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Abstract

Thiazide diuretics inhibit Na+ and stimulate Ca2+ absorption in
renal distal convoluted tubules. Experiments were performed
on immortalized mouse distal convoluted tubule (MDCIT) cells
to determine the mechanism underlying the dissociation of so-
dium from calcium transport and the stimulation of calcium
absorption induced by thiazide diuretics. Control rates of 22Na+
uptake averaged 272±35 nmol min-' mg protein-' and were
inhibited 40%by chlorothiazide (CTZ, 10'- M). Control rates
of MCl- uptake averaged 340±50 nmol min' mgprotein-' and
were inhibited 50% by CTZ. CTZstimulated 4"Ca2" uptake by
45%from resting levels of 2.86±0.26 nmol min' mgprotein'.
Bumetanide (10 -4 M) had no effect on 22Na +, -6CI -, or 45Ca 2+
uptake. Control levels of intracellular calcium activity ([Ca2+1I)
averaged 91±12 nM. CTZelicited concentration-dependent in-
creases of ICa2+J1 to a maximum of 654±31 nM at 10-4 M.
CTZ reduced intracellular chloride activity ([ClI-I), as deter-
mined with the chloride-sensitive fluorescent dye 6-methoxy-
N-(3-sulfopropyl)quinolinium. The chloride channel blocker
5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB, 10-5
M) abolished the effect of CTZon [Cl-Ij. NPPBalso blocked
CTZ-induced increases of 45Ca 2+. Resting membrane voltage,
measured in cells loaded with the potential-sensitive dye 3,3'-
dihexyloxacarbocyanine iodide [DiOC6(3)J, averaged -72±2
mV. CTZ hyperpolarized cells in a concentration-dependent
and reversible manner. At 1o-4 M, CTZ hyperpolarized
MDCTcells by 20.4±7.2 mV. Reduction of extracellular Cl-
or addition of NPPBabolished CTZ-induced hyperpolariza-
tion. Direct membrane hyperpolarization increased 45Ca2+ up-
take whereas depolarization inhibited 45Ca2+ uptake. CTZ-sti-
mulated 45Ca2+ uptake was inhibited by the Ca2+ channel
blocker nifedipine (10-5 M). Weconclude that thiazide di-
uretics block cellular chloride entry mediated by apical mem-
brane NaCl cotransport. Intracellular chloride, which under
control conditions is above its equilibrium value, exits the cell
through NPPB-sensitive chloride channels. This decrease of
intracellular chloride hyperpolarizes MDCTcells and stimu-
lates Ca2+ entry by apical membrane, dihydropyridine-sensi-
tive Ca2+ channels. (J. Clin. Invest. 1992. 90:429-438.) Key
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Introduction

Despite the widespread therapeutic use of thiazide diuretics in
the management of hypertension, congestive heart failure, and
idiopathic hypercalciuria, the cellular mechanisms underlying
their action on both sodium and calcium transport remain un-
clear. The unique ability of these agents to reduce renal cal-
cium excretion, especially upon chronic administration, while
simultaneously promoting that of sodium is a long-standing
observation (1). Renal clearance (2), micropuncture (3-6),
and microperfusion (7, 8) experiments identified the distal
convoluted tubule as the nephron site at which thiazide di-
uretics inhibit sodium transport. Distal convoluted tubules are
also the site at which thiazide diuretics stimulate calcium ab-
sorption (6). Uncertainty regarding the mechanism by which
thiazide diuretics exert these opposing effects on cation trans-
port may be attributable to the incomplete characterization of
sodium and calcium absorption in this nephron segment.

Thiazide diuretics decrease distal nephron sodium and chlo-
ride absorption (6, 8) but enhance net calcium absorption (6).
These effects require the presence of the drug in the tubular
lumen (9, 10). The mechanism by which calcium transport is
stimulated by thiazide diuretics is not known. It is generally
accepted that thiazide diuretics do not alter transepithelial volt-
age (6). However, recent studies show that thiazide diuretics
hyperpolarize plasma membrane voltage with little or no
change of transepithelial voltage in homologous distal nephron
structures of the amphibian nephron (11, 12), the flounder
bladder ( 13 ), and in pilot studies, the rabbit distal convoluted
tubule ( 14). Further, hydrochlorothiazide increases Ca2+ up-
take across luminal membranes of distal convoluted tubule
cells ( 15). We recently demonstrated that parathyroid hor-
mone stimulates calcium entry in primary cell cultures of corti-
cal thick ascending limb and distal convoluted tubule cells by
activating dihydropyridine-sensitive calcium channels (16).
Activation of such dihydropyridine-sensitive calcium channels
in apical plasma membranes is consistent with the physiologi-
cal effect of parathyroid hormone to increase the rate oftransep-
ithelial calcium transport ( 17, 18). Taken together, these ob-
servations suggested a plausible mechanism by which thiazide
diuretics might stimulate calcium transport. Specifically, we
theorized that inhibition of chloride entry by thiazide diuretics
hyperpolarizes distal convoluted tubule cells, which in turn
increases calcium entry. The experiments reported in the pres-
ent work were undertaken to determine the mechanism of thia-
zide-induced hyperpolarization and to test this hypothesis us-

ing immortalized distal convoluted tubule cells. The results
suggest that thiazide diuretics inhibit NaCl cotransport, result-
ing in diminished cellular chloride entry, decreased intracellu-
lar chloride, membrane hyperpolarization, and increased cal-
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cium entry. The increase of calcium entry is mediated by dihy-
dropyridine-sensitive calcium channels.

