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Summary. Na-K-CI cotransport stoichiometry and affinities for 
Na, K and CI were determined in flounder intestine. Measure- 
ment of simultaneous NaC1 and RbCI influxes resulted in ratios 
of 2.2 for CI/Na and 1.8 for CI/Rb. The effect of Na and Rb on Rb 
influx showed first order kinetics with Kt/z values of 5 and 4.5 mM 
and Hill coefficients of 0.9 and 1.2, respectively. The effect of CI 
on rubidium influx showed a sigmoidal relationship with K]/2 of 
20 mM and a Hill coefficient of 2.0. The effects of variations in 
Na and C1 concentration on short-circuit current (Isc) were also 
determined. The K1/2 for Na was 7 mM with a Hill coefficient of 
0.9 and the Kl/2 for Cl was 46 mM with a Hill coefficient of 1.9. 
Based on the simultaneous influx measurements, a cotransport 
stoichiometry of INa: 1K : 2C1 is concluded. The Hill coeffi- 
cients for CI suggest a high degree of cooperativity between C1 
binding sites. Measurements of the ratio of net Na and CI transe- 
pithelial fluxes under short-circuit conditions (using a low Na 
Ringer solution to minimize the passive Na flux) indicate that the 
CI/Na flux ratio is approximately 2 : 1. Therefore, Na recycling 
from serosa to mucosa does not significantly contribute to the 
/~c. Addition of serosal ouabain (100 /zM) inhibited Rb influx, 
indicating that Na-K-C1 cotransport is inhibited by ouabain. This 
finding suggests that a feedback mechanism exists between the 
Na-K-ATPase on the basolateral membrane and the apical Na- 
K-2C1 cotransporter. 
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Introduction 

Na-K-CI cotransport is the principle way salt is ab- 
sorbed across the brush border membrane of the 
intestine of the winter flounder [9, 26]. This co- 
transport is inhibited on its luminal side by furose- 
mide [10] and on its cellular side by cyclic GMP 
[30]. Similar Na-K-C1 cotransport systems have 
been found in other epithelial tissues such as the 
luminal (apical) membranes of the thick ascending 
limb of Henle's loop in rabbit kidney [15], the distal 
tubule of Amphiuma kidney [27], and MDCK ceils 
[25]. There is suggestive evidence for its existence 
in the basolateral membranes of Cl-secreting cells 

such as shark rectal gland and teleost Cl cells [8, 16, 
19, 22]. Na-K-CI cotransport has also been demon- 
strated in several nonepithelial cells, including hu- 
man and avian erythrocytes [4, 5, 29], squid giant 
axon [28], cultured human fibroblasts [25], and 
Ehrlich ascites cells [11]. 

In the present study we have determined the 
effects of various Na and C1 concentrations on 
short-circuit current (lsc) and of various Na, Rb and 
CI concentrations on 86Rb influx. The apparent af- 
finity constants (Kj/z) for each ion have been calcu- 
lated and compared with values obtained for other 
epithelial and nonepithelial cells and tissues. We 
have also established the stoichiometry of Na-K-C1 
cotransport by simultaneous dual measurements of 
Na and C1 influxes and of Rb and C1 influxes. 

Materials and Methods 

Bumetanide was obtained from Hoffmann-Laroche, Inc. N- 
methyl-o-glucamine (NMDG), N-2-hydroxyethyl-piperazine 
propane sulfonic acid (EPPS), triethylammonium (TEA), and 
Na,K,Mg,Ca gluconate salts were purchased from Sigma. 86Rb 
(1.7 Ci/mmol), 22Na (2.3Ci/mmol), 36C1 (0.36 Ci/mmol) and [3H]- 
PEG (900 tool wt) were obtained from New England Nuclear. 

