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Abstract

To determine the exact site and mechanism of action of thia-
zide diuretics, effects of 10~ M trichlormethiazide (TCM) on
Na(l transport were examined in the distal convoluted tubule
(DCT), the connecting tubule (CNT) and the cortical collecting
duct (CCD) of rabbit kidney by the in vitro microperfusion
technique. TCM added to the lumen decreased lumen-to-bath
36C1 flux (Jaas)) only in the CNT without changing the trans-
mural voltage (V7). In the DCT, 10~* M furosemide did not
change Jopy even if it was added to the lumen with 104 M
TCM, whereas 10~ M amiloride in the lumen decreased the
lumen-to-bath 2*Na flux (Jxawg)) and Vr. In the CNT, TCM
added to the lumen did not affect the bath-to-lumen 3¢C] flux.
Addition of TCM to the bath slightly decreased Joyisy. Lu-
minal addition of 107 M TCM also decreased Jyas). Amilo-
ride at 10~ M in the lumen decreased both Jy,wg) and V.
Addition of TCM with 10~5 M amiloride further decreased
Jnapy Without affecting V7, indicating that TCM affects the
electroneutral Na* transport, which is distinct from the amilo-
ride-sensitive conductive Na* pathway. When Na* was re-
moved from the lumen, Jo 5 was markedly decreased, but
addition of TCM did not cause further decrease in Jog). Fu-
rosemide did not affect Jop), but addition of both 10™* M
TCM and furosemide decreased Jc), indicating that
Na*-K*-2Cl~ cotransport is not involved in the action of TCM.
Removal of HCO5 slightly decreased Jcyws), and TCM caused
further decrease in Jcyp). Amiloride at 10~ M, a concentra-
tion supposed to inhibit the Na*/H* antiport, slightly de-
creased JoLs), and addition of TCM caused a further marked
decrease in Jy_g). The similar results were also obtained when
the combined effects of 107> M 4,4'-diisothiocyano-stilben-
2,2'-disulfonate(DIDS) and 10~* M TCM were examined.
These findings suggest that the parallel antiport of Na*/H*
and C1"/HCOj is not involved in the action of TCM. By ex-
cluding other possible mechanisms involving neutral Na*-de-
pendent C1™ transport, we conclude that TCM inhibits Na*-Cl~
cotransport in the luminal membrane of the rabbit CNT.

Introdugtion

Although thiazide diuretics have been widely used in the treat-
ment of edema and hypertension for many years, the exact
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sites and mechanisms of action within the kidney are not defi-
nitely established. The observations that thiazide diuretics de-
creased free water clearance without affecting free water reab-
sorption provided indirect evidence that they act on the so-
called cortical diluting segments (1-3), which include the
cortical thick ascending limb of Henle’s loop as well as other
distal nephron segments.

More direct evidence for distal nephron site of action of
thiazides was provided by the in vivo micropuncture and mi-
croperfusion studies (4-10). However, it is well known that the
distal convoluted tubule as defined by the micropuncture tech-
nique contains structurally as well as functionally distinct
three nephron segments (11-14) including the distal convo-
luted tubule (DCT),! the connecting tubule (CNT), and the
cortical collecting duct (CCD). In vivo microperfusion studies
in rat distal nephron (8, 10) demonstrated that thiazide di-
uretics act only on early portion of the distal nephron, sug-
gesting that the distal convoluted tubule is the site of action of
thiazide diuretics. In the rabbit, the transitions from one to the
other segment along the distal nephron are abrupt (11), and
therefore functions of a well defined segment can be examined
by the in vitro microperfusion technique (13-17).

This study elucidates the site and mechanism of action of
thiazide diuretics in well defined distal nephron segments. For
this purpose, we examined effects of trichlormethiazide (TCM)
on NaCl transport in the rabbit distal nephron segments by the
in vitro microperfusion technique. We report that TCM in-
hibits Na*-Cl~ cotransport by acting exclusively on the CNT,
at least in the rabbit kidney.

Methods

In vitro microperfusion of isolated renal tubules. The technique of
isolated renal tubular perfusion developed by Burg et al. (18) was
employed as modified previously (13, 15). Male Japanese white rab-
bits, maintained on standard rabbit chow and tap water, were anesthe-
tized with pentobarbital (35 mg/kg, i.v.) and kidneys were removed.
Kidney slices 1-3 mm thickness were made and placed in a cooled dish
containing an artificial solution simulating intracellular ion composi-
tion (KCl 14, K,HPO,, 44, KH,PO, 14, NaHCO; 9, sucrose 160 mM;
pH 7.4). The composition was same as Collin’s solution except that
glucose was replaced by sucrose. This dissection medium was selected
because it has been reported that intracellular fluid-like solutions are
much better in preserving kidney tissue metabolically (19) as well as
functionally (20, 21). We have also confirmed in preliminary studies
that the function of rabbit proximal straight tubule was well preserved
even after kidney slices were kept at 5°C for 24 h.

Three different distal nephron segments, including the DCT, CNT,

1. Abbreviations used in this paper: CCD, cortical collecting duct;
CNT, connecting tubule; DCT, distal convoluted tubule; DIDS, 4,4'-
diisothiocyano-stilben-2,2"-disulfonate; Jcygy), bath-to-lumen Cl~ flux;
Jeiwsy, lumen-to-bath Cl-flux; Jnaws), lumen-to-bath Na* flux; TCM
trichlormethiazide; V7, transmural voltage.
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and CCD, were isolated by identifying them according to the following
criteria. The DCT was obtained from the superficial nephron. The
segment was located in the vicinity of the superficial glomerulus, and
was identified by its bright appearance. The CNT was obtained from
the nephron arcade, and was identified by the existence of at least two
branches and its granular appearance. The CCD was obtained from the
medullary ray and was identified by its straight shape and light appear-
ance. The validity of this criteria was confirmed in each instance by
morphological appearance of epithelia observed on an inverted micro-
scope during perfusion of the tubules. Detailed morphological de-
scriptions and photographs of these segments have been reported pre-
viously (13).

The isolated tubyles were transferred to a temperature controlled
bath and were perfused at 37°C. The compositions aof artificial solu-
tions used in this study are shown in Table I. Bicarbonate Krebs Ringer
(BKR) solution was the main perfusion medium. In some experi-
ments, the sodium in the lumen was replaced with choline, or the
bicarbonate in the bath and perfusate was replaced with Hepes-gluco-
nate (Table I). Bicarbonate-containing solution was bubbled with 95%
0,-5% CO, to attain a pH of 7.4. Bicarbonate-free solution was bub-
bled with 100% O,.