Methods

Preparation and cell culture of immortalized distal convoluted tubule
cells. Cortical thick ascending limb and distal convoluted tubule cells
were isolated from mice (CDI; Charles River Breeding Laboratories
Inc., Wilmington, MA) with a double-antibody procedure previously
described ( 19) and established in primary cell culture. Antibiotics were
removed 24 h before transformation. Cells were infected for 24 h with
chimeric adenovirus 12-simian virus 40 (AD12/SV40; Dr. J. Rhim,
National Cancer Institute). The use of this hybrid construct was em-
ployed previously to establish a collecting tubule cell line (20). After
mock infectants had expired (10 d), dishes of the infected cells were
passaged. Preliminary screening was performed to monitor cAMPfor-
mation in response to PTH. Cells exhibiting PTH-induced cAMPac-
cumulation 2 5X background were cloned by limiting cell dilution and
grown to confluence. Determination of distal convoluted tubule pheno-
type was based upon the following criteria: (a) inhibition of 22Na' and
36C - uptake by chlorothiazide ( l0-4 M); (b) absence of effect of bu-
metanide ( 10-4 M) on 22Na+ or 36CI uptake; and (c) stimulation of
45Ca2+ uptake by chlorothiazide. Cells exhibiting these characteristics
were established in culture and are designated mouse distal convoluted
tubule (MDCT)1 cells. Cells were grown on 60-mm dishes (Coming
Glass Works, Coming Medical and Scientific, Coming, NY) in DME/
Ham's F12 media (DMENutrient Mixture F-12 Ham; Sigma Chemi-
cal Co., St. Louis, MO)supplemented with 5%heat-inactivated (560C
for 20 min) FCS (Sigma Chemical Co.) and PSN antibiotic mixture
(50,gg penicillin, 50 Mgstreptomycin, 100 Mgneomycin/ 100 ml media;
Gibco Laboratories, Gaithersburg, MD) in a humidified atmosphere of
95% 02/5% CO2at 370C. Cell passages 5-21 were used in the present
study.

Isotopic Na', Cl-, and Ca2` uptake measurements. A rapid filtra-
tion technique reported in previous investigations (21 ) was modified to
measure uptake of 22Na', 'CI -, and 45Ca2+ by cultured cells. Cells
(5-6 X 106 cells/60-mm dish) were removed from dishes with 0.125%
trypsin, < 5 min (Sigma Chemical Co.) and rinsed with modified KRB
containing (mM): 140 NaCl, 5 KCl, 1 CaC12, 1 MgCl2, buffered with
18 Tris base and 10 Hepes to pH 7.40±0.01 and 295±1 mosmol/kg
H20. To determine the effect of membrane voltage on 45Ca2+ uptake,
voltage was altered by varying extracellular K+ (0-100 mM), which
was replaced isosmotically with Na+ and clamped by use of the iono-
phore valinomycin ( 10-6 M). The chloride dependence of 45Ca2+ up-
take was evaluated by isosmotically replacing Cl- with gluconate. For
these experiments, calcium activity of the gluconate-containing solu-
tions was measured with a calcium-specific electrode (model 932000;
Orion Research Inc., Cambridge, MA) and adjusted by addition of
CaCl2 to be identical to that of chloride-containing solutions at pH 7.4.

Buffer, with or without further additions, (total volume = 100 M1)
was placed in 12 X 75 mmpolystyrene tubes and a 50-Ml aliquot of cells
was added for 1 min before addition and vortexing of a 50-Mu aliquot of
22Na' (10 ,Ci/ml, carrier-free; Amersham Corp., Arlington Heights,
IL), 36CP- (58 MCi/ml; ICN Radiochemicals, Costa Mesa, CA) or
45Ca2+ (1 MCi/ml, carrier-free; NewEngland Nuclear, Boston, MA) to
initiate isotope uptake. All sample tubes were maintained at 370C in a
shaking incubator. Control experiments indicated that tracer uptake
was linear for 2 min. In all experiments reported, tracer uptake was
terminated after 1 min by rapid addition of ice-cold isosmotic, LiCI-
Hepes rinse buffer (140 mMLiCl, 10 mMHepes; pH 7.40, 295±2

1. Abbreviations used in this paper: [Ca2+]j, intracellular calcium activ-
ity; DiOC6(3), 3,3tdihexyloxacarbocyanine iodide; MDCT, mouse
distal convoluted tubules; NPPB, S-nitro-2(3-phenylpropylamino)
benzoic acid; SPQ, 6-methoxy-N-(3-sulfopropyl)quinolinium.

mosmol/kg H20) and filtered onto Whatman GF/C filters (Whatman
Inc., Clifton, NJ) using a 12-port manifold (Millipore Continental
Water Systems, Bedford, MA) followed by two additional rinses with
LiCl-Hepes buffer. For experiments in which Cl- was replaced, an
isosmotic Li2SO4-Hepes buffer (140 mMLi2SO4, 10 mMHepes; pH
7.40, 295±2 mosmol/kg H20) was used for rinses.

Filters containing cells in which 22Na+ was measured were counted
in a Beckman 8000 gammacounter (Beckman Instruments Inc., Ful-
lerton, CA). Filters containing cells for uptake of 3Cl- or 45Ca2+ were
placed in vials containing 10 ml of Aquasol 2 (New England Nuclear).
Radioactivity was determined by scintillation counting with a Beck-
man LS3801 counter (Beckman Instruments Inc.). Nonspecific bind-
ing of 'Na+, 36Cl-, or 45Ca2+ to filters and cells was determined in the
presence of LiCl-Hepes (or Li2SO4-Hepes) buffer and subtracted to
calculate uptake. Protein content was measured by the method of
Lowry et al. (22) on 50-MA aliquots of cells. Tracer uptakes are ex-
pressed as nanomoles per minute. mg protein (nmol min-' mg pro-
tein-').

Measurement of intracellular Ca2` activity ([Ca2+]i). Cells were
grown to near confluence on 25-mm glass coverslips ( - 3 d). Cells on
coverslips were rinsed three times with KRBand incubated with I0o-Mfura-2 AM(Molecular Probes, Inc., Eugene, OR) in 2.5 ml KRBfor
60 min at 37°C on a rotating incubator. The coverslips were rinsed
twice with KRBto remove extracellular fura-2 AMand mounted in a
chamber of a microincubation system, temperature-controlled to 37°C
(MS-C; Narishige USA, Inc., Greenvale, NY). The chamber was af-fixed to the stage of a Nikon Diaphot inverted microscope (Nikon Inc.,
Melville, NY). Fluorescence excitation and emission intensity were
measured with a Nikon Photoscan-2 (Nikon Inc.). Interference filters
of 340 nm and 380 nm (Omega Optical Inc., Brattleboro, VT) were
employed for fluorescence excitation. Emission at 510 nm was fol-
lowed by using a 510 nm dichroic mirror (DM510; Nikon Inc.) in
series with a 510±5 nm interference filter (Omega Optical Inc.). Fields
of two to three cells on the cover slip were selected by using a shutter
assembly mounted in front of the photomultiplier tube. An area devoid
of cells on the coverslip or a coverslip of cells not incubated with fura-2AMwas used to measure and subtract background autofluorescence in
each experiment. Background was typically observed to be < 5% of
fluorescence of cells loaded with fura-2. Before administration of chlo-
rothiazide, a baseline recording of [Ca2'+] was obtained. Fluorescence
intensity was sampled at a rate of 2 points/s. Absolute values of[Ca2`]J
were based on calibrations that were performed as described previously(16). [Ca2+JI was calculated using the equation derived byGrynkieiwcz et al. (23).