ANIMALS 

Winter flounder (Pseudopleuronectes americanus) were ob- 
tained from Mount Desert Island Biological Laboratory, ME 
(MD1BL) and from Southampton College Marine Station, Long 
Island, NY. Animals held at MDIBL were kept in large seawater 
aquaria at a temperature of 15~ Flounder were starved at least 
three days before use. Flounder from NY were transported to 
Chicago and maintained at the John G. Shedd Aquarium. These 
flounder were held at 15~ + 2 ~ and initially fed twice a week. 
After a three-week acclimation period, the flounder were starved 
for one week and then used for experimentation. At Columbia 
University, winter flounder from Shinnecock Bay, Long Island, 
were held in a 200-gal aquarium at 5~ and starved for at least 1 
week before use. 
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Fig. 1. (A) Time course of [3H] PEG influx into the intestinal 
epithelium of the winter flounder. (B) 36C1 influx into flounder 
intestinal epithelium. Both PEG and 36C1 uptake are linear up to 
60 sec. Each point represents the mean _+ SE of four determina- 
tions for both 36C1 and [3H] PEG. (C) Time course of Z2Na and 
S6Rb influx from the mucosal solution into the intestinal epithe- 
lium. S6Rb influx is linear for at least 2 m~n. Z2Na influx remains 
linear for at least 40 sec. Each point represents the mean -+ SE of 
four determinations (A, Na; Q, Rb) 

UNIDIRECTIONAL INFLUX MEASUREMENTS 

Simultaneous unidirectional influxes of either '-2Na and 36C1 or 
S6Rb and 36C1 were determined under short-circuit conditions 
using influx chambers similar to those described by Thompson 
and Dawson [34]. Intestines were removed and stripped of circu- 

lar and longitudinal musculature as previously described [7]. Tis- 
sues were bathed on both sides with identical Ringer solutions 
which contained in mmol/liter : 20, NaCI; 53, NMDG-CI; 5, KCI; 
1, CaCI2; 1, MgSO4; 3, NaHPO4; 20, glucose; 110, mannitol; and 
5, EPPS (N-2-hydroxyethyl piperazine propane sulfonic acid, pH 
8.0). Solutions were bubbled with room air and maintained at 
15~ Portions of stripped mucosa were mounted and placed in 
the influx chamber and allowed to incubate until the short-circuit 
current (l~c) became stable (15-30 rain). The mucosal surface of 
the tissue was then exposed to a test solution (5 ml) containing 
[3H]PEG, mol wt 900 (10/zCi), 36C1 (5/zCi) and either 22Na (2-3 
/xCi) or 86Rb (2-3 p.Ci). After 15-120 sec of exposure the inner 
chamber holding the tissue was rapidly removed and the influx 
terminated by washing the mucosal surface of the tissue with a 
large volume (100 ml) of cold 300 mM Mannitol solution for 2-3 
sec. The tissue was then punched-out, blotted with absorbent 
paper, and placed in 1.0 ml of 0.2 y NaOH. After 12 hr, samples 
were vigorously vortexed and 0.2-ml samples removed, acidified 
with 0.1 ml 1 N HC1 and assayed for radioactivity. The uptake of 
[3H] PEG served as an estimate of the extracellular volume ad- 
herent to the mucosal surface after blotting. The "space"  for 
22Na, S6Rb or 36C1 (i.e., (22Na/cm2 tissue)/(ZZNa/ml medium)) mi- 
nus that for PEG represented the influx of Na, Rb or C1 into the 
epithelium. Bumetanide-inhibitable influx was determined after 
preincubation with 10-4M bumetanide for 20 min. Bumetanide 
reduced the l~c to nearly zero within this time period. Bume- 
tanide-inhibitable influx represented the difference between the 
remaining influx after preincubation with bumetanide and the 
total influx measured in a paired tissue from the same animal. 

The uptakes of [3H]-PEG, 22Na, 86Rb and 36C1 were mea- 
sured as functions of time over 120 sec (see Fig. IA-C). The 
influxes of Rb and CI proved to be linear for at least 60 sec. The 
Na influx was linear for at least 40 sec. Sampling of the serosal 
bathing solution after 60 sec indicated that virtually no radioiso- 
tope had crossed the tissue. Since Rb and C1 uptake appears to 
be linear for at least 60-90 sec, a 60-sec end point was chosen so 
that the measurements could be made during the linear phase of 
uptake and at a time at which extracellular PEG (900 tool wt) 
uptake had already reached equilibrium. With Na and C1, influx 
begins to deviate from linearity betbre reaching 60 see. Therefore 
an end point of 30 sec was selected so that these measurements 
could also be taken during the linear portion of the influx. How- 
ever, the extraeeUular space is probably underestimated since 
PEG has not reached equilibrium and Na will presumably equili- 
brate faster in the extracellular space than does PEG. The result- 
ing overestimate of Na influx, however, must be less than 10- 
15% since the extracellular space correction never exceeded this 
range. Moreover, since only the bumetanide-inhibitable portion 
of the Na and CI influxes are being considered the ratio of Na to 
CI entry should not be affected by any error in the determination 
of extracellular space. 

