in 25-cm 2 flasks in a complete medium 
(CM) consisting of a 1 : 1 mixture of Dulbecco's modi- 
fied Eagle medium (DMEM) and Ham's F-12 medium, 
supplemented with 5% fetal bovine serum, 2 mM glu- 
tamine and ITS pre-mix (Collaborative Research, MA, 
USA) to provide final concentrations of insulin 5 mg/l,  
transferrin 5 mg/1 and Na2Se (5/zg/l)  at 37°C in 5% 
CO 2 atmosphere. For transport and binding assays, 
cells were seeded in Falcon 6-well flat-bottom plates in 
2 ml of complete medium per well and incubated at 
37°C in 5% CO 2 until confluence. Medium was changed 
every 2-3 days as required. Transport studies were 
performed when cells were about 90% confluent. 

K ÷ influx assay 
Washed cell monolayers incubated at 37°C for 15 

min in transport assay buffer (TAB) containing (in 
mM) NaCI 145, KCI 5, glucose 5, Na phosphate 2.5, 
D-glucose 5 (pH 7.4) at 37°C. In ion substitution and 
kinetic studies, Na +, K + or C1- was replaced by the 
indicated cation or anion, but the composition of me- 
dia was otherwise identical to that of the TAB. 86Rb+ 
(0.2/zCi/ml) was added at zero time and the transport 
was continued in the absence or presence of 20 /zM 
bumetanide. K ÷ uptake was terminated at 3 min by 
washing the cells 4-times with ice-cold 0.115 M MgCI 2. 
Preliminary results revealed that uptake was linear for 
at least 5 min. The cells were solubilized with 2 ml of 
1% SDS with 0.1 N NaOH. Cell extracts (0.5-ml aliquots 
in duplicate) were counted for fl-radioactivity. K ÷ 
(Rb ÷) uptake was expressed as nmol /mg protein per 
min. Protein content of cell extracts was measured by 
the method of Avruch and Wallach [19] which utilizes 
the intrinsic fluorescence of tryptophan, using bovine 
serum albumin as the standard. This method gave 
results which were nearly identical to those obtained by 
using the bicinchoninic acid assay (BCA protein kit, 
Pierce, Rockford, IL, USA). 

K + efflux assay 
Cells were loaded with isotope by adding 86Rb+ (1 

/zCi/ml) to the complete culture medium and incubat- 
ing cells for 3 h at 37°C in this medium. Cells were 
then washed 5-times with ice-cold TAB or MgCI 2 (0.115 
M) to remove supernatant radioactivity and then incu- 
bated in 1 ml of prewarmed TAB (see above for 
composition) at 37°C. Final results were identical 
whether cells were washed with TAB or MgCI 2. At 
time intervals described in figure legends, 0.5-ml 
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aliquots were taken for counting radioactivity. The 
remaining medium was quickly aspirated and replaced 
with 1 ml of fresh TAB without isotope. At the end of 
efflux period, ceils were solubilized with SDS-NaOH as 
described above. Samples were taken for measurement 
of radioactivity and proteins as described above. The 
total amount of 86Rb+ in the cells at zero time was 
calculated as the sum of radioactivity in the super- 
natants at various time points and the cell radioactivity 
at the end of the efflux period. 

3[H]Bumetanide binding 
Cell monolayers (approx. 1 mg protein per well) 

were incubated in 1 ml of TAB (transport assay buffer, 
for full composition see above) with 31 nM [3H]bume- 
tanide (spec. act. 80 Ci/mmol) and various concentra- 
tions of unlabelled bumetanide (0-2/~M) for 30 min at 
37°C. In preliminary studies, we determined that steady 
state binding was complete by 15 min. Cells were 
washed 4-times rapidly with ice-cold 115 mM MgCI 2. 
Cell extracts were prepared with SDS-NaOH and pro- 
tein was measured as described above. Radioactivity of 
cell extract (1 ml) was counted with 10 ml of scintilla- 
tion cocktail (Formula 989) in a scintillation counter 
(LS 7000, Beckman Instruments, Fullerton, CA, USA). 
Nonspecific binding was measured in the presence of 
100 /xM unlabeled bumetanide and subtracted from 
total bumetanide binding to obtain specific bumetanide 
binding. Nonspecific binding was about 50% of the 
total binding. It was essential to repurify the radioli- 
gand frequently (about 3-4 months) by HPLC as de- 
scribed previously [7]. Failure to repurify the radioli- 
gand resulted in an increase in nonspecific binding to 
unacceptably high levels (> 50%), presumably because 
of breakdown of bumetanide into degradation prod- 
ucts. 

Cell counts 
Washed cell monolayers were incubated with 2 ml of 

sal ine/EDTA (1:1 mixture) until the cells detached 
completely and appeared as single unclumped cells. An 
aliquot of the cell suspension was diluted for cell 
counting by the Coulter counter. Another aliquot was 
mixed with SDS for determination of protein content. 

Water content of toTAL cells 
Water content was measured by the method of 

Kletzein et al. [20] from the distribution of the non- 
metabolized hexose 3-O-methyl D-[lac]glucose. Briefly, 
monolayers of cells grown on plastic Falcon six well 
plates were incubated in 2 ml of DMEM containing 1, 
2, 5 or 10 mM 3-O-methyl D-[14C]glucose for 30 min at 
37°C. The medium was removed and cells were washed 
4-times with ice-cold phosphate-buffered saline con- 
taining 1 mM phloretin, which prevented the efflux of 

hexose from the cells during washing. The cells were 
solubilized with 0.2% SDS and cell extracts were 
counted for 14C radioactivity. Since hexose concentra- 
tion equalizes in the intracellular and extracellular 
compartments, the uptake of 3-O-methyl D-glucose 
gives the intracellular water content, which was ex- 
pressed a s / z l /mg  protein. 