Membrane voltage. Fluorescence measurements of membrane po-tential were performed with distal convoluted tubule cells grown
on coverslips and loaded with the voltage-sensitive probe3,3'dihexyloxacarbocyanine iodide (DiOC6(3); Molecular Probes,Inc.). A 10-mM stock of DiOC6 (3) in DMSOwas prepared and filtered
through a O.45-jsm Ultrafree-MC cartridge (Millipore Continental
Water Systems). Cells on coverslips were prepared and incubated with
10-6 MDiOC6(3) for 60 min in a similar manner to those incubated
with fura-2 AMdescribed above. An excitation wavelength of 490 nm
and emission wavelength of 510 nmwere used. Fluorescence intensity
was sampled at a rate of I point/s. Alterations in membrane voltage are
presented as relative changes of DiOC6(3) fluorescence. Calibrations
were performed by a null-point procedure using graded changes in
external potassium in the presence of valinomycin (24).

Intracellular chloride activity. Intracellular chloride ([Cl-j) was
measured in MDCTcells grown on glass coverslips by using the C1--
sensitive dye 6-methoxy-N-(3-sulfopropyl)quinolinium (SPQ; Molec-
ular Probes, Inc.). A 50-mM stock solution of SPQ in DMSOwas
prepared. Loading solutions consisted of 5 mMSPQin KRB. Loadingof cells with SPQwas accomplished by preincubating the cells for 5 h at
37°C. After rinsing, the coverslip was inserted into the microincuba-
tion chamber described above. Fluorescence intensity was quantified
with a Nikon Photoscan-2 (Nikon Inc.). Excitation and emission inter-
ference filters (Omega Optical Inc.) of 340 nm and 450 nm, respec-
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tively, were employed. Fluorescence intensity was sampled at a rate of 1
point/s. At the end of each experiment 150 mMpotassium thiocyanate
+ I0-5 Mvalinomycin was added to quench intracellular fluorescence
(25). SPQleakage was estimated to be - 12%/h. Alterations in intra-
cellular chloride are presented as relative changes in SPQfluorescence.

Preparation ofdrugsolutions and statistical evaluation. Chlorothia-
zide and bumetanide (a gift from Hoffmann-LaRoche, Nutley, NJ)
were prepared so that the molar concentration indicated in the text was
the final concentration to which cells were exposed. Solutions contain-
ing drugs were prepared fresh daily. Chemicals were of the highest
grade commercially available. All Na+,36CI-, and45Ca2+ uptake mea-
surements within an experiment were performed in triplicate. The data
are presented as mean±SE, where n indicates the number of separate
experiments. Intracellular calcium, ([Ca 2i]i), intracellular chloride ac-
tivity, and membrane voltage were measured in duplicate or triplicate
within a single experiment and reported as the mean±SEof n separate
experiments. Comparisons between control and drug treatment groups
were examined by post hoc analysis of multiple comparisons with
Newman-Keuls tests using the statistical software ANCOM(SciLab,
Guilderland, NY). Values of P . 0.05 were assumed to be significant.

Results

Diuretic effects on 22Na+ and 36CV- uptake by cultured MDCT
cells. Isolation of cells from mouse kidney cortex using the
double-antibody procedure based on the nephron localization
of the Tamm-Horsfall antigen yields both cortical thick ascend-
ing limb and distal convoluted tubule cells ( 19). Since mouse
(26, 27) and human (28) cortical thick ascending limb and
distal convoluted tubule cells possess PTHreceptors, the distin-
guishing feature between these cell types is their unique Na'
transport characteristics. Apical membrane Na+ entry in corti-
cal thick ascending limbs is mediated by Na:K:2C1 cotransport
and is inhibitable by sulfamoyl loop diuretics such as bumetan-
ide or furosemide (29-31). Sodium influx across luminal
membranes of distal convoluted tubules is thought to be me-
diated by potassium-independent NaCl cotransport (8, 32, 33)
that is selectively inhibited by thiazide diuretics. This distinct
pattern of sensitivity to bumetanide or thiazide diuretics allows
discrimination between cortical thick ascending limb and dis-
tal convoluted tubule phenotypes.

The effects of the thiazide diuretic, chlorothiazide, and the
loop diuretic bumetanide on sodium and chloride uptake by
MDCTcells are depicted in Fig. 1. At an extracellular NaCl
concentration of 140 mM,and in the absence of CO2and bicar-
bonate, chlorothiazide (l0-4 M) inhibited 22Na' uptake by
40±5% from 272±35 to 163±29 nmol min-' mgprotein-' (P
< 0.05) and 3C1- uptake by 50±5% from 340±50 to 172±37
nmol min-' mg protein-' (P < 0.01). In contrast, the same
concentration of bumetanide had no demonstrable effect on
either 22Na+ or 36C1- uptake. Inhibition of Na+ and Cl- trans-
port by chlorothiazide, coupled with lack of effect of bumetan-
ide, strongly support the view that MDCTcells express a distal
convoluted tubule phenotype. Similar rates of 22Na' uptake
were noted in the absence of external potassium (data not
shown). These observations are consistent with the view that
NaCl cotransport is responsible for a major component of Na+
uptake in these immortalized distal convoluted tubule cells and
that chlorothiazide blocks C1- entry by inhibiting NaCl co-
transport.