The unidirectional influx of 86Rb across the luminal border 
was also measured using influx chambers modified from those 
described by Frizzell et at. [I0]. The initial Ringer solution con- 
tained in retool/liter: 160, NaCI; 5, RbCI; 1.25, CaCI2; 1.1, 
MgCI2; 0.3, NaHzPO4 ; 1.65, Na2HPO4; 20, glucose; 5, EPPs (pH 
8.0). Na was replaced with either tetraethylammonium (TEA) or 
N-methyl-o-glucamine (NMDG). CI was replaced with gluconate 
(Na, Ca or Mg salts) and NO3 (Rb salt). Solutions were main- 
tained at 15~ and bubbled with room air. After a 30-60 rain 
preincubation period S6Rb and [3HI-PEG, mol wt 900, were 
added, and after 45 sec tissues were quickly punched-out and 
processed for assays of radioactivity as described in the preced- 
ing paragraph. 
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Table 1. Na-Rb-CI unidirectional influx measurements 
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Na Ct Rb Cl 

Total 4.0 + 0.6 8.3 + 0.6 6.2 + 0.5 9.3 + 1.8 
+Bumetanide 2.0 + 0.6 3.9 + 0.9 3.7 + 0.6 4.6 + 0.9 
Bumetanide inhibitable 2.0 4.4 2.5 4.7 
Ratio CI/Na = 2.2 CI/Rb = 1.8 

Results shown are the initial rates of uptake (influx) of 22Na, 86Rb and 36C1 from the mucosal solution 
into the mucosa. Rates of Na and CI uptake were made simultaneously as were Rb and CI so that a 
comparison between the ratio of Na/CI uptake could be made with that of Rb/Cl. 

Uptakes of Na and CI and Rb and CI were measured after 30 and 60 sec, respectively. 
Values shown are/~mol/hr/cm -~ -+ SEM. 

EFFECTS OF N a  AND C1 CONCENTRATIONS ON 

SHORT-CIRCUIT CURRENT (Isc) 

Tissues were mounted in Ussing chambers and initially bathed 
on both sides with a Ringer solution containing in retool/liter: 
170, NaCI; 5, KC1; 1, CaCI2; 1, MgSO4; 3, NazHPO4; 20, glu- 
cose; 5, EPPS (pH 8.0). After the Isc had stabilized, the mucosal 
and serosal solutions were serially diluted with either Na-free or 
Cl-ffee Ringer solutions. After each Na or C1 dilution step the Isc 
was allowed to stabilize and the new steady-state Is~ was re- 
corded. This process could be repeated at least 6-8 times on 
each tissue. In most cases 85-90% of the original Isc was restored 
when normal Ringer solution was added at the conclusion of the 
experiment. Estimates of Kj/2 w e r e  obtained from Eadie-Hofstee 
plots. Hill coefficients were determined from the slope of the Hill 
plots. Lines were drawn by the method of least squares. 

TRANSEPITHELIAL FLUX MEASUREMENTS 

The effects of bumetanide on transepithelial fluxes of Na and Cl 
were determined on tissues bathed on both sides with a Ringer 
solution containing in retool/liter: Na, 50; K, 5; NMDG, 120; Ca, 
1; Mg, 1; C1, 180; PO4, 3; EPPS, 5 (pH 8.0) and glucose, 20. 
Solutions were bubbled with room air and cooled to 7~ Flux 
measurements were begun 45-60 min after tissues were mounted 
to allow the PD and Isr to stabilize. Twenty rain following addi- 
tion of radioisotopes, control fluxes were measured over a 30- 
min period. Bumetanide (0.1 mmol/liter) was then added to the 
mucosal side. After a 20-rain re-equilibration period, the post- 
bumetanide fluxes were measured over 30 rain. In preliminary 
experiments we established that the Is~ and resistance are con- 
stant for at least 24 hr. 