The electrical circuit to measure the transmural voltage (V1) was
identical to that previously reported (13). A calomel half-cell electrode
was connected by an agar bridge to the perfusion pipette. Another
electrode was connected by an agar bridge to the bath. The electrical
potential difference between the two electrodes was measured with an
electrometer (Keithely 602, Keithely Instruments, Inc., Cleveland,
OH). It has been reported that the V; of the CNT and DCT were
always negative in the lumen and were pressure-dependent (13, 22). In
the CNT, when the perfusion pressure was varied from 2 to 40 cm
H,0, the V; decreased as a function of the height of reservoir from
about —20 to —2 mV. Therefore, this study was performed at a fixed
height of the fluid reservoir connected to the perfusion pipette of ~ 10
cm H,0. Under these expeumental conditions, the perfusion rate and
Vr were maintained between 5 and 10 n] min~' and between 0 and
—10 mV, respectively. )

Unidirectional fluxes of *Cl or 2?Na from lumen to bath (Joivs) or
Jnapy) Were measured by adding 3 xCi/ml %*Cl or 10 xCi/ml 2Na to
the perfusate. The CCD is virtually impermeable to water in the ab-
sence of vasopressin, and both DCT and CNT are impermeable to
water even in the presence of vasopressin (13, 22). Therefore, Jows) Or
JnaLsy can be calculated using the equation; Jews) = (Vo[Cli/L)
(1 = [C *1o/[C*};), where [C]; is the concentration of solute in the
perfusate, ¥ is the collection rate, L is the tubular length, and [C*};
and [C*], are concentrations of isptope in the perfusate and the col-
lected fluid, respectively. The lumen-to-bath flux coefficient of Cl1~

Table I. Composition of Perfusing and Bathing Solutions

Solution BKR Na*-free Bicarbonate-free
Na* 140.5 — 140.5
K* 5.0 5.0 5.0
Ca?* 1.8 1.8 1.8
Mgt 1.0 1.0 1.0
Choline — 138.3 —_
(o 120.6 120.6 120.6
HCO3 25.0 25.0 —
HPOZ} /H,PO; 1.0 1.0 1.0
Gluconate —_ —_ 15.0
Hepes —_ — 10.0

Concentrations are shown in mM. All solutions contain in mM: D-
glucose 3.8, L-alanine 5.0, citrate 1.5, and glutamate 3.5. BKR, bicar-
bonate Krebs-Ringer.
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(Kcuwey) or Na* (Knawp) Was calculated as follows (23): Kws) = (Vo/L)
In([C*};/[C*)o). The bath-to-lumen flux coefficient (Kcypr)) and the
influx of *Cl from bath to lumen (JoeL,) were calculated as (24);
Koy = (Vo/L) In{[C*1,/(IC*), — [C*]0)} and Joy = [Cl)y Kaey,
where [C/], is the concentration of Cl™ in the bath. [C*], and [C*], are
the concentrations of *Cl in the collected fluid and the bath, respec-
tively.

Net CI™ flux (Jogme) Was measured by adding *Cl both to the
perfusate and the bathing fluid at same concentration. Jcyger) Was cal-
culated as; Jeypey = (VolCILi/LX1 — [C*]o/[C*))), where [CI}; is CI™
concentration in the perfusate, Fj is the collection rate, L is the tubular
length, [C*}o and [C*}; are concentration of *Cl in the collected fluid
and perfusate, respectively.

Usually, we used data of unidirectional fluxes to represent trans-
port parameters, but we also gave flux coefficients in tables for conve-
nience of comparison of fluxes normalized by ion concentration.

The radioactivity of **Cl was measured with a liquid scintillation
counter (LKB Wallac, 1217 Rack Beta; LKB Instruments, Gaithers-
burg, MD). Radioactivity of *Na was measured with a gamma counter
(LKB Wallac, 1282 Compu Gamma).

Statistical analysis. The mean value for three collection periods
was used as a representative value for a given experimental condition.
Data were expressed as means+SE. Statistical analysis was performed
by either the paired or nonpaired ¢ test, when appropriate.

Chemicals. TCM (Shionogi Co. Ltd., Osaka, Japan) was obtained
as pure compound and dissolved in dimethylsulfoxide (DMSO) imme-
diately before use. The original solutions were diluted at least 100-fold
with an artificial solution used for the perfusion experiments to obtain
the final concentration of 10~* M. In preliminary studies we confirmed
that this amount of DMSO had no effect on net volume flux, lumen-
to-bath CI” flux and V7 in all segments used in this study (Table ID).
Amiloride and furosemide were purchased from Sigma Chemical Co. .
(St. Louis, MO) and Hoechst Japan (Tokyo), respectively, 4,4-diiso-
thiocyano-stilben-2,2"-disulfonate (DIDS) was obtained from Funako-
shi Chemical Co. (Tokyo). 2Na and 3Cl were products of New En-
gland Nuclear (Boston, MA) and Amersham International (Bucking-
hamshire, UK), respectively. '

Results

Site of action of TCM in the distal nephron segments. To clar-
ify the site of action of TCM in the distal nephron segments,
we observed the effect of TCM on the lumen-to-bath C1™ flux
in the DCT, CNT and CCD. The results are summarized in
Table III and individual data are depicted in Fig. 1. When 1074
M TCM was added to the lumen, CI~ flux was reduced only in
the CNT but not in the DCT and CCD. In the CNT, Josy was
decreased from 914 to 657 pmol mm™' min™' and K¢ywp) from
17.12 to 11.25 X 1077 cm? s™! without significant change in
V1. Thus the CNT is the target of the action of TGM. Since the
data obtained by in vivo microperfusion studies in rats (8, 10)
strongly suggest that the DCT is the site of action of thiazide
diuretics, we have carefully conducted 2 additional protocols
to characterize the segments of DCT more specifically. In the
first protocol, we observed effects of furosemide and TCM on
the lumen-to-bath CI™ flux in the DCT. The results are sum-
marized in Fig. 2. Administration of 10~* M furosemide in the
lumen did not affect the Cl1™ flux or the transmural voltage.
Addition of TCM 10™* M to the lumen in combination with
furosemide did not change these parameters as well. These
observations indicate that the segment defined as the DCT is
clearly distinct from the thick ascending limb, which is sup-
posed to display lumen positive voltage and where Cl™ trans-
port is inhibited by furosemide. In this series pf experiments,
we confirmed again that TCM was without effect on Cl~ flux
in the DCT.