Chlorothiazide-induced decreases of intracellular chloride.
The aforementioned results are compatible with the hypothesis

400-
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Figure 1. Effects of chlorothiazide (CTZ, l0-4 M) and bumetanide
(BUM, 10-4 M) on 22Na' and 3CP- uptake by MDCTcells. Bars are
mean±SEof triplicate measurements in n = 5 separate experiments.
*P < 0.05, **P < 0.01 compared with control (CONT).

that by blocking chloride entry chlorothiazide decreases intra-
cellular chloride. To test this directly, we monitored intracellu-
lar chloride activity with the chloride-sensitive fluorescent dye,
SPQ. SPQfluorescence is quenched by chloride and by other
halide ions (34). Decreases of fluorescence intensity are in-
versely related to intracellular chloride activity (25, 34). The
results of a representative experiment in which SPQ fluores-
cence was measured in response to chlorothiazide are depicted
in Fig. 2. In this experiment, blocking Cl - entry with chlorothia-
zide reduced intracellular chloride activity. When chlorothia-
zide was washed out of the bathing solution, intracellular chlo-
ride returned to control levels. Application of the chloride
channel blocker 5-nitro-2-(3-phenylpropylamino)benzoic
acid (NPPB) resulted in a profound elevation of intracellular
chloride. In the presence of NPPB, chlorothiazide had no de-
tectable effect on intracellular chloride activity. The effect of
NPPBwas fully reversible upon exchanging the bath for one
devoid of drugs. A second application of chlorothiazide elicited
a similar fall of intracellular chloride and, again, was reversible
upon removal of the drug. Finally, application of potassium
thiocyanate (+ valinomycin) resulted in virtually complete
quenching of intracellular SPQfluorescence. These results indi-
cate that inhibiting chloride entry with chlorothiazide reduced
intracellular chloride activity and blocking chloride exit in-
creased intracellular chloride activity. These observations are
consistent with the view that MDCTcells express plasma
membrane chloride channels that mediate cellular chloride ef-
flux.

Effects ofchlorothiazide on 45Ca2+ uptake and [Ca2"],. Al-
though renal Ca2+ and Na' absorption normally proceed in
parallel, thiazide diuretics dissociate Na+ from Ca2` move-
ment by inhibiting sodium transport and enhancing calcium
absorption in distal convoluted tubules (6). Lajeunesse et al.
( 15 ) demonstrated that the hypocalciuric effect of thiazide di-
uretics is due to increased Ca2` uptake across luminal mem-

branes of distal convoluted tubule cells. To determine if thia-
zide diuretics promote Ca2` transport in MDCTcells we mea-

sured "5Ca2" uptake and [Ca2+]i in these cells. The results,
illustrated in Fig. 3 demonstrate that chlorothiazide increased
45Ca2` uptake by 45±4% from 2.86±0.26 to 4.15±0.25 nmol
min-' mgprotein'- (P < 0.01 ). Bumetanide had no detectable
effect on 45Ca2+ uptake. The results of experiments in which
the effect of chlorothiazide on [Ca2 ]i was measured are shown
in Figs. 4 and 5. Basal [Ca2+ ]i averaged 91 ± 12 nM. Composite
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Figure 2. Representative recording of changes of intracellular C1-
measured in two to three cells grown on coverslips and loaded with

the fluorescent indicator, 6-methoxy-N-(3-sulfopropyl)-quinolinium
(SPQ). Decreases of fluorescence intensity are inversely related to

intracellular chloride activity. Addition of drug is indicated by the
shaded region of the bar above the recording. Chlorothiazide (CTZ,
10-4 M) rapidly decreased intracellular CP . After a 10-min exchange
of the bathing solution containing CTZfor one devoid of drug, intra-

cellular CP returned to control levels. Application of the Cl--channel
blocker 5-nitro-2(3-phenylpropylamino)benzoic acid (NPPB, lo-5
M) increased intracellular CI-. A second application of CTZ in the
presence of NPPBblocked the decrease of intracellular CIP. Upon
exchange of the extracellular bath for one devoid of CTZ and NPPB,
intracellular CP- returned to control levels. A third application of
CTZ resulted in a reversible fall of intracellular chloride comparable
in magnitude to that observed on the first application. Cells were

rinsed and potassium thiocyanate (KSCN, 150 1-0 M) + 5 10-6 M

valinomycin was added to quench intracellular SPQfluorescence
(25). Comparable results were obtained in three additional experi-
ments.

cJ

50 7S f00 lt CTZ, PM50 75 100 250

10 15 20
Time, min

Figure 4. Chlorothiazide-induced elevations of intracellular calcium
(ICa2+ i ) in MDCTcells. Recording shows the results of a represen-

tative experiment in which increasing concentrations of chlorothia-
zide (CTZ; 1-250 AtM) were added to cells grown on coverslips and
loaded with the fluorescent indicator, fura-2 AM. CTZconcentrations
2 10 Mcaused immediate increases of [Ca2+]. These results are

typical of a total of seven determinations.

achieved with Io-4 Mchlorothiazide. The response appears to
be biphasic: at concentrations below 50 1o-6 Mchlorothiazide
increased [Ca2+]i in a sigmoidal fashion but a sharp increase of
[Ca2+]i was noted at 75 and 100 10-6 M. The origin of this
biphasic pattern, is uncertain.

Hyperpolarization of membrane voltage by chlorothiazide.
Thiazide diuretics hyperpolarize basolateral membranes of am-

phibian distal tubule cells ( 1 1, 12) and flounder urinary blad-
der cells ( 13). Moreover, in those studies, hyperpolarization of
basolateral membrane voltage was accompanied by parallel de-
creases of intracellular Cl- activity. The results shown in Figs. 1

and 2 and Table I are compatible with the hypothesis that the

dose-response relations between chlorothiazide and [Ca2"]i
are presented in Fig. 5. Chlorothiazide elicited concentration-
dependent increases of [Ca2+]i that occurred with successive
additions of the drug. Maximal increases to 654±31 nMwere
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Figure 3. Effects of chlorothiazide (CTZ, 10-4 M) and bumetanide
(BUM, 10-4 M) on 45Ca2" uptake by MDCTcells. Bars represent

the mean±SE of triplicate measurements in n = 5 separate experi-
ments. **P < 0.01.
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Figure 5. Dose-response relations of chlorothiazide on intracellular
calcium (QCa2 ],) in MDCTcells grown on coverslips and loaded
with fura-2 AM. Addition of chlorothiazide resulted in dose-depen-
dent increases of [Ca2"i. Each point represents the mean±SE of
seven independent experiments.
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Table I. Effect of Chloride Replacement on Chlorothiazide-
stimulated 'Ca2" Uptake