Solutions, chemicals and drugs 
[3H]Bumetanide was custom synthesized by Amer- 

sham at a spec. act. of 80 Ci/mmol. 42K+ and 86Rb+ 
were purchased from Amersham (Arlington Heights, 
IL, USA). Formula 989 was obtained from Dupont- 
NEN (Boston, MA, USA). Unlabeled bumetanide was 
a gift from Dr. Peter Sorter, Hoffman La Roche (Nut- 
ley, N J, USA). Culture media were obtained from 
Gibco/BRL (Grand Island, NY, USA). ITS pre-mix 
was from Collaborative Research (Bedford, MA, USA). 
Flasks, petri dishes, multiwell plates and filter supports 
were from Falcon Labware (Becton Dickinson, Lincoln 
Park, N J, USA). All other reagents were from Sigma 
(St. Louis, MO, USA), Alfa Products (Ward Hill, MA, 
USA), or J.T. Baker (through VWR Scientific, Piscat- 
away, N J, USA). 

Presentation of data 
Results are presented as means _+ S.D. (rather than 

S.E.) unless stated otherwise. The differences in results 
between groups (Tables II-IV, Fig. 8) were analyzed 
by Student's t-test, and the null hypothesis was re- 
jected when P < 0.05. n.s., not significant. Experimen- 
tal data points were fitted to equations using non-lin- 
ear regression with successive iteration using commer- 
cial software packages (Enzfitter, Elsevier-Biosoft, New 
York, NY, USA; Sigmaplot, Jandel Scientific, Cortes 
Madera, CA, USA). The lines accompanying the data 
points represent nonlinear (or linear) least square curve 
fits of the data to the equation noted in the figure 
legends or Results. 

Results 

Comparison of 421( ÷ and 86Rb ÷ fluxes 
To examine the suitability of Rb + as an analog for 

K ÷ for the pathway in mTAL ceils, we compared K + 
influx in 5 mM K ÷ media with either 42K+ and 86Rb+ 
added. There was no statistically significant difference 
between K ÷ and Rb ÷ influx in the absence and pres- 
ence of 10 /zM bumetanide (Table I). The rate con- 
stants for K + and Rb + efflux were also similar (0.040 
+ 0.003 vs. 0.039 + 0.003, respectively, n.s., not shown). 
In all subsequent studies, 86Rb+ was used in lieu of 
42K+ to measure K ÷ fluxes, because 86Rb +, by virtue 
of its somewhat longer half life (18 vs. 0.5 days) was a 
more convenient isotope compared to 42K+. 
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TABLE I 

Comparison o f  K + influx using 42K ÷ or 86Rb + in mT A L  cells 

Cell monolayers were incubated with transport assay buffer contain- 
ing 5 mM KC1 (see Materials and Methods  for composition), pH 7.4 
at 37°C for 15 min. 42K+ or 86Rb+ was added at zero time and 
influx was performed for 5 min in the presence and absence of 
bumetanide.  K ÷ influx was expressed as n m o l / m g  per min. Data  
represent mean_+ S.D. for four determinations,  n.s. = not significant. 

42K+ S6Rb+ p 

Total 13.44_+0.44 14.99-+0.35 n.s. 
Bumetanide (10/xM) 7.14-+0.13 7.90-+0.42 n.s. 
Bumetanide sensitive 6.30 +_ 0.47 7.09 + 0.42 n.s. 

K + influx 
The time-course of K + influx into normal m T A L  

cells, and the effect of bumetanide (10 /~M) on K ÷ 
influx from a 5 mM K ÷ assay buffer is shown in Fig. 1. 
The curve for total K ÷ influx, i.e., in the absence of 
bumetanide,  corrected for zero time values (Fig. 1, 
open circles) was fitted according to the first-order 
equation C t = C f ( 1 -  e-k t ) ,  where C, and Cf are the 
cell labels at time t and infinity respectively, and k 
(min-~)  is the rate constant for influx. Total K ÷ influx, 
computed from Fig. 1 and expressed as an initial flux 
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Fig. 1. Effect of  bumetanide  on potassium influx. Cells were incu- 
bated at 37°C with and without 10/~M bumetanide  in media contain- 
ing 145 m M  NaCl and 5 m M  KCl. At  zero time, S6Rb+ was added 
and the cells were assayed for radioactivity at various t imes as shown. 
The solid line for the total K + uptake (in the absence of bume-  
tanide, ( o )  represents  a theoretical line derived from a nonlinear 
regression (C t = Cf(1 - e - k t ) ,  whereas  the solid line for bumetanide  
resistant uptake (e) represents  a theoretical line from a linear 
regression. The  inset shows that both total and bumetanide  resistant 
uptakes were linear for the initial 6 min. Average of three different 

experiments,  each in duplicate, is shown. 

TABLE II 

Effect o f  removing external Na +, external Cl - or adding bumetanide 
on total K + influx 

BS K + influx was measured  in transport  assay buffer (145 m M NaCl, 
5 mM KCI, see Materials and Methods for full composition), in 
media with nitrate substituting for C l -  (zero Cl ), in media with 
N-methyl glucamine Cl substituting for Na + (zero Na + ) or in 
transport  assay buffer (145 mM NaCl, 5 mM KCI) with 10 ~ M  
bumetanide  added. Average of three different experiments. * de- 
notes P < 0.001 compared to Total. 

K + influx 
( n m o l / m g  per min) 

Total 15.21 _ 0.48 
Zero Cl - 6.74 + 0.22 * 
Zero Na + 5.12_+0.34 * 
Bumetanide  7.65 _+ 2.32 * 

rate was 16.2 m m o l / m g  protein per min. As shown in 
the inset, both the total K + influx and the K + influx in 
the presence of bumetanide were linear for a period of 
at least 5 rain at 37°C. Calculation of the initial rate 
from linear data obtained over the first 5 min (Fig. 1, 
inset) gave the same result as the initial rate computed 
from the first-order rate constant derived from the 
data points over 60 min. bumetanide reduced the ini- 
tial flux rate by 55% to 7.3 n m o l / m g  protein per min. 
In various studies, bumetanide inhibited between 50% 
to 60% of the total K + influx. 