Results 

SIMULTANEOUS INFLUX EXPERIMENTS FOR NaCI 
ANO RbCI 

Double-label influx measurements for 22Na and 36C1 
and for S6Rb and 36C1 are shown in Table 1. Ratios of 
the bumetanide-inhibitable influxes of C1 and Na 
and of C1 and Rb were 2.2 and 1.8, respectively. 
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Fig. 2. Effect of Na concentration on SrRb influx from the muco- 
sal solution into the intestinal epithelium. 86Rb influx was mea- 
sured over a 45-sec time period at each Na concentration. Each 
point shows the mean + SE of four measurements. (0,  Rb influx 
using NMDG as the substituted cation; [~, Rb influx using TEA 
as the substituted cation) 

These ratios do not differ significantly from 2.0 or 
from each other. Comparison of 86Rb influx in RbCl 
Ringer with SrRb influx in KCI Ringer indicated no 
significant difference in total or bumetanide-inhibit- 
able influx (data not shown). 86Rb influx in Rb- 
Ringer and 42K influx in K-Ringer were also not 
significantly different. Rb appears, therefore, to be 
a suitable substitute for K. The above results are 
consistent with a stoichiometry for Na, K and C1 
influxes of 1Na : 1K : 2C1. 

EFFECT OF N a , K  AND Cl  ON 86Rb INFLUX 

The effects of variations in Na, K and C1 concentra- 
tion o n  86Rb influx are shown in Figs. 2-4. The in- 
fluxes remaining in the absence of Na or C1 were 
assumed to be paracellular. When Na was replaced 
with NMDG the Na-dependence curve obeyed sim- 
ple Michaelis-Menten kinetics and had a Hill coeffi- 
cient of 1.09 (Fig. 2). The average K~/2 for Na was 7 
raM. When Na was replaced with TEA the Na-de- 
pendence curve no longer obeyed simple Michaelis- 
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Fig. 3. Effect  of  C1 concentra t ion on 86Rb influx into the intesti- 
nal epithelium. C1 was replaced with gluconate.  86Rb influx was 
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Fig. 4. Effect of  Rb concentra t ion on 86Rb influx into the intesti- 
nal epithelium. Rb was replaced with Na.  86Rb influx was mea- 
sured for 45 sec at each Rb concentrat ion.  Each  point shows the 
mean  _+ sE of  four  determinat ions 

Menten kinetics and the Hill plot was biphasic. Fur- 
thermore, in the presence of TEA, the K1/2 for Na 
shifted from 7 to 38 mM, suggesting some competi- 
tion between TEA and Na for the Na site. A sigmoi- 
dal relationship was obtained for the effect of C1 
concentration on 86Rb influx (CI substituted with 
gluconate). The hill coefficient for CI was 2.06 and 
the Kv2 was 20 mM (Fig. 3). Changes in Rb concen- 
tration resulted in a curve similar to that for Na with 
a Hill coefficient of 1.19 (Fig. 4). The Kv2 for Rb 
was 4.5 mM. 

E F F E C T S  OF Na A N D  C1 C O N C E N T R A T I O N S  ON Isc 

Figure 5A shows a Michaelis plot of the dependence 
of Is~ on Na and C1 concentrations. Their effects on 
I~c are qualitatively similar to those observed for 
86Rb influx. Na was replaced with NMDG; its effect 
on l~c follows simple saturation kinetics. However, 
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Fig. 5. (A) Effect of  Na  or C1 concentrat ion on short-circuit 
current  (l~c). Na  was subst i tuted with NMDG-CI and CI concen-  
tration was mainta ined at 177 mM for each measurement .  CI was 
subst i tu ted with gluconate  while Na was maintained at 176 mM. 
The  K,/2 for Na is 7 mM and the KI/2 for CI is 46 mM. (0 ,  Na; n = 
8 - sE; O, C1, n = 7 --- sE). (B) Hill plots of  Na  and C1 concentra-  
tion effects on flounder I~.  The  Hill coefficients (n) for Na and CI 
are 0.9 and 1.95, respect ively  

the results of C1 replacement with gluconate show a 
sigmoidal relationship between Isc and C1 concen- 
tration. The K1/2 values for Na and C1 were obtained 
from Eadie-Hofstee plots. The Kv2 for Na was 7 m~ 
and that for CI was 46 mM (the Eadie-Hofstee plot 
was linear when ls~ was plotted against Is~2 [C1]). 
This Kv2 for CI differs significantly (P < 0.05) from 
that obtained for Rb influx (20 mM). Hill plots in 
Fig. 5B give Hill coefficients of 0.90 and 1.9 for Na 
and CI, respectively. 