Table I1. Effect of 1% Dimethylsulfoxide on Net Water Flux (J,), JcyLs), and Vr in the DCT, CNT, and CCD

Segments (n) DMSO Vo J Jowsy Vr
% nl min™! nl mm™! min™! pmol mm™' min~! mv

DCT 4) 0 8.73+0.77 —0.04+0.05 444+62 —-3.9+1.5

1 7.97+0.69 0.04+0.18 404+12 —4.0+1.6

CNT ) 0 8.61+0.79 —0.03+0.12 614+49 -8.1+1.1

1 8.37+0.55 0.06+0.08 661£118 —8.2+1.0

CCD ) 0 8.63+0.54 0.07£0.09 252451 —6.7£2.3

1 9.04+0.65 0.08+0.04 242+42 —6.8+2.2

n = number of tubules.

Gross et al. (22) have reported that administration of amil-
oride to the lumen of the rabbit DCT suppressed the lumen
negative V1. Therefore, in the second protocol, we intended to
confirm and extend their observation by examining effects of
amiloride on the lumen-to-bath Na* flux. As summarized in
Fig. 3, 107> M amiloride added to the lumen decreased the Vy
as well as Na* flux. These effects were reversible.

All the following studies are confined to the CNT. Seven
separate experiments were conducted to examine the effect of
luminal application of TCM on the bath-to-lumen CI~ flux
(Table IV). The results show that TCM did not affect the
bath-to-lumen Cl~ flux. However, it is difficult to estimate the
net C1~ flux across the CNT by comparing with the data shown
in Table III, since bidirectional Cl~ fluxes were not measured
in the same tubule. Because of large scatter of the data, we are
not allowed to compare the unpaired samples without doing a
large scale of experiments. In order to examine whether TCM
decreases net Cl- flux, we measured net Cl~ flux under the
condition where *Cl concentration of the perfusing fluid was
identical to that in the bathing fluid. The results are summa-
rized in Table V. It is clear that TCM decreases net C1~ flux in
the CNT.

In order to examine whether the luminal application is the
major route of diuretic action, we observed the effect of TCM

added to the bath and or lumen on Jgs). After the control
period, 107* M TCM was added at first to the bath, and then
the drug was added to the lumen with the drug concentration
in the bath being kept constant. In the last period, the drug was
eliminated only from the lumen. The results are summarized
in Fig. 4. When TCM was added to the bath a small but
significant decrease in J¢y ) Was observed. However, addition
of 107 M TCM to the lumen in the presence of the drug in the
bath caused a much greater reduction of Jeys) from 818 to 551
pmol mm™! min~".

Effect on Na* flux. To examine whether the inhibition of
CI™ transport by TCM is associated with an inhibition of Na*
transport, we observed effect of 107 M TCM in the lumen on
the lumen-to-bath ?Na flux. The results are summarized in
Table VI. The lumen-to-earth ?Na flux in the control period
was lower than the value for ClI~. Administration of 107* M
TCM to the lumen caused a marked decrease in Jyaws) from
523 to 354 pmol mm™! min~!. This effect of TCM was revers-
ible. These data indicate that TCM inhibits Na* flux as well as
CI™ flux.

Since TCM inhibited NaCl transport in the CNT without
affecting V7, it is unlikely that the drug influences rheogenic
transport processes. To confirm this issue, we examined
whether TCM inhibits only the Na* flux which is independent

Table II1. Effect of 107* M TCM in the Lumen on CI~ Transport in the Distal Nephron Segments

Period

Lumen TCM Vo Kows) Jos Tv
M nlfmin 1077 em? 57! pmol mm™ min™! my
DCT(n=17,L = 0.42+0.05 mm)
C 0 5.75+0.37 9.04£1.16 528+88 —6.8+1.7
E 1074 5.18+0.15 8.47+1.67 510492 —6.6+1.9
R 0 5.23+0.29 8.81+1.77 534194 —5.6+1.6
CNT (n = 8, L = 0.34+£0.05 mm)
C 0 5.04+0.25 17.12+2.54 914+123 —4.8+1.4
E 1074 5.73+0.58 11.25+1.75* 657+94* —-4.6+1.6
R 0 5.74+0.73 13.93+2.16* 765+£127* —4.8+1.5
CCD (n=4,L = 0.77+£0.05 mm)
C 0 7.17£0.92 12.52+2.12 627105 —4.3+1.7
E 1074 7.50+0.29 11.54+2.54 604+113 —-4.4+1.6
R 0 7.61+£0.51 10.63+2.19 563+100 —3.8+1.3

Abbreviations used in this table: C, control period; E, experimental period; R, recovery period. Kciwp), lumen-to-bath flux coefficient for CI7; L,

tubular length; V,, perfusion rate; * P < 0.01.
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Figure 1. Effects of TCM on Jqqp, in distal nephron segments.
Trichlormethiazide was added to the lumen. *P < 0.01 as compared
to the preceding values.
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Figure 2. Effects of 10~* M furosemide and 10™* M TCM on V7 and
Jaws) in the DCT. Tubular length was 0.38+0.03 mm. Perfusion
rates for each period were 8.24+1.69, 7.92+1.15, and 7.48+1.11 nl/
min, respectively.
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Figure 3. Effects of 10~ M amiloride in the lumen on V1 and
lumen-to-bath Cl™ flux Jeyws) in the DCT. Values are means+SE.
Tubular length was 0.41+£0.02. **P < 0.01, *P < 0.05 as compared
to the preceding values.

of the amiloride sensitive component. After the control period,
10~ M amiloride was added to the lumen. In the next period,
10~* M TCM was added to the lumen in the presence of 107>
M amiloride. In the final period, recovery from the effects of
these drugs was observed. The results of this protocol are sum-
marized in Fig. 5. Amiloride added to the lumen at 107> M
inhibited Na* flux from 649 to 426 pmol mm™' min~! in
association with a significant reduction in V¢ from —2.0 to
—0.1 mV. Under this circumstance, administration of 107* M
TCM in the lumen further decreased the Na* flux to 364 pmol
mm~' min~' without causing changes in V. The parameter
tended to recover when the drugs were eliminated from the
lumen. These observations clearly indicate that there is an

Table IV. Effect of 107 M TCM in the Lumen on Bath-
to-Lumen 3°Cl-flux in the CNT

Period Vo Keysy) Joey Vr

nl min~! 107 em? s~ pmol mm™ min~! mv
Control 9.77+£0.55 11.92+1.37 862199 -3.7+0.8
TCM 10™*  9.05+0.14 12.50+1.36 904+99 -3.5+0.9

Data are from seven tubules with length of 0.39+0.02 mm. Kgygy),
bath-to-lumen flux coefficient for ClI-.