Effect  o f  removal o f  Na  + or Cl - on K + influx 
The removal of external Na + (N-methylglucamine 

replacement),  the removal of external CI -  (nitrate 
replacement)  and the addition of 10 /zM bumetanide 
resulted in a significant decrease in K + influx com- 
pared to control condition ( 'Total '  in Table II, n = 6 
and P < 0.001 for each of the three experimental con- 
ditions). The portion of K + influx that was sensitive to 
external C1- removal (8.47 _+ 0.53), to external Na + 
removal (10.09_+ 0.59) and to bumetanide addition 
(7.56 _+ 2.37) was not statistically different. This finding 
strongly suggests that the bumetanide sensitive K + 
influx represents N a + / K + / 2 C I  - cotransport.  

Anion  specificity o f  cotransport 
Table III  shows the K + influx in cells from media 

with C1- replaced by various monovalent permeant  
anions. For comparison, the K + influx in C1- media 
with bumetanide is shown in the bot tom row. The 
difference with and without bumetanide represents the 
BS K + influx. With 150 mM Br- ,  K + influx was 
unchanged. K + influx was inhibited by all other substi- 
tute anions ( P  < 0.01 compared to C1- alone). C1- 
substitution with sulfamate (or methyl sulfate, not 
shown) resulted in greater  inhibition of total K + influx 
than did substitution with N O ~ ,  I -  or SCN- ,  or addi- 



TABLE III 

Effect of various anions on K + influx 

The effect on K + influx of complete replacement of external CI- 
with various monovalent anions (all at 150 mM). Cells were incu- 
bated in media with various substitute anions for 15 rain at 37°C 
before addition of 86Rb+. For comparison, K + influx in CI- media 
with 10 /zM bumetanide is shown in the last row. n = 8, * denotes 
P < 0.01. 

K + influx 
(nmol/mg per min) 

Chloride 16.6 + 1.44 
Bromide 17.2 + 2.73 
Thiocyanate 13.8 -t- 0.60 * 
Iodide 9.94 + 2.16 * 
Nitrate 8.61 _+ 0.44 * 
Sulfamate 3.93 +_ 0.64 * 
Chloride 5- bumetanide 9.82 5- 1.20 * 

t ion of b u m e t a n i d e  (Table  III), suggesting that  sulfa- 

mate  may have an  inhibi tory effect on  the b u m e t a n i d e  
resis tant  c o m p o n e n t  of K + influx. To ascer tain whether  
S C N -  suppor ted  N a + / K + / 2 C I  - cot ranspor t  partially, 

we added  b u m e t a n i d e  (10 ~ M )  to 150 m M  S C N -  
media.  In  S C N -  media,  addi t ion  of b u m e t a n i d e  did 
not  inhibi t  K + influx fur ther  (13.55 _ 1.25 vs. 13.89 __ 

1.89, n.s., n = 4, not  shown), suggesting that  bume-  
tan ide-res is tant  K + influx was higher  with S C N - .  These  
results suggest that  N a + / K + / 2 C 1  - cot ranspor t  was 
highly selective in its r equ i r emen t  for C l -  or B r - .  

Concentration dependence o f  bumetanide inhibition 

Fig. 2 represents  the concen t ra t ion  d e p e n d e n c e  of 
b u m e t a n i d e  inhibi t ion.  Inh ib i t ion  of 50% of cotrans-  
port  (def ined as the C l - - d e p e n d e n t  K + influx) was 
achieved at 180 + 31 n M  (0.18 ~M) .  Inh ib i t ion  was 
nearly comple te  ( >  95%) at 10 g M  bumetan ide .  

Kinetics o f  Na  + / K + / 2Cl - cotransport 
External  Na  + d e p e n d e n c e  of BS K + influx was 

invest igated at physiologic external  K + (5 mM)  by 

replacing Na + with N-methylg lucamine .  Replac ing  
Na + with t e t r a m e t h y l a m m o n i u m  in one  exper iment  
gave similar results. By non l i nea r  curve fitting, the 

appa ren t  K m was 7.3 _+ 2.1 m M  and the apparen t  Vma x 
was 8.4 n m o l / m g  per  min  (Fig. 3). The  Eadie-Hofs tee  
plot ( inset)  was l inear,  and  kinetic constants  derived 

from that  plot did not  differ from those derived from 
non l i nea r  curve fitting. 

External  K + d e p e n d e n c e  was similarly invest igated 
by replacing external  K + with N-methyl  glucamine.  
The  affinity for external  K + was high, with appa ren t  

K m of 1.3 + 0.4 m M  (Fig. 4), and  an appa ren t  Vm~ of 
8.9 n m o l / m g  per  min.  

External  C I -  d e p e n d e n c e  of BS K + influx was com- 
plex and the results var ied with the na tu re  of the 
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Fig. 2. The fraction of cotransport mediated K + influx remaining as 
a function of bumetanide concentration plotted on a logarithmic 
scale. The Cl--dependent K + influx, i.e., the difference in flux in 
150 mM CI- and 150 mM NO 3 media was taken as the measure of 
cotransport. The solid line is the theoretical line derived from 
nonlinear regression equation J B / J T  = Kd/(Kd+ B), where JB 
and JT represent the K + influx in the presence and absence of 
bumetanide respectively and K d is the bumetanide concentration 
required for 50% inhibition of cotransport. The calculated K d was 
0.180 + 0.031/~M. Average + S.D. of four separate experiments, each 

in duplicate, is shown. 
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Fig. 3. Dependence of BS K + influx on external Na. Cells were 
incubated at 370C in media containing CI- salts of (Na+ N- 
methylglucamine) 145 mM, K + 5 mM, with 86Rb+, with or without 
10 /zM bumetanide. The solid line represents the curve fitted with 
nonlinear regression using experimental data points. Error bars were 
omitted when smaller than symbols. Average 5-S.D. of five experi- 

ments, each in duplicate. Inset shows Eadie-Hofstee plot. 
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Fig. 4. Dependence of BS K + influx on external K ÷. Cells were 
incubated in media with 150 mM CI-  salts of Na, K or N-methyl- 
glucamine with or without 10/xM bumetanide. K + was replaced by 
N-methylglucamine. Inset shows Eadie-Hofstee plot. Average + S.D. 