E F F E C T  O F  O U A B A I N  ON 86Rb I N F L U X  

The effect of ouabain (10-4M serosal side addition) 
on 86Rb influx was measured after Isc had decreased 
to near zero (usually 45-60 rain). This concentra- 
tion of ouabain eliminated the Is~ and decreased uni- 
directional 86Rb influx from 3.1 - 0.22/~Eq/hr/cm 2 
to 0.9 --- 0.17/zEq/hr/cm 2 (mean of four paired tis- 
sues, P < 0.01 different from control). Omission of 
Ca 2+ from the serosal solution did not prevent this 
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Table 2. Transepithelial Na and CI fluxes across short-circuited flounder intestine 
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Na CI l~c 

M--> S S--* M Net M--* S S--* M Net 

Control 3.96 + 0.46 1.82 -+ 0.24 2.15 + 0.26 8.11 -+ 1.2 3.79 +- 0.82 4.45 -+ 0.51 -2 .7  _+ 0.8 
Bumetanide (10 4 M) 2.15 --+ 0.46 1.67 --+ 0.33 0.46 --+ 0.25 3.21 --+ 0.30 2.99 --+ 0.60 0.39 + 0.11 --0.21 --+ 0.1 

Tissues were bathed in 50 mM Na Ringer solution as stated in the text. The low Na concentration was used to reduce the paracellular 
flux of Na so that a more accurate estimate of the cellular component of the unidirectional Na fluxes could be determined. The effect of 
[Na] on 1~ (Fig. 5A) shows that the Km for Na is 7 raM. Values shown are t~mol/hr/cm 2 _+ sE for nine experiments. 

effect (data not shown), suggesting that serosal Na/ 
Ca exchange was not responsible for this effect of 
ouabain. 

TRANSEP1THELIAL FLUX MEASUREMENTS 

The effects of bumetanide on Na and CI fluxes were 
determined in a modified Ringer solution ([Na] = 50 
raM; [CI] = 177 mM) after the/~c had decreased to 
nearly zero (Table 2). Bumetanide inhibited 80% of 
the net Na flux and 90% of the net Cl flux. After 
adding bumetanide, the net Na flux did not differ 
significantly from zero, but a small residual net C1 
flux of 0.39 -+ /zEq/hr/cm 2 remained (P < 0.05). 
This may represent CI/HCO3 exchange, since 
HCO3 secretion of about 0.4 /xEq/hr/cm 2 appears 
to be present (Q. AI-Awqati and M. Field, unpub- 
lished). 

It is worth noting that, under short-circuit con- 
ditions, the ratio of net C1 to net Na fluxes was 2.07 
before the addition of bumetanide. The ratio of the 
changes in net Na and net CI fluxes produced by 
bumetanide was 2.40. These ratios do not differ sig- 
nificantly from each other or from 2.0. 

Discussion 

The winter flounder, like other marine fishes, com- 
pensates for osmotic and urinary water losses by 
drinking seawater and absorbing salt and water 
from the gastrointestinal tract [21, 24, 33]. Excess 
NaC1 is then excreted by the gills [2, 6, 8, 22]. A 
model showing the cellular mechanism of salt and 
water absorption of flounder intestinal cells is illus- 
trated in Fig. 6. The four major elements of NaCI 
transport are: (i) an electrically neutral Na-K-CI co- 
transport system located on the brush border mem- 
brane with a transport stoichiometry of 1 Na, 1 K, 
and 2 C1; (ii) a Ba-sensitive K channel, also on the 
apical membrane; (iii) Na-K-ATPase, in the basola- 
teral membrane; and (iv) C1 conductance in the ba- 

Mucosa Serosa 

2Cl 2CI \ \ 

NK K ~ \\ 

NI ) 2 C I  

- 6 0  mV 
I 

- 5  mV 

Fig. 6. A model of salt transport across the intestinal epithelium 
of winter flounder intestine. When the tissue is bathed on both 
sides with identical Ringer solutions, there is a serosa-negative 
transepithelial potential difference and a cell potential of about 
-60  inV. A Na-K-2C1 cotransporter couples C1 entries to Na 
entry. The entering Na is pumped out across the basolateral 
membrane by Na, K-ATPase. The entering K recycles to the 
lumen through apical K channels. The entering C1 accumulates in 
the cell above electrochemical equilibrium, by virtue of its cou- 
pling to the Na gradient. A driving force exists, therefore, for CI 
to exit across the basolateral membrane. Chloride appears to do 
so via an electrogenic pathway (CI channel) and, to a lesser 
extent, by an electroneutral pathway, probably KCI cotransport. 
A major advantage of this system is that for each Na ion pumped 
across the basolateral membrane, 2 C1 ions are transported. The 
resulting transepithelial electric potential difference causes 
movement of an additional Na ion through cation-selective inter- 
cellular junctions. Thus Na-K-2CI cotransport in combination 
with an apical K channel and a basolateral Na pump, provides an 
energetically efficient means of transporting large quantities of 
salt and water across the tissue 