Table V. Effect of 107* M TCM in the Lumen
on Net Cl~ Flux in the CNT

Table VI. Effect of 107* M TCM in the Lumen
on Na* Transport in the CNT

Period  TCM (lumen) Vo Jcxnen Vr
nlfmin pmol mm™! min™! myv
C 0 9.50+0.69 405+55 -2.2+0.5
E 107*M 8.83+0.66 281+59* -2.1+0.5
E-C 0.67+0.04 A—124+48* A+0.1£0.2

Data are from seven tubules with length of 0.38+0.03 mm. Net Cl~
flux, Joynery, Was measured by adding **Cl to both perfusing and bath-
ing fluid at the same concentration.

* P <0.05.

amiloride-sensitive Na* transport process in the CNT but that
TCM inhibits the Na* flux, which is independent of amiloride
action.
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Figure 4. Examination of sidedness of the action of TCM in the
CNT. Values are means+SE. Tubular length was 0.37+0.05 mm.
Perfusion rates in four periods were 6.28+0.39, 6.15+0.36,
5.74+0.30, and 6.29+0.24 nl/min, respectively. *P < 0.05, **P
< 0.01 as compared to the preceding values.

Lumen
Period TCM Vo KW) JN.(u) V‘l‘
M nl min~! 1077 cn? s pmol mm™ min™! mv
C 0 8.24+0.50 6.84+0.65 523+49 —-1.9+0.9
E 107*  8.23+0.59 4.47+0.54* 354+42* -2.0+0.1
R 0 7.85+0.56 6.64+0.63* 504+47* -2.1+0.8

Data are from eight tubules length of 0.39+0.03 mm. Ky p), lumen-
to-bath flux coefficient for Na*; * P < 0.01 as compared to the values
in the preceding periods.

Na* dependence of CI” flux. Since TCM inhibited both Na*
and CI™ fluxes without affecting Vr, it is highly possible that
TCM affects Na* dependent Cl~ transport mechanisms in-
cluding Na*-Cl~ cotransport, Na*-K*-2Cl™~ cotransport, and
(Na*/H*)-(Cl"/HCO3) double antiport. Therefore, we first ex-
amined whether there are Na*-dependent C1™ transport pro-
cesses in the luminal membrane of the CNT by observing the
effect of elimination of Na* from the lumen on the lumen-to-
bath CI™ flux. After the control period, Na* was eliminated
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Figure 5. Effects of 10~ M amiloride and 10~ M TCM on V7 and
Jnae) in the CNT. Values are mean+SE. Tubular length was
0.42+0.05 mm. Perfusion rates in four periods were 8.46+0.54,
8.1010.40, 8.03+0.53, and 8.7810.45 nl/min, respectively. *P

< 0.05, **P < 0.01 as compared to the preceding values.
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from the lumen. In the next period, 10~* M TCM was added to
the lumen in the absence of Na*. In the final period, the recov-
ery from these maneuvers was observed. The results are sum-
marized in Table VII. The elimination of Na* from the lumen
decreased Jepy from 964 to 706 pmol mm™' min~'. In the
absence of Na* in the lumen, addition of 10™* M TCM to the
lumen did not cause any significant reduction in Jes). These
observations indicate that there is a Na*-dependent Cl~ trans-
port system and that sodium is essential for inhibitory effect of
TCM on chloride flux.

Effect of furosemide. In order to examine whether
Na*-K*-2Cl~ cotransport contributes as a target of TCM ac-
tion, we examined the effect of furosemide on Cl~ flux across
the CNT. The results are summarized in Fig. 6. Addition of
10~* M furosemide to the lumen did not change Jci sy as well
as Vr. When 107* M TCM was added to the lumen in the
presence of furosemide, Jeisy decreased from 1111 to 569
pmol mm™! min~! without any change in V1. Since this con-
centration of furosemide is known to suppress Na*-K*-2Cl~
cotransport in the thick ascending limb of Henle’s loop, these
observations may indicate that there is no such transport sys-
tem in the CNT and that the target of TCM action is a Na*-
dependent Cl~ transport system other than this triple cotrans-
port.

Effect on parallel antiport of Na*/H* and CI"/HCOj3 . It has
been reported in various epithelia that the parallel antiport of
Na*/H* and C1"/HCOs is one of the mechanisms which repre-
sent apparent Na*-dependent CI~ transport. In order to exam-
ine whether the bicarbonate-dependent Cl~ transport, if exists
in the CNT, is the major component of the inhibitory effect of
TCM, we observed effect of HCOj3 elimination on C1™ flux in
the presence or absence of TCM. The results are summarized
in Fig. 7. When HCOj3 was eliminated from the entire system,
Jaus) decreased from 705 to 569 pmol mm™' min~'. In the
absence of HCO3, addition of 10~ M TCM further decreased
Josy to 461 pmol mm™' min~', indicating that the inhibitory
effect of TCM was additive to the effect of bicarbonate elimi-
nation.

To examine whether the parallel antiport system is inde-
pendent of TCM-inhibitable C1™ flux, we observed the effect of
DIDS on Jgywp) in the presence or absence of TCM. The data
shown in Fig. 8 revealed that 10~ M DIDS added to the lumen
slightly decreased Joyos) and that addition of 107* M TCM
with 1073 DIDS further caused a large decrease in Jeyg). This
would indicate that the TCM-inhibitable C1~ flux is distinct
from the DIDS-inhibitable component.