of six experiments, each in duplicate. 

replacing anion. The curve of K ÷ influx as a function 
of external CI-  concentration ([C1-] o) was linear with 
nitrate and concave upward with methylsulfate or 
sulfamate (not shown). With gluconate as the replace- 
ment anion, a sigmoidal dependence was obtained 
(Fig. 5). Cell water content was not different in 150 
mM CI-  and 150 mM gluconate media (4.05 ± 0.25 vs. 
3.99 + 0.36, n.s.), suggesting that the ceils did not shrink 
in the presence of impermeant gluconate. The Eadie- 
Hofstee plot was linear only if two binding sites were 
assumed (inset). Attempts to analyze the data using 
two CI- sites of different affinity failed; plot of v / s  2 

vs. v did not show any break from linearity. Assuming 
two C1- binding sites with equal affinities, nonlinear 
iterative curve fitting gave an apparent K0. 5 of 68 ± 7 
mM and an apparent Vma ~ of 11.9 n m o l / m g  per min. 
Transformation of the above kinetic data yielded Hill 
coefficients of 0.8, 0.8 and 2.2 for Na ÷, K ÷ and CI-, 
respectively (Hill plots not shown), consistent with a 
1 : 1 : 2  stoichiometry for N a + / K + / C I - .  

86Rb + e f f l u x  

The fraction of 86Rb+ remaining in the cells de- 
creased in a exponential fashion (Fig. 6). The fraction 
of cell K ÷ remaining (y)  was computed as y = a • e - k t ,  

where a is the fraction at t = 0, k is the efflux rate 
constant and t is the time in min. The rate constant of 
efflux without the addition of inhibitors was 0.039 + 
0.003 min-1 (open circles). Somewhat surprisingly, bu- 
metanide failed to inhibit K ÷ efflux, (k = 0 . 0 4 4 ±  
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Fig. 5. bumetanide sensitive K ÷ influx as a function of external CI -  
concentration. Cells were incubated in 150 mM (CI + gluconate) salts 
of Na ÷ (145 mM) and K ÷ (5 mM) with S6Rb+, with or without 
bumetanide. CI -  was replaced by gluconate. The equation for non- 
linear regression was v = Vmax(1 + ( K m / s ) 2 ) ,  where v is the BS K + 
influx and Vma x and K m represent the apparent Vm~ and K m 
values. Inset shows an Eadie-Hofstee plot of the same data using 
the two site model. Average-t-S.D. of five experiments, each in 

duplicate. 
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Fig. 6. Lack of effect of bumetanide (10/zM) on S6Rb+ efflux. Cells 
were loaded with S6Rb+ for 3 h, washed and incubated in isotope-free 
media with (e) and without (0 )  bumetanide (10 t~M). The media 
contained NaCI (145 mM) and KCI (5 mM). The fraction of radioac- 
tivity remaining in cells was plotted on a logarithmic scale 
as a function of time. Average+ S.D. of six experiments, each in 

duplicate. 
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Fig. 7. The specific [3H]bumetanide bound to intact mTAL cells as a 
function of free bumetanide concentration. Cells were incubated for 
30 min in media contaning NaCI 145 mM and KCI 5 raM, glucose 5 
mM (pH 7.4) at 37"C. Nonspecific binding (i.e., binding in the 
presence of 100/zM unlabeled bumetanide) was about 50% of the 
total binding and was subtracted from total binding to yield the 
specific bumetanide binding plotted here. The solid line represents 
the theoretical curve given by fitting the experimental data points to 
the equation B =  Bmax'F/(Kd+F), where B is the amount of 
bound bumetanide, F is the free bumetanide concentration and 
Bma x is the maximum binding. Inset: Scatchard plot of the same data, 
showing a linear fit. Average +S.D. of eight experiments, each in 

duplicate. 

0.003), indicating an absence of any appreciable bume- 
tanide-sensitive K / K  exchange in this cell (Fig. 6). 15 1.0 

Bumetanide binding 
Specific [3H]bumetanide binding (i.e., binding inhib- 

ited by excess unlabeled bumetanide) was a saturable 
function of free bumetanide concentration (Fig. 7). 
The best fit for the Scatchard plot was linear (Fig. 7, 
inset), suggesting a single binding site for bumetanide. 
Half-maximum binding was observed at 0.199 + 0.039 
/zM, a value that agreed well with the bumetanide 
concentration required for 50% of C1- dependent K ÷ 
influx (0.180 /xM, Fig. 2). The maximum specific 
[3H]bumetanide binding was 0.631 pmol/mg, corre- 
sponding to approx. 53 000 sites per cell. 

Total [3H]bumetanide binding, measured at a near 
saturating concentration of 1 tzM, was significantly 
decreased by the addition of 100/.~M unlabeled bume- 
tanide, and the removal of external Na ÷, K ÷ or CI- 
(P < 0.001 compared to total binding, n = 6, Table IV). 
In contrast to results obtained with dog medullary 
membranes [7], NO~- did not support bumetanide 
binding. Specific [3H]bumetanide binding, i.e., binding 
that was inhibited by the presence of 100-fold excess of 
unlabeled bumetanide, represented 55% of the total 
bumetanide binding. The dependence of specific 
[3H]bumetanide binding on Na + and CI- provides 
strong support for the suggestion that specific bume- 
tanide binding to mTAL cells represents binding al- 
most exclusively to the Na+/K+/2C1 - cotransporter 
molecule. 
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TABLE IV 

Effect of substrate removal on total bumetanide binding 

The effect of adding excess unlabeled bumetanide (nonspecific), 
removing external Na + (with N-metbylglucamine replacement), re- 
moving external K + (N-methylglucamine replacement) and remov- 
ing external CI- (NO 3 replacement) on total [3H]Bumetanide bind- 
ing. bumetanide concentration was 1 /~M under all conditions, ex- 
cept when nonspecific binding was measured, then the concentration 
was 100 p,M. For total and nonspecific binding, the medium con- 
tained NaCI 145 raM, KCI 5 raM, glucose 5 mM (pH 7.4) as 
described in the legend to Fig. 7. * denotes P < 0.001, n = 6. 