solateral membrane. When identical Ringer solu- 
tions are placed on both sides of the tissue, a 
serosa-negative transepithelial PD is observed. The 
Na-K-ATPase maintains a low intracellular Na con- 
centration, thereby creating a driving force for Na 
entry into the cell. The presence of a Na-K-CI co- 
transporter in the apical membrane couples C1 entry 
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to Na entry, permitting C1 to accumulate in the cell 
above electrochemical equilibrium. This mecha- 
nism provides an energetically efficient way of 
transporting large quantities of NaC1 since the elec- 
troneutral cotransport system effectively uncouples 
apical Na and C1 entries from the electric potential 
of the cell. Although this uncoupling diminishes the 
driving force for Na entry (medium-to-cell PD is 
about -60 mV), it generates a driving force for C1 
entry since the medium CI concentration (180 mM) 
is greater than cell C1 (40 m~a) [3]. Furthermore, 
since 2 C1 are transported for each Na, the driving 
force for C1 entry (RT [ln Ci/Co]/F) is doubled [20]. 
Potassium, which enters with N a a n d  C1 against a 
steep concentration difference for K, recycles back 
to the lumen through apical K channels (cell K is 
about 15 mV above electrochemical equilibrium 
[18]). Since CI accumulates in the cell above elec- 
trochemical equilibrium there is a driving force for 
the exit of C1 ion across the basolateral membrane. 
The C1 permeability in this membrane has not been 
fully characterized, but appears to be a Cl-selective 
channel. A portion of the serosal efflux of C1 may be 
due to KC1 cotransport [18]. 

Initial studies on transport in this system sug- 
gested that the major permeability in the apical 
membrane was a Na-C1 cotransport system and that 
Na recycling occurred across a cation-selective 
tight junction between the cells [7]. The process 
was proposed as an explanation of the serosa-nega- 
tive transepithelial PD. The ratio of net C1 to net Na 
fluxes in Table 2 (2.07) indicates that the magnitude 
of Na recycling is near zero. The serosa-negative 
PD appears to be due predominantly to the conjunc- 
tion of Na-K-2C1 cotransport with an apical K chan- 
nel that permits the recycling of the entering K. The 
short-circuit current is thus a function of both trans- 
cellular movements of Na + C1 and active K secre- 
tion. If one assumes that all of the incoming K 
through the cotransporter is recycled, then the 
source for net secretion of K is the Na-K ATPase in 
the basolateral membrane. In this sense, recycling 
of K entering through the cotransporter does not 
directly contribute to the tissue Iso. The secreted K 
(resulting from Na-K ATPase activity), however, 
contributes directly to the short-circuit current, ac- 
counting for approximately 20% (0.7 txeq/cm2/hr K 
secretion relative to a Is~ of 3.58/xeq/cm2/hr). The 
majority of the Isc measured in this system can be 
viewed as the difference between net Na and CI 
fluxes across the tissue. (J(net)C1 - J(net)Na) = 
2.3 ixeq/cmZ/hr relative to a Isc of 2.7 /xeq/cm2/hr 
from data in Table 2). Therefore the I~c is, for the 
most part, an indirect measurement of chloride 
transport. It is dependent on a functional cotrans- 
port system since inhibitors of cotransport like bu- 

metanide abolish (95% inhibition) the l~c and net CI 
flux. Inhibition of cotransport also results in an inhi- 
bition of net K secretion. This is presumably due to 
the fact that Na-K ATPase turnover, responsible 
for net K entry across the basolateral membrane, is 
regulated by the rate of Na entry across the brush 
border. Na entry can be reduced to near zero with 
bumetanide or furosemide. When cotransport is in- 
hibited by these diuretics, hyperpolarization of the 
apical membrane occurs and K approaches electro- 
chemical equilibrium. This reduces the driving 
force for K secretion. Thus the entire Isc, including 
the K secretion component, can be viewed as a di- 
rect function of the rate of Na-K-2C1 cotransport. 