Chloride Valinomycin Chlorothiazide 45Ca2+ uptake

mm nmol min-' mgprotein-'

o - - 2.19±0.30
0 - + 2.24±0.20
o + - 2.25±0.22
0 + + 2.17±0.23

140 + - 2.41±0.28
140 + + 2.43±0.30

45Ca2+ uptake was measured as described in Methods. Isosmotic
chloride replacement was achieved with gluconate. The final concen-
tration of valinomycin was Io-' Mand chlorothiazide was 10-4 M.
Values represent mean±SE of triplicate measurements performed in
three separate experiments.

hyperpolarization induced by chlorothiazide in MDCTcells
resulted from inhibition of luminal membrane NaCl cotrans-
port with an attendant decrease of intracellular Cl-. To deter-
mine if thiazide diuretics affect membrane voltage in MDCT
cells, voltage was measured with the fluorescent probe
DiOC6(3). In the experiment depicted in Fig. 6, we followed
membrane voltage as a function of time in MDCTcells grown
on glass coverslips. Reductions in fluorescence correspond to
hyperpolarization of membrane voltage. Chlorothiazide ( 10-4

CTZ
BUM

K+

1 2 3 3 4

Time, min

Figure 6. Effects of chlorothiazide (CTZ, l0-' M) and bumetanide
(BUM, l0-4 M) on membrane voltage in MDCTcells. Changes in
membrane potential were measured in cells grown on coverslips and
loaded with the fluorescent indicator, 3,3'-dihexyloxacarbocyanine
[DiOC6(3)]. Decreases of fluorescence intensity are inversely related
to membrane voltage. CTZ caused a rapid hyperpolarization that
was completely reversed upon washout of the drug. BUMhad no no-

table effect on DiOC6(3) fluorescence. A null-point calibration, per-
formed at the end of each experiment with graded concentrations of
external K+ in the presence of 10-6 Mvalinomycin, is shown at the
right-hand portion of the recording. Similar observations were made
in a total of five experiments.

M) decreased fluorescence by - 30%. Upon exchanging the
extracellular bathing solution for one devoid of the drug, fluo-
rescence intensity returned to control levels. In contrast to the
hyperpolarization elicited by chlorothiazide, bumetanide
(10-4 M) had no detectable effect on membrane voltage. As
shown in the right-hand portion of the recording, changes in
DiOC6(3) fluorescence were calibrated with graded concentra-
tions of extracellular potassium in the presence of the potas-
sium ionophore valinomycin (24). Resting membrane voltage
was calculated from the average null-point value for extracellu-
lar potassium (8.13±0.60 mM, n = 8) and the measured intra-
cellular potassium (1 19±9 mM, n = 5) and averaged -72±2
mV(n = 8). Fig. 7 shows that chlorothiazide elicited stepwise
decreases in fluorescence with incremental concentrations of
the drug. Detectable changes in fluorescence were noted with
concentrations of chlorothiazide as low as 10-6 M. Maximal
decreases of fluorescence intensity of 35±13% were achieved at
chlorothiazide concentrations of -1 X 10-4 to 2.5 x 10-4 M.
Again, chlorothiazide-induced hyperpolarization was rapidly
and completely reversible upon removal of the drug. This ob-
servation indicates that the reduction in fluorescence was not
due to either some toxic action of the drug or diffusion of the
dye. The average maximal reduction of fluorescence corre-
sponds to a hyperpolarization of 20.4±7.2 mV(n = 5). These
results demonstrate that chlorothiazide hyperpolarizes mam-
malian distal convoluted tubule cells.

To determine if alterations of membrane voltage directly
influence Ca2" influx, MDCTcells were hyperpolarized or de-
polarized by varying the extracellular potassium concentration
in the presence of valinomycin (10-5 M). Fig. 8 shows that
45Ca2" uptake increased when cells were hyperpolarized. Con-
versely, 45Ca2+ uptake decreased when cells were depolarized.
As shown in the inset to Fig. 8, independent experiments dem-
onstrate that these alterations in K+ elicited linear Nernstian
responses of DiOC6(3) fluorescence and the appropriate
changes in membrane voltage. These results support the view

a)
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Figure 7. Concentration dependence of chlorothiazide-induced cellu-
lar hyperpolarization. Alterations in membrane voltage were mea-
sured with DiOC6(3) as described in Methods. The recording shows
that upon addition of graded concentrations of chlorothiazide ( 1-250
,uM), dose-dependent decreases of fluorescence intensity were ob-
served. Upon washout of CTZ, membrane voltage returned to control
levels. Comparable results were obtained in a total of five experiments.
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Figure 8. Effects of membrane voltage on 45Ca2" uptake by MDCT
cells. Cellular voltage was altered by varying extracellular [K+] in the

presence of o0-6 Mvalinomycin. Reduction of the extracellular [K+]
concentration below 5 mMincreased 45Ca2" influx. Conversely, ele-

vation of the extracellular potassium concentration above 5 mMde-
creased 45Ca2" influx. The inset shows the relations between extracel-
lular [K+] and DiOC6(3) fluorescence, used as an index of mem-

brane voltage, and confirms that altering extracellular [K+] had its

expected effects on membrane voltage. Points represent the mean±SE

of five separate experiments of triplicate determinations of 45Ca2+
uptake.

that variations in membrane voltage can directly modulate
Ca2+ entry.

If chlorothiazide-stimulated Ca2+ influx is due to changes
of membrane voltage that have their origin in a decrease of the
chloride diffusion potential, then replacement of extracellular
CP- should depolarize distal convoluted tubule cells thereby
preventing stimulation of calcium uptake by chlorothiazide.
As shown in Fig. 9, in the presence of 140 mMextracellular
NaCl, chlorothiazide hyperpolarized MDCTcells. This effect
was reversible upon removal of the drug. Isosmotic reduction
of extracellular chloride to 14 mMresulted in depolarization of
membrane voltage. These results provide additional evidence
for the presence of chloride channels in plasma membranes of
MDCTcells. Moreover, at this reduced extracellular chloride,
chlorothiazide had no demonstrable effect on membrane volt-
age. As expected, such membrane depolarization inhibited
45Ca2+ uptake (Table I) and blocked the stimulatory effect of
chlorothiazide noted earlier. These findings support the hy-
pothesis that the hyperpolarization induced by chlorothiazide
occurs as a result of blockade of NaCl cotransport with a con-

comitant reduction of intracellular Cl- activity. This conclu-
sion is strengthened by the additional observations that when
membrane voltage was clamped with valinomycin the stimula-
tory effect of chlorothiazide on 45Ca2+ uptake was blocked,
either in the presence or absence of extracellular chloride (Ta-
ble I).