[3H]Bumetanide 
binding 
(pmol/mg protein) 

1.025:0.11 Total 
Excess unlabeled 

bumetanide 0.475:0.09 * 
Zero external Na + 0.53 5:0.12 * 
Zero external K ÷ 0.61 5:0.19 * 
Zero external C1- 0.525:0.10 * 

We next examined the effect of medium osmolality 
on K + influx and specific [3H]bumetanide binding. 
Ceils were exposed for 30 min to media with varying 
osmolalities by addition of increasing sucrose concen- 
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Fig. 8. Effect of varying osmolality on K ÷ influx and bumetanide 
binding. For bumetanide binding, cells were incubated for 30 min in 
media containing NaCI 95 mM, KCI 5 mM, with 0, 100 or 200 mM 
sucrose, glucose 5 mM (pH 7.4). Radiolabeled bumetanide was 
added at zero time. Total and nonspecific bumetanide binding were 
performed at bumetanide concentrations of 1 and 100 ~M, respec- 
tively. For K + influx, cells were preincubated in the same media for 
26 min at 37°C. S6Rb+ was then added and influx was allowed to 
continue for 4 rain. bumetanide sensitive K + influx (o) and bume- 
tanide binding ( • )  increased in a co-ordinate fashion with increasing 
osmolality, whereas bumetanide-resistant K + influx ( v )  did not 
change significantly with increasing medium osmolality. Error bars 
were omitted when smaller than symbols. Average+S.D. of six 

experiments, each in duplicate. 
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TABLE V 

Simultaneous transport and bumetanide binding in toTAL cells 

BS K ÷ influx and bumetanide  binding measured  from different wells 
of  a 12-well cluster plated on the same day with the same number  of 
cells. The  cell counts and proteins were measured  in the same well as 
described in Materials and Methods.  (6.87±0.61) '  106 cells corre- 
spond to 1 mg protein. The  [3H]Bumetanide binding sites per cell 
were calculated using the Avogadro number ,  assuming that one 
transporter  molecule binds to one molecule of bumetanide.  The 
turnover number  was calculated by assuming that one cotransporter  
molecule transports one K ÷ ion per transport  cycle. **  P <0.001 
and * * P < 0.05 from results in medium osmolality of 300 m o s m o l /  
kg. 

Medium BS K ÷ influx [3H]Bumetanide Turnover  
osmolality (nmol /109 cells binding number  
(mosmol /kg)  per min) (sites per cel) ( s - l )  

200 581+ 16" 31556+ 3492* 1 8 7 + 1 7 " *  
300 1302+140  52573-1-10779 255+68  
400 1927+ 28 * 82381+ 6218 * 237+20  

trations to a solution containing 95 mM NaCI and 5 
mM KC1 (pH 7.4). Because of the low water permeabil- 
ity in this cell, we used a long incubation period to 
achieve changes in cell water content. Bumetanide- 
resistant K ÷ influx (inverted open triangles, Fig. 8) did 
not change with changes in medium osmolality. BS K ÷ 
influx (filled circles) was 8.99 _+ 0.97 n m o l / m g  per min 
in 300 mosM media and the corresponding bumetanide 
binding was 0.61 _+ 0.12 pmo l /mg ,  or 52573 sites per 
cell (Table V). The calculated turnover number was 
255 per second (Table V) In hypotonic media, BS K ÷ 
influx was reduced to 3.98 _+ 0.11 n m o l / m g  per min, a 
56% decrease, compared to 300 mosM media (n = 6, 
P < 0.001). Specific bumetanide binding also decreased 
from 0.61 _+ 0.12 to 0.36 ___ 0.04 pmo l /mg ,  a 40% de- 
crease ( P <0 . 001 ,  n =6) .  The calculated turnover 
number was 185 _+ 21 per second (Table V). Thus, most 
of the decrease in BS K ÷ influx was explained by a 
corresponding decrease in bumetanide binding, but a 
small ancillary contribution of other factors can not be 
ruled out. In hypertonic media, BS K ÷ influx increased 
47%, from 8.99_+0.97 to 13.22 _+ 0.19 p m o l / m g  per 
min ( P < 0 . 0 0 1 ) .  Specific [3H]bumetanide binding 
(filled squares, Fig 8, Table V) also increased, from 
0.61 + 0.12 p m o l / m g  in hypotonic media to 0.93 _+ 0.07 
pmo l /mg ,  a 5.6% increase (P  < 0.001). Thus, despite a 
major increase in BS K ÷ influx in hypertonic media, 
the turnover number was virtually unchanged at 237 
per second (Table V). 

Polarity of m TAL cells 
Valentich and Stokols [16] noted that mouse mTAL 

cells in culture exhibited (a), structural polarity, since 
dense villi were noted only on the apical surface (facing 
up) and (b), functional polarity, since mouse mTAL 
cells grown on plastic dishes exhibited dome formation. 