The stoichiometry of Na-K-C1 cotransport has 
been determined in Ehrlich ascites cells, duck and 
ferret red cells, and squid giant axon by measure- 
ments of isotopic influx. In Ehrlich ascites cells [1 I] 
the stoichiometry was determined from experi- 
ments in which the extracellular concentrations of 
two of the three ions were kept constant while the 
concentration of the third was varied. The influxes 
of the two constant ion species were then plotted 
as a function of the third and the stoichiometry de- 
rived from the slope ratios. The stoichiometry was 
1Na:IK:2CI .  The same stoichiometry was re- 
ported for catecholamine-stimulated duck red cells 
as estimated from the ratio of furosemide-inhibit- 
able (Na + K) to CI influx [20]. However, in ferret 
red cells the ratios of bumetanide-sensitive influxes 
into SITS + DIDS treated cells at 21~ gave a stoi- 
chiometry of 2 Na: IK: 3C1 [17]. In squid giant 
axon a similar 2 : 1 : 3 stoichiometry was measured 
by comparing simultaneous bumetanide-inhibitable 
influx ratios of Na/K and CI/K [32]. Thus in non- 
epithelial cells Na-K-CI cotransport processes ap- 
pear to be electroneutral but display at least two 
different stoichiometries, depending upon the cell 
type. 

In epithelial tissues the stoichiometry of Na-K- 
C1 cotransport has not been so well established. In 
MDCK cells a stoichiometry of 1Na : 1K : 2C1 was 
proposed by McRoberts et al. [25] based on the fol- 
lowing indirect evidence: (i) transport of any one 
ion occurs only in the presence of the other two 
ions, (ii) the Hill coefficient for C1 dependence of 
Na and K uptake was greater than one suggesting 
more than one C1 site relative to Na or K, and (iii) 
valinomycin had no effect on transport, suggesting 
that the cotransport is electroneutral. In the rabbit 
TALH, the effect of Na, K and CI concentrations 
on Na uptake was measured in a membrane vesicle 
preparation by Koenig et al. [23]. The Hill coeffi- 
cients for Na, K and CI were 1.0, 0.98, and 1.8, 
respectively. In earlier studies on intact tubules, 
Greger and Schlatter [15] and Greger, [13], mea- 
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sured l~c as a function of Na concentration and chlo- 
ride concentration. Their observations led them to 
suggest that the cotransporter has a stoichiometry 
of 1Na:2C1 and is thus electrogenic. This stoichi- 
ometry seemed consistent with the lumen-positive 
transepithelial PD found there. In subsequent stud- 
ies, however, they found that luminal K was re- 
quired for Na and CI cotransport and this suggested 
to them a stoichiometry of 1Na: 1K:2C1 [14]. In 
each case the results from studies in epithelial tis- 
sues suggest electroneutral cotransport but whether 
the stoichiometry is 1 : 1 : 2 or 2 : 1 : 3 or some other 
combination has not been rigorously established. 

In the present study we determined the stoichi- 
ometry of Na-K-CI cotransport in flounder intestine 
by measuring the bumetanide-inhibitable influxes of 
NaC1 and RbC1 into the tissue. The stoichiometry 
was determined by calculating the ratio of C1 influx 
relative to Na and Rb influxes. Secondly, we mea- 
sured 86Rb influx at different Na, Rb and CI concen- 
trations and estimated the degree of cooperativity 
of C1 binding sites from a comparison of Hill coeffi- 
cients for each ion. Finally we examined the effects 
of Na and C1 concentrations on l~c as did Greger [13] 
in the TALH in rabbit kidney. Our results are simi- 
lar to those reported for rabbit kidney TALH where 
the dependence ofls~ on CI concentration showed a 
sigmoidal relationship. 

In previous studies, such as in MDCK cells and 
rabbit TALH vesicles, the effects of Na, K and CI 
concentrations on 86Rb or 22Na uptake have been 
measured and Hill coefficients reported. In these 
studies the sigmoidal relationship observed with 
changes in CI concentration (when substituted with 
gluconate) suggested that more than one binding 
site exists for CI. Since the stoichiometry of the 
cotransport process was not directly measured in 
these studies, the degree of cooperativity between 
CI binding sites could not be determined. In floun- 
der intestine, measurement of 86Rb influx and I~ as 
a function of C1 concentration both resulted in sig- 
moidal relationships. Analysis of the Hill coeffi- 
cients in view of the stoichiometry established by 
simultaneous tracer uptake measurements indicates 
that C1 binding to the cotransporter is highly coop- 
erative. 