If cellular chloride efflux is mediated by chloride channels,
then blockade of these channels with NPPBwould be expected
to prevent the hyperpolarization normally induced by chloro-
thiazide, which in turn should inhibit 45Ca2+ uptake stimulated
by the diuretic. Fig. 10 shows that, as before, application of
chlorothiazide reversibly hyperpolarized distal convoluted tu-
bule cells. Application of NPPB( 10-5 M) alone caused a slight

Figure 9. Effects of reduced extracellular chloride on chlorothiazide-
induced membrane hyperpolarization measured with DiOC6(3) in
MDCTcells. Chlorothiazide (CTZ, 10'- M) reversibly hyperpolar-
ized membrane voltage as shown in Figs. 6 and 7. Exchange of incu-
bation medium containing 14 mMextracellular CP- (balance gluco-
nate) caused a modest depolarization but blocked completely the
hyperpolarizing effect of a second application of CTZ. Rinsing and
replacement with 140 mMCl- plus 50 mMK+ elicited a pronounced
depolarization. A null-point calibration, shown on the right, was per-

formed with graded concentrations of [K+] + IO-s Mvalinomycin.
Similar effects were observed in a total of five experiments.

and transient depolarization of membrane voltage. However,
the effect of subsequent addition of chlorothiazide on mem-

brane voltage was abolished. Thus, both pharmacological
blockade of chloride channels and low extracellular chloride

CTZ

NPPB

Cc~
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Figure 10. Effect of the chloride channel blocker NPPBon chlorothi-
azide-induced membrane hyperpolarization in MDCTcells. Voltage
was measured with DiOC6(3). This recording shows the hyperpolar-
izing effect of chlorothiazide (CTZ, l0-4 M) as the decrease of fluo-
rescence intensity. Upon removal of CTZmembrane voltage returned
to control levels. Addition of the Cl- channel blocker NPPB( I0-5
M) abolished the hyperpolarizing effect of a subsequent application
of CTZ. Similar results were obtained with polythiazide in two addi-
tional experiments.
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prevent membrane hyperpolarization by chlorothiazide. We
next tested the effect of NPPBon 45Ca2l uptake. These results
are shown in Table II and demonstrate that chlorothiazide-
stimulated 45Ca2" uptake was abolished by NPPB.

Cellular mechanism ofthiazide-stimulated Ca2 uptake. We
recently reported that PTH stimulates Ca2" entry through di-
hydropyridine-sensitive calcium channels in primary cultures
of cortical thick ascending limb and distal convoluted tubule
cells (16). To determine if chlorothiazide-stimulated Ca2"
entry is also mediated by dihydropyridine-sensitive channels
we examined the effect ofthe calcium channel antagonist nifed-
ipine (10-5 M) on chlorothiazide-stimulated 45Ca2" uptake
and on [Ca2+]i. As shown in Table III, nifedipine abolished
chlorothiazide-stimulated 45Ca2" uptake. Similarly, the rise of
[Ca2+]i evoked by chlorothiazide was completely blocked by
nifedipine. In neither instance did nifedipine have any inhibi-
tory action of its own. These results provide additional and
direct evidence that calcium entry in distal convoluted tubule
cells elicited by chlorothiazide is mediated by dihydropyridine-
sensitive Ca2" channels and is stimulated by hyperpolarization.

Discussion

Under most physiological conditions, renal sodium and cal-
cium absorption proceed in parallel. However, after certain
physiological, pathophysiological, or pharmacological inter-
ventions, the absorption of calcium and sodium may be disso-
ciated. In each of these situations the dissociation of calcium
and sodium transport occurs in distal convoluted tubules or,
depending on the species, the distal nephron segment respon-
sive to PTH or sensitive to thiazide diuretics or to amiloride.
The cellular mechanism of action of thiazide diuretics on Na'
absorption has been attributed to inhibition of luminal NaCl
cotransport (32, 35) or to parallel Na+/H' and Cl-/HCO3
exchange ( 12). In contrast, the mechanism by which thiazide
diuretics stimulate distal tubular Ca2' absorption and the na-
ture of the relations between NaCl absorption and Ca2+ trans-
port have yet to be resolved.

Elucidation of the cellular mechanism responsible for the
stimulation of Ca2' absorption by thiazide diuretics has been
hampered by the heterogeneity of distal tubule segments. This
portion of the nephron is comprised of three morphologically
and functionally distinct segments: distal convoluted tubule,
connecting tubule, and initial collecting tubule (36-38). Fur-
thermore, the short length of distal convoluted tubules (< 0.5
mm) limits direct study by microperfusion techniques. The
development and application of immunodissection techniques

Table II. Effect of the CV Channel Blocker NPPB
on Chlorothiazide-stimulated '5Ca2" Uptake

Control CTZ CTZ + NPPB NPPB

nmol min' mgprotein-'

45Ca2+ uptake 2.71±0.19 3.78±0.17* 2.74±0.27 2.58±0.16
n 8 8 6 8

45Ca2+ uptake was measured as described in Methods. The final con-
centration of chlorothiazide (CTZ) was 1O-4 Mand NPPBwas IO-'
M. Valuesrepresent the mean±SE of triplicate measurements per-
formed in n separate experiments. * P < 0.01 compared with control
level of 45Ca2" uptake.

( 19, 39, 40) to the isolation and primary cell culture with sub-
sequent cell immortalization of distal convoluted tubule cells
have greatly facilitated the ability to investigate the mecha-
nisms of Na' and Ca2" transport. The data depicted in Figs. 1
and 3 indicate that MDCTcells express NaCl transport that is
selectively inhibited and calcium uptake that is stimulated by
chlorothiazide. These results represent a virtual signature of
murine distal convoluted tubule cells. Additional preliminary
evidence and further characterization of these distal convo-
luted tubule cells has been published (41). It should be noted
that there is considerable heterogeneity of transport function in
mammalian distal nephron segments. Thus, whereas PTHand
thiazide diuretics exert their effects in distal convoluted tubules
in mice, rats, and humans (26, 28, 42), similar receptors and
transport functions are expressed in connecting tubules in the
rabbit (43, 44). As noted above, in the present study chlorothia-
zide directly stimulated 45Ca2" uptake and a rise of [Ca2+]i.
Somewhat different results were recently reported by Shimizu
et al. (45). They found that PTH pretreatment of rabbit con-
necting tubules was necessary to elicit an effect oftrichlormethi-
azide on calcium transport (45), but not sodium absorption
(46). In our experiments, cells were grown in culture media in
which the serum was heat inactivated. Further, cells were
serum starved for 18 h before 45Ca2+ uptake experiments or for
1 h before the beginning of experiments in which [Ca2+]i was
measured. Hence, the difference between the two studies is
unlikely to stem from residual PTHactivity in the incubation
media we employed.