Table VII. Effect of 107* M TCM in the Lumen on Cl~
Transport in the CNT under Na*-free Conditions

Period Lumen Vo Kaws) Jows)
nl min~! 1077 en? 571 pmol mm™' min
C — 7.42+0.65 16.90+1.74 964+80
El Na* free 7.07+£0.57 12.00%1.40* 706+66*
E2 Na* free + 107*  6.80+0.58 10.18+0.93 625+52
M TCM
R —_ 7.02£0.24 12.96%+1.13* 777+£58*

Data are from seven tubules with length of 0.34+0.02 mm.
* P < 0.01 as compared to the values of preceding periods.
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Figure 6. Effects of 107 M furosemide and 10™* M TCM on V and
Jaws)- Tubular length was 0.39+0.03 mm. Perfusion rates in each
period were 8.03+0.37, 8.25+1.04, 7.11+0.64, and 8.22+0.42 nl/
min. Values are means SE. **P < 0.01 as compared with the preced-
ing values.

To provide further evidence for this notion, we observed
the effect of high concentration of amiloride on C1~ flux. Amil-
oride was assumed to inhibit Na*/H* antiporter at 107> M. If
the parallel antiport of Na*/H* and CI-/HCOj is operating,
amiloride at this concentration will cause Jos) to decrease.
This expectation was confirmed by the experimental data
shown in Fig. 9. In the presence of 107> M amiloride, 10™* M
TCM further decreased Jos). These data are also in accord
with the view that the TCM-inhibitable Cl~ transport is dis-
tinct from the parallel antiport of Na*/H* and C1"/HCOs3.

Discussion

Site of action of thiazide diuretics. At present time, it is gener-
ally believed that the major site of action of thiazides is the
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Figure 7. Effects of elimination of bicarbonate and addition of 107
M TCM on transmural voltage (V1) and lumen-to-bath Cl1~ flux
(Jawsy) in the CNT values are means+SE. Tubular length was
0.34+0.02 mm. Perfusion rates in each period were 7.42+0.65,
7.07+0.59, 6.80+0.58, and 7.02+0.24 nl/min, respectively. *P

< 0.05, **P < 0.01 as compared with the preceding values.

distal convoluted tubule. This notion is based on the data
derived from both osmolar clearance and micropuncture stud-
ies. The observations that thiazides inhibit free water clearance
without affecting free water reabsorption (1-3) support the
view that the drugs inhibit solute transport in the cortical di-
luting segments. Theoretically, the cortical diluting segments
include all the water impermeable nephron segments located
distally to the medullary thick ascending limb.

More direct evidence with regard to the site of action of
thiazides has been provided by micropuncture studies (4-10).
Ullrich et al. (4), using split oil-droplet technique, found that
chlorothiazide inhibits sodium transport in both proximal and
distal convolutions. Although early free-flow micropuncture
studies in the dog (25) and rat (26) have failed to demonstrate
the action of thiazides on the proximal tubule, a number of
subsequent studies have confirmed that thiazides inhibit so-
dium chloride reabsorption in this segment (6, 25, 27, 28).
However, the inhibition by thiazides of sodium chloride reab-
sorption in the proximal tubule may not contribute in major
way to the increase in urinary excretion of sodium chloride,
because the increase in distal delivery of sodium chloride is
compensated by the increased reabsorption of sodium chloride
in the loop of Henle (6). Free-flow micropuncture (6, 9) and in
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Figure 8. Effects of 107> M DIDS and 107* M TCM on Jp in the
CNT. Values are means+SE. Tubular length was 0.34+0.01 mm.
Perfusion rates in each period were 9.09+0.47, 7.66+0.35,
6.87+0.19, and 8.27+0.26 nl/min, respectively. *P < 0.05, **P

< 0.01 as compared to the preceding values.

vivo microperfusion study (7, 8, 10) in the rat clearly demon-
strated that thiazides inhibit sodium chloride transport in the
distal tubule.

Although the cortical thick ascending limb has characteris-
tics of the cortical diluting segments, Schlatter et al. (29) re-
ported that thiazide did not affect C1™ transport in this segment
isolated from rabbits. The distal tubule as defined by micro-
puncture studies is a heterogeneous segment composed of sev-
eral morphologically as well as functionally distinct segments,
including the DCT, the CNT, and the CCD (11-14). In vitro
microperfusion of isolated nephron segments is expected to
provide a good mean to identify the exact site of action of
thiazides in the distal nephron segments. We have chosen the
rabbit kidney to examine this issue for the following three
reasons. First the isolation of individual distal nephron seg-
ments from the kidney without enzymatic treatment is techni-
cally feasible only in the rabbit (13-17). Second, informations
on the functional heterogeneity are available in the distal
nephron segments of this species (13-17, 22). Finally, the mor-
phological transition from one segment to another is so abrupt
in the rabbit kidney that we may obtain a pure segment with-
out contamination of other segments (11, 12). The results of
the present study clearly indicate that TCM inhibits sodium
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Figure 9. Effects of 10> M amiloride on Jewg in the CNT. Values
are means=SE. Tubular length was 0.42+0.04 mm. Perfusion rates
in each periods were 9.24+0.46, 9.04+0.47, 8.60+0.43, and
9.54+0.47 nl/min. *P < 0.05, **P < 0.01 as compared to the preced-
ing values.

chloride transport only in the CNT but neither in the DCT nor
in the CCD. The absence of the effect of thiazides on the CCD
is in good agreement with the observation of Tago et al. (30).
Our observations are apparently contradictory to those of
Costanzo (9) and Ellison et al. (10), who reported that in the
rat chlorothiazide inhibited NaCl transport only in the earliest
distal nephron segment but not in late distal segments, which
presumably included both the CNT and initial collecting duct.
Although we do not know how to explain this discrepancy,
species difference in the morphology of the distal nephron
segments between rats and rabbits may be, at least in part,
responsible for this discrepancy. It should be noted that in the
rat distal nephron the transition from one segment to the other
is gradual and both intercalated cells and connecting tubule
cells are intermingled in early distal portion (12).

Because of the discrepancies between rats and rabbits with
regard to the target segment of thiazide action, we have tried to
provide more information on the characteristics of the rabbit
DCT (Figs. 2 and 3). We confirmed that the DCT has an
amiloride sensitive Na* transport system in the luminal mem-
brane as does the CNT. The luminal membrane of the DCT
may lack a Na*-K*-2Cl~ cotransport system that is supposed
to be sensitive to furosemide. Even combined administration
of furosemide and TCM did not affect Cl1~ transport of the
DCT. Thus the segment of DCT that we identified is clearly
distinct from either the thick ascending limb or the CNT.