We confirmed these findings and in addition examined 
whether Na+/K+/2C1 - cotransporters were sorted to 
the apical surface, as in intact mTAL tubules. When 
grown to confluence on permeable filter supports (25- 
mm z surface area, 0.45/xm pore size, high pore density 
Cyclopore filters, Falcon, Livingston, N J, USA), the BS 
K ÷ influx from the apical (facing up) and the basolat- 
eral surface measured 7 .93+0.89 and 1.12+0.23 
n m o l / m g  per min respectively (n =6) .  [3H]Bume- 
tanide binding, performed at a ligand concentration of 
1 IzM, averaged 0.65 + 0.15 and 0.11 + 0.06 p m o l / m g  
on the apical and the basolateral membrane. Thus, 
N a + / K + / 2 C I  - cotransport (as defined by BS K ÷ in- 
flux and bumetanide binding)was predominantly (85%) 
apical in the mTAL cells. Furthermore,  we found no 
decay of BS K ÷ influx with repeated passages (not 
shown). These findings suggest that the cultured mouse 
mTAL cells may be a good model for the study of 
Na+/K+/2C1 - cotransport in mTAL. 

Discussion 

Our results suggest that the cultured mouse mTAL 
cells used in the present study provide a good model 
for the study of Na+/K+/2C1  - cotransport. Structural 
and functional polarity was established in these cells, 
as shown by the presence of microvilli on the apical 
surface, the presence of dome formation on plastic 
surfaces and the sorting of Na+/K+/2C1  - cotrans- 
porters to the apical surface on filters. In comparison 
with total K ÷ influx, the fraction of BS K ÷ influx was 
large, and no decay in cotransport activity was dis- 
cernible with repeated cell passages. While further 
studies are required to establish the extent to which 
these cells preserve the phenotypic expression of mTAL 
tubules, the cells appear suitable for examining 
Na+/K+/2C1 - cotransport in mTAL. 

Kinetics 
The kinetics of the Na+/K+/2C1 - cotransport in 

the TAL remain controversial. In isolated medullary 
plasma membrane vesicles, a relatively high affinity for 
C1- (low apparent K m) was reported by two different 
groups [4,6]. Thus, Koenig et al. reported an apparent 
K m of 15 mM for external CI-, and Burnham et al. 
reported maximum cotransport at 50 mM, a finding 
that can be interpreted to support the idea that CI-  
affinity in medullary vesicles is high [4,6]. In contrast, 
in the cortical TAL, kinetics of equivalent Isc revealed 
a low affinity for CI-  (apparent K m = 50 mM [3]). A 
low affinity for CI-  (apparent K m = 41 mM) was also 
inferred from the kinetics of CO 2 production from 
[14C]lactate in cortical TAL tubules [21], and from 0 2 
consumption from mTAL (K m 79 mM [22]). In a 
recent review, Reeves and Andreoli attributed these 
differences in apparent K m values to axial heterogene- 



ity (true differences in affinity between the cortical and 
medullary TAL [1]). However, if axial heterogeneity 
accounted for the differences in affinities reported 
previously, we would expect high CI-  affinity in mTAL 
ceils. Instead, our findings suggest that the cotrans- 
porter  has a low affinity for CI-  in the mTAL, as 
others have described in the cortical TAL [3,21]. Thus, 
it appears more likely that the differences in results 
stem from some other difference in experimental con- 
ditions. 

The differences in C1- affinity between our studies 
on one hand and the studies of Koenig et al. [4] and 
Burnham et al. [6] in mTAL vesicles on the other hand, 
may, at least in part, be explained by the unphysiologi- 
cal low intravesicular substrate concentrations used by 
these workers [4,6]. Both groups used vesicles with 
sucrose and Tris but no Na ÷, K ÷ or C1- [4,6]. A 
decrease in trans concentration of the substrate (CI-)  
may result not only in a decrease in rate of transport 
(absence of trans acceleration), but also in a decrease 
in the apparent K m [23,24]. The lower apparent K m 
with unphysiological, low trans (intravesicular) and high 
cis (external) substrate concentrations in the vesicle 
studies [4,6] may reflect a greater prevalence of trans- 
porters in the inward facing conformation and a cor- 
rosponding decrease in the fraction of transporters in 
the outward facing conformation. Because there are 
less transporter sites to saturate on the external sur- 
face, a smaller substrate concentration is required to 
produce half-maximum stimulation of flux, resulting in 
a lower apparent K m for influx in the vesicle studies, 
even if the intrinsic binding constants are identical. 
These changes in apparent or observed K m values 
secondary to changes in trans substrate concentrations 
are well known to kineticists [23,24]. Thus, the present 
data are consistent with the postulate that low CI- 
concentrations in the lumen may be rate limiting for 
transepithelial CI-  reabsorption in the mTAL. At 
physiological, high trans (intracellular) ion concentra- 
tions, the apparent K m for C1- may be quite high. 

We observed a high cotransporter affinity for Na ÷ 
and K ÷ with apparent K m of 7.3 and 1.3 for Na ÷ and 
K ÷, respectively. While some estimates of lower Na ÷ 
and K ÷ affinities have been reported in transport 
studies in vesicles (see above and Ref. 4), and in 
indirect studies which measured 0 2 consumption [22], 
our data are consistent with relatively high Na ÷ and 
K ÷ affinity observed by Greger  in intact cortical TAL 
[2] and with data obtained for the cotransporter in 
other cell types [25,26]. Taken together, the data sug- 
gest that transepithelial salt reabsorption from the 
lumen may be limited by CI-, but not by Na ÷ or K ÷. 