Three hypotheses have been proposed to account for thia-
zide-induced dissociation of sodium and calcium transport in
distal nephrons. One explanation advanced by Walser (47) was
that thiazide diuretics reduce the transepithelial voltage and, as
a result, decrease the rate of passive calcium backflux into the
tubular lumen. Two lines of evidence have since indicated that
the dissociation of Na' from Ca2+ transport after administra-
tion of thiazide diuretics does not occur by such a mechanism.
First, thiazide diuretics have been shown to have little, if any,
effect on transepithelial voltage in mammalian distal convo-
luted tubules (46) and, second, the passive calcium permeabil-
ity of this nephron segment is remarkably low (6). An alterna-
tive theory proposed by Costanzo and Windhager (48) sug-
gested that the reciprocal association between sodium and
calcium transport was a consequence of basolateral membrane
Na+/Ca2' exchange. According to this explanation, by inhibit-
ing apical membrane sodium entry, thiazide diuretics would be
expected to reduce the intracellular Na' concentration. This
decrease of intracellular Na+ would in turn increase the electro-
chemical gradient for basolateral sodium entry, thereby aug-
menting calcium efflux through the Na+/Ca2' exchanger. Shi-
mizu et al. (45) reported studies in which the stimulation of
calcium absorption by isolated microperfused rabbit connect-
ing tubules was thought to be mediated by increased Na+/Ca2+
exchange. Several lines of evidence introduced in the present
study suggest that enhanced Na+/Ca2' exchange is not the
primary mechanism by which thiazide diuretics dissociate so-
dium and calcium absorption in distal convoluted tubules. The
observation that chlorothiazide increased intracellular calcium
activity (Figs. 4 and 5) and stimulated calcium influx (Fig. 3)
in distal convoluted tubule cells is opposite to what would be
predicted were Na+/Ca2+ exchange responsible for mediating
the dissociation induced by thiazide diuretics (45).

The mechanism we propose to account for the stimulatory
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Table III. Effect of Nifedipine on Chlorothiazide-stimulated "5Ca2+ Uptake and [Ca2+]i

Control CTZ Nifedipine + CTZ Nifedipine n

45Ca2+ uptake (nmol min-' mgprotein-') 2.86±0.25 4.15±0.24* 2.91±0.32 2.84±0.30 5-6
[Ca2'+i (nM) 102±7 562±8* 103±7 99±8 3

45Ca2+ uptake and [Ca2+]i were measured as described in Methods. The final concentration of chlorothiazide was 10-4 Mand nifedipine was 10-5
M. For 45Ca2' uptake the values represent the mean±SEof triplicate measurements performed in the indicated number of experiments. [Ca2+]i
was measured in the indicated number of experiments. * P < 0.01 compared with control levels of 45Ca2+ uptake and [Ca2+]i.

action of thiazide diuretics on cellular calcium influx involves
four elements: (a) thiazide diuretics block apical membrane
chloride entry by NaCl cotransport; (b) continued basolateral
chloride efflux through chloride channels results in a decrease
of intracellular chloride activity; (c) the reduction of intracellu-
lar chloride hyperpolarizes apical and basolateral cell mem-
branes; and (d) membrane hyperpolarization increases apical
membrane calcium entry through dihydropyridine-sensitive
calcium channels. Such a mechanism is supported by the fol-
lowing observations.

The first component of the proposed mechanism involves
the inhibition by thiazide diuretics of coupled NaCl uptake.
The data presented in Fig. 1 indicate that chlorothiazide in-
hibits sodium uptake by MDCTcells. Approximately 40% of
sodium transport was inhibited by l0-4 Mchlorothiazide. The
magnitude of this inhibition is comparable to that reported by
Costanzo (7) in early distal tubules of the rat and Shimizu et al.
(46) in rabbit connecting tubules, but not by Ellison et al. (8)
who found that IO-3 Mchlorothiazide abolished NaCl absorp-
tion in early distal tubules of the rat. Inhibition of sodium
uptake by chlorothiazide may have been incomplete in our
experiments for two reasons. First, in separate experiments we
found that, in addition to NaCl cotransport, sodium entry is
mediated by amiloride-sensitive sodium channels (49). To-
gether, these two entry mechanisms account for - 88-90% of
ouabain-suppressible sodium accumulation. Shimizu et al. sim-
ilarly found additive inhibitory effects of trichlormethiazide
and amiloride on sodium transport (46) and stimulatory ef-
fects on calcium absorption (45) in single microperfused con-
necting tubules. Second, chlorothiazide is a relatively weak
blocker of sodium absorption (50). More potent thiazide ana-
logs such as polythiazide, cyclothiazide, or metolazone inhibit
sodium transport by an additional 5-10%. The reason for the
partial inhibition of chloride uptake (Fig. 1 ) by chlorothiazide
may be more complicated and relate to the nature of the thia-
zide binding site on the cell membrane. Tran et al. ( 51) sug-
gested that the NaCl cotransporter possesses separate binding
sites for Na+ and for C1-. The Cl- binding site is shared by
thiazide diuretics and by thiazide-like drugs such as metola-
zone. Sodium binding is thought to increase the affinity of the
anion site. The binding of Cl- to the transporter permits Na+
and Cl- influx across the cell membrane. Thiazide diuretics
compete with Cl- for the anion binding site on the transporter,
thereby preventing the transport of Na+ and Cl-. Indeed, in
separate experiments we found that polythiazide inhibited
36CI- accumulation by 81±9% at reduced extracellular chlo-
ride concentrations (80 mM)(49) but only by 57%at 140 mM
chloride (unpublished observations), consistent with the pre-
diction of Tran et al. ( 51 ).