Measurement of Is~ as a function of Na concen- 
tration in flounder intestine with NMDG as the sub- 
stituted cation resulted in an apparent affinity (Kl/2) 
of 7 raM. This Kv2 estimate was determined from 
dilution experiments where the Na concentration of 
both mucosal and serosal solutions was diluted us- 
ing Na-substituted Ringer solution. When these ex- 
periments were performed by initially eliminating 
Na from both solutions and then adding Na back to 
both sides of the tissue, a higher K~/2 value of 19 mM 

was found (data not shown). Greger [12] found a 
K1/2 of 3.6 mM for the effect of Na concentration on 
Isc in rabbit kidney. In his experiments Na was re- 
placed by either choline, TEA or Tris; no differ- 
ences in the Ki/2 for Na were observed for any of 
these cation substitutions. In a recent paper by 
Owen and Prastein [28], Rb influx into fibroblasts 
was measured as a function of Na concentration 
using choline and lithium as substitutes for Na. 
Both showed Michaelis-Menten type saturation ki- 
netics, but Li appeared to be transported to some 
degree and proved to be less effective than choline 
in inhibiting Rb influx. The K~/2 for Na was esti- 
mated to be 15 mM (choline substitution). In floun- 
der intestine, the effect of Na concentration on 86Rb 
influx yielded a different K~/2 for NMDG substitu- 
tion (5 mM) than for TEA substitution (38 mM). 
Thus the measured affinity for Na of the Na-K-C1 
cotransporter depends in part on the cation used to 
substitute for Na. 

The C1 concentration-dependence of Na-K-C1 
cotransport in flounder intestine (gluconate substi- 
tuted for C1) showed a sigmoidal relationship with a 
Kv2 of 46 mM with respect to Isc and 20 mM with 
respect to Rb influx. In rabbit TALH, Greger [13] 
found a similar K1/2 value for C1 (50 raM) when C1 
was substituted with NO3.  The reason for the differ- 
ence we observed between Kv2 values for Isc and for 
86Rb influx measurements is uncertain. It is worth 
noting that I~ reflects the net fluxes of Na and C1 
across the apical membrane whereas 86Rb influx 
measurements reflect unidirectional fluxes. This 
suggests that under some circumstances there is a 
significant back flux of these ions from cell to lumen 
via the cotransporter. Measurements of intracellu- 
lar CI at varying extracellular C1 concentrations are 
needed to further evaluate this possibility. 

Previous measurements in fibroblasts, Hela 
cells and ferret red cells have shown that the shape 
and K1/2 of CI titration curves is dependent upon the 
substituted anion [1, 28]. In fibroblasts, substitution 
with gluconate gave a sigmoidal relationship with a 
Kin of 30 mM. Anions such as Br, acetate, I, and 
SCN caused an increase in the Kv2 value and gave 
hyperbolic curves, instead of the sigmoidal relation- 
ship observed with gluconate. The reason for the 
differences observed with various substituted an- 
ions is presently unclear, but suggests that the sub- 
stituted anions were transported in place of the sec- 
ond CI. 

Although ouabain, by eliminating ion gradients, 
would be expected to inhibit net transport, it is 
somewhat surprising that it also inhibits unidirec- 
tional influx through the cotransporter. There there- 
fore appears to be a mechanism for feedback inhibi- 
tion of cotransport. Preliminary experiments 
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suggest that the Na/K pump inhibitors ouabain and 
vanidate increase cGMP concentration in flounder 
intestine (M.C. Rao and M. Field, unpublished). 
Since cGMP inhibits Na-K-C1 cotransport in floun- 
der intestine [30], this could be the mechanism for 
feedback inhibition. 

In conclusion, we have determined the stoichi- 
ometry of Na-K-CI cotransport in flounder intestine 
to be 1Na : 1K : 2C1. Analysis of CI concentration 
effects on 86Rb uptake and on Isc indicate a high 
degree of cooperativity between the two CI binding 
sites. Comparison of the ratio of net transepithelial 
Na and C1 fluxes (1 : 2) indicates that Na recycling 
from the serosa to mucosa does not significantly 
contribute to the Isc. It also suggests that in the 
open-circuit condition the cation selectivity of the 
tight junction allows for passive Na uptake in re- 
sponse to the transepithelial electric potential. Fi- 
nally, the effects of serosal ouabain on Na-K-2C1 
cotransport suggest that a feedback mechanism be- 
tween the Na-K ATPase and Na-K-2C1 cotranspor- 
ter exists and may be mediated by cGMP. 
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