Kaissling and Kriz (11) have reported that each distal
nephron segment in the rabbit kidney consists of different
types of epithelia: the DCT consists of a single population of
the distal convoluted tubule cell; the CNT contains the con-
necting tubule cell and the intercalated cell, and the CCD is
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composed of the principal cell and the intercalated cell. On the
basis of this morphological distinction of epithelial constituent
in each segment, we can determine which type of epithelia is
the target of the action of thiazides. The DCT cell is clearly
excluded, since the segment of DCT consist of single cell popu-
lation and TCM was without effect. If the intercalated cell were
to be the target, thiazides could have inhibited sodium chloride
transport in the CCD as well. Thus, it is most likely that the
CNT cell is the target of thiazides. It is of interest to note that
in the Amphiuma late distal tubule hydrochlorothiazide acts
on one of two cell types having conductance to K* and Cl™ in
the basolateral membrane (31). However, it is unknown at
present time whether this type of cell corresponds to the CNT
cell in the mammalian kidney.

Mechanism of action of thiazide diuretics. Although it is
known that thiazides have a property of carbonic anhydrase
inhibitor, the diuretic potency of thiazides is not always in
parallel with the potency of carbonic anhydrase inhibition
(32). By using free-flow micropuncture in the rat, Kunau et al.
(6) compared the effect of chlorothiazide with that of benzol-
amide, an inhibitor of carbonic anhydrase. They demonstrated
that benzolamide did not show any effect on chloride transport
in the distal tubule although it inhibited chloride transport in
the proximal tubule as did chlorothiazide. Thus, carbonic an-
hydrase inhibition if not responsible for the mechanism of
diuretic action of thiazides. Our observation that TCM in-
hibits Cl~ transport in the absence of bicarbonate supports this
view. .

Costanzo and Windhager (7) observed the effect of chloro-
thiazide on sodium absorption in the superficial distal tubule
of the rat kidney perfused in vitro with a sodium chloride-
containing and bicarbonate-free solution. They demonstrated
that the drug inhibited sodium transport when it was applied
in the lumen. This inhibitory effect was associated with a de-
crease in specific transepithelial resistance without any change
in transepithelial voltage. This observation is in accord with
the view that thiazides inhibit an electroneutral transport
mechanism. Veldzquez et al. (33) reported that in the rat distal
tubule there is a sodium-dependent chloride transport mecha-
nism. More recently, Wright and his associates (9, 10) demon-
strated that thiazides inhibit this process. The observation in
the present study that TCM did not inhibit Cl™ flux in the
absence of Na* supports the view that the drug affects so-
dium-dependent chloride transport in the CNT.

In the present study, we have analyzed the thiazide inhibit-
able sodium-dependent chloride transport more in detail in
the CNT. Neutral sodium-dependent chloride transport in-
cludes at least three different categories; i.e., Na*-Cl~ cotrans-
port, Na*-K*-2CIl~ cotransport, and parallel antiport of
Na'*/H* and CI"/HCOj3 . We observed in the CNT that furose-
mide did not affect chloride transport and that TCM inhibited
chloride flux in the presence of furosemide. These observa-
tions exclude the possible contribution of Na*-K*-2Cl~ co-
transport system in the action of TCM.

However, it is somewhat difficult to reconcile our data to
those obtained in the rat distal tubule (8, 9, 28, 33, 34). Using
free flow micropuncture technique in the rat, Duarte et al. (34)
found that during intravenous administration of furosemide
sodium reabsorption in the distal tubule was not increased,
even though the sodium concentration in the distal fluid was
increased. It is possible that under these experimental condi-
tions furosemide prevented the increase in sodium reabsorp-



tion that would be expected to occur in response to the in-
crease in luminal sodium concentration. Using in vivo micro-
perfusion of the rat distal tubule, Velazquez et al. (33)
demonstrated that furosemide decreased sodium and chloride
transport without affecting transmural voltage. One possible
explanation for the discrepancy with our observation in regard
to furosemide action could be that furosemide acts on the
DCT but not on the CNT. But this possibility is unlikely in
view of the more recent observation of Veldzquez and Wright
(9). They reported that chlorothiazide caused a more profound
inhibition of sodium chloride transport in the rat distal tubule
than did furosemide. When 10~ M chlorothiazide was added
to perfusion fluid containing furosemide and amiloride, addi-
tional inhibition of both sodium and chloride absorption was
noted. On the other hand, addition of 10~ M furosemide to
perfusate containing chlorothiazide did not cause additional
reduction of sodium or chloride transport. These observations
are consistent with the view that both chlorothiazide and furo-
semide act on the site with furosemide having a lower efficacy.
Since Velazquez and Wright (9) demonstrated that bumeta-
nide, a more potent loop diuretic, did not inhibit sodium and
chloride absorption in the rat distal tubule, the effect of furose-
mide on sodium chloride transport in this segment may not be
mediated by the action on Na*-K*-2Cl~ cotransporter. Since
Stokes (35) also reported that in the urinary bladder of
flounder furosemide at 10~ M decreased NaCl fluxes, whereas
bumetanide was jneffective, it is highly possible that such pe-
culiar action of furosemide is different among species and is
lacking in the rabbit.

Parallel antiport of Na*/H* and Cl-/HCOQOj3 has been
shown to exist in various hiological membranes (36-41). We
assessed whether this type of parallel antiport exists in the
CNT and whether TCM affects this system. The results of
three different approaches lead us to speculate that there is
parallel antiport of Na*/H* and CI"/HCOj in the CNT but
that this is not a major target of thiazide action. When the
Na*/H" antiport system was inhibited by administration of
107 M amiloride, the lumen-to-bath CI~ flux was slightly but
significantly decreased. This would suggest that the Cl1~ flux is
somehow related with the Na*/H™* antiport, although we can
not rule out the possibility that a high concentration of amilo-
ride might have caused a nonspecific inhibition of CI~ trans-
port. The possible existence of C1"/HCOj3 or CI-/OH ™ antiport
is supported by the observations that the Cl~ flux was slightly
but significantly decreased by either administration of DIDS
or elimination of bicarbonate. These observations are consis-
tent with the view that the parallel antiport of Na*/H* and
CI"/HCOj might be operating in the CNT. However, the com-
ponent of Cl” transported via this system may be very small.
Since TCM exhibited remarkable inhibitory effects on C1™ flux
under all conditions where 10~ M amiloride or 10* M DIDS
was present in the lumen or bicarbpnate was eliminated, the
target of TCM action is distinct from the parallel antiport of
Na'*/H* and CI-/HCOj3 . Although the CNT consists of at least
two different types of epithelia, we cannot exclude the possibil-
ity that both Na*-Cl~ cotransport and parallel antiport system
coexist in the one type of cell as observed in the rabbit gall
bladder (41). However, in view of the fact that bicarbonate
secretion occurs in the CCD (42-45), it is more likely that the
parallel antiport of Na*/H* and C1"/HCOj5 exists in the inter-
calated cell in the CNT. Our observation that TCM inhibited
net C1~ flux only by 31% (Table V) is in accord with the

hypothesis that there are CI~ transport mechanisms other than
Na*-Cl~ cotransport. It is unknown whether C1"/HCO3 ex-
changer entirely accounts for this component.