Absence of K / K exchange 
In most cells, including renal mesangial and epithe- 

lial (MDCK) cells, the Na+/K+/2C1 - cotransport me- 
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diates both unidirectional K ÷ influx and efflux [25-32]. 
Thus, the cotransport performs a sizable obligatory 1 : 1 
K / K  exchange [25-32], either exclusively or in addition 
to performing a net cation and C1- influx. The K / K  
exchange is attributed to a partial reaction of the 
carrier [25,27]. In contrast, BS K ÷ efflux was absent in 
the mTAL cell. The latter finding suggests that the 
Na÷/K+/2C1  - cotransporter performs net cation flux 
exclusively and is, thus, asymmetric in the mTAL cell. 
Asymmetry of transport proteins in general and of 
Na+/K+/2C1 - cotransport in particular has been de- 
scribed previously [23-25,33-35]. We propose that in 
the mTAL, the cotransporter is loaded at the external 
surface with Na ÷, K + and 2 CI- ions, undergoes a 
conformational change so that the binding sites face 
inward and then debinds cations and C1-. Based on the 
absence of K / K  exchange, we postulate that the co- 
transporter then returns to the external surface empty, 
completing the transport cycle. The reason why most of 
the cotransporter molecules return empty rather than 
in a fully loaded state in the mTAL cell is not clear. 
CI-  is believed to be the first ion to bind on the 
cotransporter at the internal surface [27]. A very low 
intracellular C1- concentration, or low cotransporter 
affinity for C1- at the internal aspect may result in lack 
of occupation of ion-binding sites on the cotransporter, 
return of the empty cotransporter to the external as- 
pect and thus the lack of BS K ÷ efflux. The finding 
that the cotransport performs only net influx in the 
mTAL cell may be physiologically important; since 
K / K  exchange represents a futile cycle in terms of net 
transport, the absence of K / K  exchange confers in- 
creased efficiency on the mTAL cell for transepithelial 
NaCI reabsorption. 

[ 3H]Bumetanide binding 
The characteristics of [3H]bumetanide binding to 

mTAL cells are consistent with the view that the bume- 
tanide binding represented the number of functioning 
sites. First, specific bumetanide binding was dependent  
on the simultaneous presence of Na + and C1- (Table 
IV). Second, the K d for bumetanide binding (199 nM) 
agreed well with the ICs0 for bumetanide inhibition of 
cotransport-mediated K + influx (180 nM), and a tight 
correlation was observed between inhibition of K + 
influx and [3H]bumetanide binding (not shown). Third, 
cell shrinkage, a maneuver that increased the activity 
of cotransport, also increased bumetanide binding (Fig. 
8, Table V). Taken together, these findings provide 
strong support to the suggestion [7-15] that specific 
[3H]bumetanide binding is a measure of the number of 
functioning Na+/K+/2C1  - cotransporter sites. 

We found evidence for a single bumetanide binding 
site with a high affinity for bumetanide (K d 0.2 ~M)  
Calculation of bumetanide binding revealed a Bma x of 
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approx. 53 000 sites per cell, a value in the same range 
as that found in vascular smooth muscle [9], endothe- 
lial [10] and HeLa cells [36]. From simultaneous mea- 
surements of BS K ÷ influx and bumetanide binding 
under identical conditions, we calculated that the 
turnover number for the cotransporter was 248 + 16 
s-1. Various workers have reported turnover numbers 
from 60 s -1 in HT29 colonic carcinoma cells [37] to 
4000 s-1 in avian erythrocytes [8]. While other workers 
have provided estimates for turnover number in a 
variety of cell types, few investigators have measured 
both flux and binding simultaneously and under identi- 
cal conditions. Our value of 248 s-1 agrees quite well 
with the value of 293 s -1 in aortic endothelial cells 
where ion fluxes and bumetanide binding were mea- 
sured simultaneously and under identical conditions 
[10]. Changes in BS K ÷ influx (with changes in medium 
osmolality) were accompanied by coordinate changes 
in the bumetanide binding sites. The proportional rise 
in BS K ÷ influx and [3H]bumetanide binding in hyper- 
tonic media suggests that the increase in ion flux was 
most likely consequent to an increase in the number of 
cotransporter sites. Our studies do not allow us to 
decide whether the increase in the number of cotrans- 
porter sites reflects increased synthesis of sites, de- 
creased degradation, recruitment of sites from a cyto- 
plasmic pool or simply a change in transporter confor- 
mation such that more sites are available for binding to 
the external ligand. 

It is worth noting that our results are not in accord 
with the results obtained recently in the shark rectal 
gland. In the shark rectal gland, N a + / K + / 2 C I  - co- 
transport was stimulated not only with cell shrinkage 
but also with cell swelling [13,14]. As osmolality was 
increased from hypotonic to hypertonic media, bume- 
tanide binding decreased to a minimum value at iso- 
tonicity (approx. 900 mosmol /kg  for the shark) and 
then increased again in hypertonic media. In contrast, 
we observed a monotonic increase in [3H]bumetanide 
binding and BS K ÷ influx in mouse mTAL cells with 
the increase in medium osmolality from 200-400 
mosmol /kg .  Earlier workers also observed an increase 
in cotransport in isolated mTAL cells with cell shrink- 
age [38,39]. The reason(s) for the difference in results 
is not clear, but is likely related to species difference. 
Marine animals living in media that would be hyper- 
tonic for land mammals may have a different intra- 
cellular C1- concentration ([CI-]j) as compared to 
other mammals. If [C1-] i is a regulator of the activity 
of Na+/K+/2C1 - cotransport, as postulated [13,14], 
the differences in resting [El-]  i between the mouse 
and the shark may explain why the cotransporter in the 
shark rectal gland behaves differently from the mouse. 
In the shark rectal gland, [ E l - ]  i may be a more impor- 
tant regulator of cotransport than cell volume, whereas 
cell volume may be more important than [CI-] as a 

regulator of cotransport in mTAL cells of mouse and 
other land mammals. 