According to the proposed mechanism, inhibition of chlo-
ride entry into MDCTcells results in a fall of intracellular
chloride activity. The fact that chlorothiazide reduced intracel-
lular chloride activity is established by experiments such as that
shown in Fig. 2. Such a decrease implies first that intracellular
chloride is above its electrochemical equilibrium, and second,
that there is an efflux mechanism for chloride. Control intra-
cellular chloride estimated from the Goldman-Hodgkin-Katz
equation was 22 mM,clearly greater than the 10 mMpredicted
from its passive distribution at the resting membrane voltage,
-72 mV. After addition of chlorothiazide, membrane voltage
hyperpolarized by 20 mV. The magnitude ofthis hyperpolariza-
tion as assessed with the fluorescent probe, DiOC6(3) in the
present study (20 mV) is comparable to that reported by others
using conventional microelectrodes: 10-26 mV(1 1-13, 52).
Hyperpolarization of 20 mVto -90 to -92 mVwould corre-
spond to a calculated intracellular chloride activity of 5 mM.
After treatment with chlorothiazide, the estimate of the actual
change of intracellular chloride derived from the increase in
SPQ fluorescence (Fig. 2) was 6.1±0.3 mM(n = 3). To our
knowledge, these experiments represent the first demonstra-
tion that thiazide diuretics decrease intracellular chloride in
mammalian renal tubular cells. However, ample precedent for
such an action has been established. For instance, Stanton ( 12)
and Duffey and Frizzell ( 13) showed that thiazide diuretics
reduce intracellular chloride in Amphiuma distal tubules and
flounder bladder, respectively. Furthermore, loop diuretics
such as bumetanide or furosemide have been shown to de-
crease intracellular chloride in cortical thick ascending limb
cells (31, 53, 54).

The observation that the chloride channel blocker NPPB
prevented the hyperpolarizing effect of chlorothiazide (Fig. 10)
is consistent with the view that basolateral chloride channels
mediate chloride effilux. Further, insofar as NPPB increased
intracellular chloride activity and abolished the effect of chloro-
thiazide on intracellular chloride activity (Fig. 2), these data
suggest that chloride channels, at least in part, mediate chloride
effilux in MDCTcells. A basolateral chloride conductance has
been reported in rabbit distal convoluted tubules (55). The
observation that membrane voltage decreased to a greater ex-
tent upon a log-fold change in extracellular potassium than to
an equivalent change in extracellular chloride (Fig. 9) suggests
that MDCTcells also possess plasma membrane potassium
channels and that, under control conditions, potassium con-
ductance is greater than chloride conductance. The presence of
plasma membrane chloride and potassium channels provides a
plausible explanation for the hyperpolarization of membrane
voltage induced by chlorothiazide in MDCTcells (Figs. 6 and
7), the third component of our model. In particular, because
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intracellular chloride is above its electrochemical equilibrium,
chlorothiazide-induced blockade of chloride entry mediated by
the NaCl cotransporter results in a decrease of intracellular
chloride since it continues to leave the cell through chloride
channels. The fall of intracellular chloride in turn decreases the
magnitude of the chloride equilibrium potential and the cell
hyperpolarizes toward the potassium equilibrium voltage.
Thus, the mechanism by which thiazide diuretics inhibit NaCl
cotransport in distal convoluted tubule cells suggested here fol-
lows explicitly the model proposed by Wittner et al. (3 1 ) for the
hyperpolarization of membrane voltage and the inhibitory ac-
tion of loop diuretics on Na:K:2Cl cotransport in thick ascend-
ing limbs.

The fourth element of the mechanism we propose for the
stimulatory action of thiazide diuretics on calcium transport
requires that the induced hyperpolarization increase calcium
entry by distal convoluted tubule cells. The evidence in support
of this contention in shown in Fig. 8 and in Tables I and II. In
some respects this is the most difficult point to establish, there-
fore, five independent approaches were employed. First, pre-
venting thiazide-induced hyperpolarization with the chloride
channel blocker NPPBabolished the stimulatory effect of chlo-
rothiazide on 45Ca2" uptake (Table II). Second, depolarizing
membrane voltage by chloride replacement abolished the stim-
ulatory action of chlorothiazide on 45Ca2+ uptake (Table I).
Third, clamping the membrane voltage with valinomycin
blocked the inhibitory effect of chloride removal on 45Ca2+
uptake (Table I). Fourth, clamping the membrane voltage
with valinomycin in the presence of normal extracellular chlo-
ride blocked the stimulatory effect of chlorothiazide on 45Ca2+
uptake (Table I). Fifth, directly manipulating the membrane
voltage by varying extracellular potassium caused proportion-
ate changes in 45Ca2+ uptake (Fig. 8). Thus, hyperpolarizing
the membrane voltage stimulated 45Ca2+ uptake whereas depo-
larizing the membrane reduced it.

In previous experiments we found that calcium transport
activated by PTH in primary cultures of cortical thick ascend-
ing limb plus distal convoluted tubule cells was mediated by
dihydropyridine-sensitive calcium channels (16). The results
of experiments shown in Table III indicate that calcium entry
stimulated by chlorothiazide in MDCTcells is also mediated
by dihydropyridine-sensitive calcium channels. In recent pilot
experiments, we have been able to demonstrate the presence of
calcium channels in apical plasma membranes of these cells
(56). Further, these observations are entirely compatible with
results reported by Lajeunesse et al. ( 15), who found that thia-
zide diuretics increased calcium uptake by distal tubule lu-
minal membrane vesicles.

In summary, our results show that chlorothiazide inhibits
sodium and chloride entry, stimulates calcium uptake, and in-
creases intracellular calcium activity in immortalized MDCT
cells. Inhibition of chloride entry was associated with a fall of
intracellular chloride activity that resulted from continued ef-
flux in the absence of additional chloride entry. Cellular chlo-
ride efflux was mediated by chloride channels. As intracellular
chloride activity decreased, the cell membrane hyperpolarized.
Membrane hyperpolarization, in turn, stimulated calcium
entry. Chlorothiazide-stimulated calcium entry was mediated
by dihydropyridine-inhibitable calcium channels. These re-
sults explain the mechanism by which thiazide diuretics aug-
ment calcium transport.
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