Late distal tubule of amphibian kidney is regarded to be
comparable to the distal tubule of mammalian kidney (31, 46).
Hansen, Schilling and Wiederholt (46) reported that in the late
distal tubule of Amphiuma 10~* M chlorothiazide added to the
lumen caused hyperpolarization of basolateral membrane
voltage by —23 mV. More recently, Stanton (31) confirmed
this observation in type II cells of the late distal tubule of the
Amphiuma kidney. Although he suggested the existence of
parallel antiport of Na*/H* and ClI7/HCOj, coexistence of
simple Na*-CI~ symport cannot be ruled out.

By excluding other possible mechanisms that explain the
Na* dependent electroneutral Cl~ transport, we reached the
conclusion that a “simple”' Na*-Cl~ cotransport system exists
in the CNT and that this is the major target of the action of
thiazide diuretics. A similar conclusion was made by Stokes et
al. (45) based on the studies in the urinary bladder of winter
flounder. They demonstrated in this prepatation a Na*-de-
pendent Cl~ transport system that is not inhibited by high dose
of amiloride or DIDS and is little affected by loop diuretics.
Although it has been reported in the toad or frog urinary blad-
der (47, 48) that thiazide inhibits electrogemc Na' absorption,
this is clearly not the case in the mammalian CNT.

In summary, there are three distinct mechanisms of Na*
transport in the luminal membrane of the rabbit CNT: (a)
amiloride-dependent Na* conductance, (b) parallel antiport of
Na*/H* and CI"/HCOj, and (c¢) simple Na*-Cl~ cotransport.
The inhibition of Na*-Cl~ cotransport is the major mechanism
involved in the diuretic action of thiazides.

Acknowledgments

We would like to express our thanks to Mrs. Yayoi Ueshima for pre-
paring this manuscript.

References

1. Early, L. E., M. Kahn, and J. Orloff. 1961. The effects of infu-
sions of chlorothiazide on urinary dilution and concentration in the
dog. J. Clin. Invest. 40:857-866.

2. Suki, W, F. C. Rector, and D. W. Seldin. 1965. The site of action
of furosemide and other sulfonamide diuretics in the dog. J. Clin.
Invest. 44:1458-1469.

3. Seldin, D. W., G. Eknoyan, W. N. Suki, and F. C. Rector, Jr.
1966. Localization of diuretic action from the pattern of water and
electrolyte excretion. Ann. NY Acad. Sci. 139:328-343.

4. Ullrich, K. G., K. Baumann, K. Loeschke, G. Rumrich, and H.
Stolte. 1966. Micropuncture experiments with saluretic sulfonamides.
Ann. NY Acad. Sci. 139:416-423.

5. Clapp, J. R., and R. R. Robinson. 1968. Distal site of action of
diuretic drug in the dog nephron. Am. J. Physiol. 215:228-235.

6. Kunau, R. T. Jr,, D. R. Weller, and H. L. Webb. 1975. Clarifica-
tion of the site of action of chlorothiazide in the rat nephron. J. Clin.
Invest. 56:401-407.

7. Costanzo, L. S., and E. E. Windhager. 1978 Calcium and so-
dium transport by the distal convoluted tubule of the rat. Am. J.
Physiol. 235:F492-F506.

8. Costanzo, L. S. 1985. Localization of diuretic action in micro-
perfused rat distal tubules: Ca and Na transport. Am. J. Physiol.
248:F527-F535.

9. Velazquez, H., and F. S. Wright. 1986. Effect of diuretic drugs on

Renal Distal Tubular Action of Thiazide in Rabbit 729



Na, Cl, and K transport by rat renal distal tubule. Am. J. Physiol.
250:F1013-F1023.

10. Ellison, D. H., H. Velazquez, and F. S. Wright. 1987. Thia-
zide-sensitive sodium chloride cotransport in early distal tubule. Am.
J. Physiol. In press.

11. Kaissling, B., and W. Kriz. 1979. Structural analysis of the
rabbit kidney. Adv. Anat. Embryol. Cell. Biol. 56:1-123.

12. Kaissling, B. 1982. Structural aspects of adaptive changes in
renal electrolyte excretion. Am. J. Physiol. 243:F211-F226.

13. Imai, M. 1979. The connecting tubule: a functional subdivision
of the rabbit distal nephron segments. Kidney Int. 15:346-356.

14. Imai, M., and R. Nakamura. 1982. Function of distal convo-
luted and connecting tubules studied by isolated nephron fragments.
Kidney Int. 22:465-472.

15. Imai, M. 1981. Effects of parathyroid hormone and N, O?-di-
butyryl cyclic AMP on Ca?* transport across the rabbit distal nephron
segments perfused in vitro. Pfluegers Arch. 390:145-151.

16. Shareghi, G. R., and L. C. Stoner. 1978. Calcium transport
across segments of the rabbit distal nephron. Am. J. Physiol.
235:F367-F375.

17. Almedia, A. J., and M. B. Burg. 1982. Sodium transport in the
rabbit connecting tubule. Am. J. Physiol. 243:F330-F334.

18. Burg, M., J. Grantham, M. Abramow, and J. Orloff. 1966.
Preparation and study of fragments of single rabbit nephron. Am. J.
Physiol. 210:1293-1298.

19. Nagineni, C. N., P. J. Leveille, D. B. N. Lee, and N. Yanagawa.
1984. Isolation of cells from rabbit renal proximal tubules by using a
hyperosmolar intracellular-like solution. Biochem. J. 223:353-358.

20. Pirie, S. C., and D. J. Potts. 1985. Application of cold flush
preservation to in vitro microperfusion studies of kidney tubules. Kid-
ney Int. 28:982-984.

21. Pirie, S. C., and D. J. Potts. 1986. A comparison of the relative
effectiveness of three transplant preservation fluids upon integrity and
function of rabbit proximal convoluted tubules perfused in vitro. Clin.
Sci. 70:443-452.