In summary, the present studies show that the mouse 
mTAL cells in culture show a robust expression of 
Na+/K+/2C1 - cotransport. N a + / K + / 2 C I  - cotrans- 
porters are localized to the apical membrane of cul- 
tured mouse mTAL cells, as in the freshly dissected, 
microperfused mTAL tubules. The CI- affinity of in- 
tact cultured mTAL cells is low (apparent K m 68 mM). 
The N a + / K + / 2 C I  - cotransporter in mTAL cells me- 
diates only unidirectional net influx, and is therefore 
asymmetric. Bumetanide binding reveals a single class 
of high-affinity binding sites (K  d 0 .2 /zM) with approx. 
53000 sites per cell. Simultaneous mesurements of 
transport and bumetanide binding yield a turnover 
number of 248 s -1. Changes in medium osmolality 
result in coordinate changes in BS K ÷ influx and 
[3H]bumetanide binding sites. Furthermore,  both BS 
K ÷ influx and bumetanide binding show a monotonic 
increase as osmolality is increased from hypotonic to 
hypertonic values. 

Acknowledgements 

This work was supported by the Merit Review Grant, 
Veterans Affairs, Washington, DC. I thank Ms. J Diaz 
for excellent technical assistance and Dr. Thomas Kahn 
for reading the paper. 

References 

1 Reeves, W.B.,and Andreoli, T.E. [1992] in The Kidney: Physiol- 
ogy and Pathophysiology (Seldin, D.W. and Giebisch, G., eds.), 
pp. 1975-2001, Raven Press, New York. 

2 Greger, R. (1981) Pfliig. Arch. 390, 38-43. 
3 Greger, R., Schlatter, E and Lang, F. (1983) Pfliig. Arch. 396, 

38-314. 
4 Koenig, B., Ricapito, S. and Kinne, R. (1983) Pfliig. Arch. 399, 

173-179. 
5 Kinne, R., Kinne-Saffran, E. and Scholermann, B. (1986). Pfliig. 

Arch. 407, 168-173. 
6 Burnham, C., Karlish, J.D. and Jorgensen, P.L. (1985) Biochim. 

Biophys. Acta 821, 461-469. 
7 Forbush, B. and Palfrey, H.C. (1983) J. Biol. Chem. 258, 11787- 

11792. 
8 Haas, M. and Forbush, B. (1986) J. Biol. Chem. 261, 8434-84441. 
9 O'Donnell, M.E. (1989) J. Biol. Chem. 264, 20326-20330. 

10 Klein, J.D. and O'Neill, W.C. (1990) J. Biol. Chem. 265, 22238- 
22242. 

11 Pewitt, E.B., Hegde, R.S. and Palfrey, H.C. (1990) J. Biol. Chem. 
265, 22238-22242. 

12 Haas, M., Dunham, P.B. and Forbush, B. (1991) Am. J. Physiol. 
260, C791-C804. 

13 Lytle, C. and Forbush, B. (1992) Am. J. Physiol. 262, (Cell 
Physiol. 31), C1009-C1017. 

14 Lytle, C. and Forbush, B. (1992) J. Biol. Chem. 267, 25438-25443. 
15 Hwang, S.-J. Haas, M., Harris, M.H., Silva P., Yalla, S., Sullivan, 

M.R., Otuechere, G., Kashgarian, M. and Zeidel, M.L. (1993) J. 
Clin. Invest. 91, 21-28. 

16 Slotki, I.N., Breur, W.V., Greger, R. and Cabantchik, Z.I. (1993) 
Am. J. Physiol. 263, C857-C865. 



17 Valentich, J.D. and Stokols, M. (1986) Am. J. Physiol. 251, 
C299-C311. 

18 Valentich, J.D. and Stokols, M. (1986) Am. J. Physiol. 251, 
C312-C318. 

19 Avruch, J. and Wallach, D.H.F. (1971) Biochim. Biophys. Acta 
233, 334-347. 

20 Kletzein, R.F., Paiza, M.W., Becker, J.E. and Potter, V.R. (1975) 
Anal. Biochem. 68, 537-544. 

21 Hus-Citharel, A. and Morel, F. (1986) Pfliig. Arch. 407, 421-427. 
22 Eveloff, J., Bayerdorffer, E., Silva, P. and Kinne, R. (1981) Pfliig. 

Arch. 389, 263-270. 
23 Stein, W.D. (1986) Am. J. Physiol. 250, C523-C533. 
24 Gunn, R.B. and Frohlich, O. (1979) J. Gen. Physiol. 74, 351-374. 
25 Lauf, P.K., McManus, T.J., Haas, M., Duhm, J., Flatman, P., 

Saier, M.H. and Russell, J.M. (1987) Fed. Proc. 46, 2377-2384. 
26 Haas, M. (1989) Annu. Rev. Physiol. 51, 443-457. 
27 McManus, T.J., Haas, M., Starke, L.C. and Lytle, C.Y. (1986) 

Ann. N.Y. Acad. Sci. 456, 183-186. 

299 

28 Smith, J.B. and Smith L. (1987) J. Membr. Biol. 99, 51-63. 
29 Levinson, C. (1985) J. Membr. Biol. 87, 121-130. 
30 O'Neill, W.C. and Klein, J.D. (1992) Am. J. Physiol. 262, C436- 

C444. 
31 Homma, T., Hoover, R.L. and Harris, R.C. (1990) Am. J. Physiol. 

258, C862-C870. 
32 Aiton, J.F. Brown, C.D.A., Ogden, P. and Simmons N.L. (1982) J. 

Membr. Biol. 65, 99-109. 
33 Kessler, M. and Semenza, G. (1983) J. Membr. Biol. 76, 27-56. 
34 Philipson, K.D. (1985) Biochim. Biophys. Acta 821, 367-376. 
35 Kracke, G., Anatra, A. and Dunham P.B. (1988) Am. J. Physiol. 

254, C243-C376. 
36 Kort, J. and Koch, G. (1989) J. Cell. Physiol. 141, 181-190. 
37 Franklin, C.C., Turner, J.T. and Kim, H.D. (1989) J. Biol. Chem. 

264, 6667-6673. 
38 Reeves, W.B., Dudley, M.A., Mehta, P., Andreoli, T.E. (1988) 

Am. J. Physiol. 254, 138-1144. 
39 Eveloff, J., Calamia J. (1986) Am. J. Physiol. 251, F176-F180. 