22. Gross, J. B., M. Imai, and J. P. Kokko. 1975. A functional
comparison of the cortical collecting tubule and the distal convoluted
tubule. J. Clin. Invest. 55:1284-1294,

23. Grantham, J. J., and M. B. Burg. 1966. Effect of vasopressin
and cyclic AMP on permeability of isolated collecting tubules. Am. J.
Physiol. 221:255-259.

'24. Imai, M., and J. P. Kokko. 1974. Sodium chloride urea and
water transport in the thin ascending limb of Henle. Generation of
osmotic gradients by possive diffusion of solutes. J. Clin. Invest.
53:393-402.

25. Dirks, J. H., W. J. Cirksena, and R. W. Berliner. 1966. Micro-
puncture study of the effects of various diuretics on sodium reabsorp-
tion by the proximal tubules of the dogs. J. Clin. Invest. 45:1875-1885.

26. Meng, K. 1967. Mikropunktionsuntersuchungen iiber die sa-
luretische Wirkung von Hydrochlorothiazid, Acetazolamid und Furo-
semid. Arch. Pharmakol. Exp. Ther. 257:355-371.

27. Hernandez, P. C,, and J. B. Puchett. 1973. Proximal tubular
actions of metolazon and chlorothiazide. Am. J. Physiol. 225:954-961.

28. Edward, B. R,, P. G. Baer, R. A. Sutton, and J. H. Dirks. 1973.
Micropuncture study of diuretic effects on sodium and calcium reab-
sorption in the dog nephron. J. Clin. Invest. 52:2485-2427.

29. Schiatter, E., R. Greger, and C. Weidtke. 1983. Effect of “high
ceiling” diuretics on active salt transport in the cortical thick ascending
limb of Henle’s loop of rabbit kidney. Correlation of chemical struc-
ture and inhibitory potency. Pfluegers Arch. 396:210-217.

30. Tago, K., V. L. Schuster, and J. B. Atokes. 1986. Regulation of

730  T. Shimizu, K. Yoshitomi, M. Nakamura, and M. Imai

chloride self exchange by cAMP in cortical collecting tubule. Am. J.
Physiol. 251:F40-F48.

31. Stanton, B. 1988. Electroneutral NaCl transport by distal tu-
bule: evidence for Na*/H*-Cl-/HCO3 exchange. Am. J. Physiol.
254:F80-F86.

32. Maren, T. H. 1963. The relation between enzyme inhibition
and physiological response in the carbonic anhydrase system. J. Phar-
macol. Exp. Ther. 139:140-153.

33, Velazquez, H., D. W. Good, and F. S. Wright. 1984. Mutual
dependence of sodium and chloride absorption by renal distal tubule.
Am. J. Physiol. 247:F904-F911.

34. Duarte, C. G., F. Chomety, and G. Giebisch. 1971. Effect of
amiloride, ouabain and furosemide on distal tubular function in the
rat. Am. J. Physiol. 221:632-639.

35. Stokes, J., I. Lee, and M. D’Amico. 1984. Sodium chloride
absorption by the urinary bladder of the winter flounder. A thiazide-
sensitive, electrically neutral transport system. J. Clin. Invest. 74:7-16.

36. Murer, H., U. Hopfer, and R. Kinne. 1976. Sodium/proton
antiport in brush border membrane vesicle isolated from rat small
intestine. Biochem. J. 154:597-604.

37. Heintze, K., K. U. Petersen, and J. Wood. 1981. Effects of
bicarbonate on fluid and electrolyte transport by guinea pig and rabbit
gallbladder: Stimulation of absorption. J. Membr. Biol. 62:175-181.

38. Friedman, P. A, and T. E. Andreoli. 1982. CO, stimulated
NaCl absorption in the mouse renal cortical thick ascending limb of
Henle. Evidence for synchronous Na*/H* and C1-/HCOj exchange in
apical plasma membranes. J. Gen. Physiol. 80:683-711.

39. Baerentsen, H., F. Giraldez, and T. Zeuthen. 1983. Influx
mechanisms for Na* and Cl~ across the brush border membrane of
leaky epithelia: A model and microelectrode study. J. Membr. Biol.
75:205-218.

40. Aronson, P. S., and J. Seifter. 1984. CI~ transport via anion
exchange. Fed. Proc. 43:2483-2484,

41. Cremaschi, D., G. Meyer, C. Rossetti, G. Botta, and P. Pales-
tini. 1987. The nature of the neutral Na*-Cl -coupled entry at the
apical membrane of rabbit gallbladder epithelium: I. Na*/H*, Cl~/
HCOj double exchange and Na*-Cl~ symport. J. Membr. Biol.
95:209-218.

42. Star, R. A., M. B. Burg, and M. A. Knepper. 1985. Bicarbonate
secretion and chloride absorption by rabbit cortical collecting ducts.
Role of chloride/bicarbonate exchange. J. Clin. Invest. 76:1123-1130.

43. Laski, M. E., D. G. Warnock, and F. C. Rector, Jr. 1983. Effects
of chloride gradients on total CO, flux in the rabbit cortical collecting
tubule. Am. J. Physiol. 244:F289-F296.

44, Garcia-Austt, J., D. W. Good, M. B. Burg, and M. A. Knepper.
1985. Deoxycorticosterone-stimulated bicarbonate secretion in rabbit
cortical collecting ducts: effects of luminal chloride removal and in
vivo acid loading. Am. J. Physiol. 249:F205-F212.

45. Schuster, V. L. 1985. Cyclic adenosine monophosphate-stimu-
lated bicarbonate secretion in rabbit cortical collecting tubules. J. Clin.
Invest. 75:2056-2064.

46. Hansen, L. L., A. R. Schilling, and M. Wiederholt. 1981. Effect
of calcium, furosemide and chlorothiazide on net volume reabsorption
and basolateral membrane potential of the distal tubule. Pfluegers
Arch. 389:121-126.

47. Schneiders, J. R, and J. H. Ludens. 1980. Comparison of
effects of standard diuretics and endanone in isolated toad cornea and
bladder. Am. J. Physiol. 238:R70-R75.

48. Marumo, F., T. Mishina, and H. Shimada. 1982. Effects of
dioxide and hydrochlorothiazide on water permeability and sodium
transport in the frog bladder. Pharmacology. 24:175-180.



