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Summary. Sodium (22Na) t ransport  was studied in a basolateral 
m e m b r a n e  vesicle preparat ion from rabbit parotid. Sodium up- 
take was markedly  dependent  on the presence  of both K + and 
C1- in the extravesicular  medium,  being reduced 5 t imes when 
K + was replaced by a nonphysiologic cation and 10 t imes when 
CI - was replaced by a nonphysiologic anion. Sodium uptake was 
st imulated by gradients of  eitber K + or CI- (relative to nongra- 
dient conditions) and could be driven against  a sodium concen- 
tration gradient by a KCI gradient. No effect of  membrane  poten- 
tials on KCI-dependent  sodium flux could be detected,  indicating 
that this is an electroneutral  process.  A KCI-dependent  compo- 
nent  of  sodium flux could also be demons t ra ted  under  equilib- 
rium exchange  condit ions,  indicating a direct effect of  K + and 
CI- on the sodium transport  pathway.  KCl-dependent  sodium 
uptake exhibited a hyperbolic dependence  on sodium concentra-  
tion consis tent  with the exis tence of  a single-transport  sys tem 
with K,, = 3.2 mM at 80 mM KCI and 23~ Furosemide  inhibited 
this t ransporter  with K0s - 2 x l0 -4 g (23~ When sodium 
uptake was measured  as a function of potass ium and chloride 
concent ra t ions  a hyperbolic dependence  on [K] (Hill coefficient 
= 0.87 _+ 0.09) and a sigmoidal dependence  on [CI] (Hill coeffi- 
cient = 1.31 -+ 0.07) were observed,  consis tent  with a Na/K/CI  
s toichiometry of  1 : 1 : 2 .  Taken together  these data provide 
s trong evidence for the electroneutral  coupling of  sodium and 
KC1 m o v e m e n t s  in this preparation and strongly support  the 
hypothes is  that a Na+/K+/CI cotransport  sys tem thought  to be 
associa ted  with transepithelial chloride and water  movemen t s  in 
many  exocrine glands is present  in the parotid acinar basolateral 
membrane .  
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Introduction 

Salivary gland acini secrete an isotonic plasma-like 
fluid into the lumen of the secretory endpiece [39]. 
Although a number of early studies indicated that 
Na +, K + and C1- play important roles in the forma- 
tion of this primary saliva (e.g., ref. 19), until re- 
cently there has been little understanding of this 
process. Over the past few years, however, several 
groups have provided evidence that the mechanism 
underlying primary fluid secretion by the salivary 

acinar epithelium is similar to the one originally pro- 
posed for the shark rectal gland [4, 33] and subse- 
quently suggested for a number of other secretory 
epithelia [8, 27] including lacrimal glands [7, 32], 
tracheal epithelium [38] and colon [12]. The main 
functional components of the proposed system are: 
(i) a loop-diuretic-sensitive Na+/K+/C! cotrans- 
porter located in the basolateral membrane of the 
acinar cells (in some tissues a K+-independent Na+/ 
CI- cotransporter may instead be involved), (ii) an 
apical conductive pathway for CI-, and (iii) the 
Na +,K+-ATPase. According to this model (see Fig. 
1) the electrochemical gradient for Na + generated 
by Na +,K+-ATPase causes Cl- to be driven into the 
acinar cell against its electrochemical gradient via 
the basolateral cotransporter. C1- then diffuses 
down its electrochemical gradient into the acinar 
lumen via the apical chloride conductance, and Na + 
follows, presumably by leaking through the tight 
junctions between the cells, in order to preserve 
electrical neutrality. The resulting osmotic gradient 
for NaC1 causes a net transepithelial movement of 
water from blood to lumen. A similar scheme is 
thought to apply in reverse in some absorptive epi- 
thelia where the cotransporter and the chloride 
channel are localized to the apical and basolateral 
membranes, respectively [10, 23]. 

To date the evidence supporting the above 
model in salivary glands, indeed in most exocrine 
glands, is somewhat indirect. Several studies have 
demonstrated inhibition of salivary secretion in per- 
fused submandibular glands when the perfusion so- 
lution was modified by C1- replacement or by furo- 
semide addition [2, 13, 20, 21, 29]. Poulsen and 
collaborators [24, 28] have demonstrated that furo- 
semide inhibits C1- and Na + fluxes in isolated rat 
parotid acini. Martinez and Cassity [22] have shown 
that 36C1 uptake into dispersed submandibular acini 
was reduced 40 to 50% when furosemide was 
present or when K was replaced in the incubation 
medium. More recently we have demonstrated 
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Fig. 1. Model for exocrine gland fluid secretion. See text for 
details 

more dramatic reductions (80 to 95%) in 36C1 fluxes 
in dispersed parotid acini [14] under similar experi- 
mental conditions to those employed by Martinez 
and Cassity. 

In the present study we provide direct evidence 
for the existence of the proposed basolateral Na+/ 
K+/CI - cotransporter by examining the sodium 
transport properties of isolated basolateral mem- 
brane vesicles from the rabbit parotid. 

Materials and Methods 

VESICLE PREPARATION 

Basolateral membrane vesicles (BLMV) 1 were prepared from 
rabbit parotid by the Percoll | gradient method described below. 
The procedure for one animal (approximately 1 g of parotid tis- 
sue) is given. We frequently processed the tissue from 6 to 12 
rabbits simultaneously. One mM EDTA was present in all buffers 
to inhibit a potent phospholipase A2 known to be present in the 
rabbit parotid [3]. 

White New Zealand female rabbits were sacrificed by de- 
capitation (all subsequent steps were carried out at 4~ The 
parotid glands were removed, dissected free of lymph nodes, 
superficial fat and connective tissue and placed in 200 to 300/zl of 
Homogenization Medium (10 mM Tris/HEPES containing 10% 
sucrose, 1 mM EDTA and 0.1 mM PMSF). The glands were then 

1 Abbreviat ions:  10 mM Tris/HEPES, 10 mM HEPES (N-2- 
hydroxyethylpiperazine-N'-2-ethanesulfonic acid) buffered with 
Tris to pH 7.4; EDTA, ethylenediaminetetraacetic acid; PMSF, 
phenylmethylsufonyl fluoride; BLMV, basolateral membrane 
vesicles; NMDG, N-methyl-D-glucamine. 

minced into approximately l mm 3 pieces using fine scissors and 
diluted in Homogenization Medium to a total volume of 10 ml. 
This parotid mince was left on ice for several minutes to allow 
any remaining fatty tissue to float to the top. Floating tissue 
fragments were removed by aspiration and the volume was again 
made up to 10 ml with Homogenization Medium. The parotid 
mince was then homogenized by two 10-sec bursts at power level 
5 in a Polytron (Brinkman Instruments, Westbury, N.Y.). The 
resulting homogenate was spun at 2500 x g for 15 rain in a 
Beckman J2-21 centrifuge fitted with a JA-20 rotor. The superna- 
tant from this spin was saved on ice while the pellet was resus- 
pended in 10 ml of Homogenization Medium and rehomogenized 
and spun as before. The combined supernatants from these two 
spins were filtered through a fine nylon mesh (Nitex 155/z from 
Tetko Inc., Elmsford, N.Y.) and spun at 22,000 x g for 20 min. 

The supernatant from the above high-speed spin was dis- 
carded and the pellet was suspended in a few ml of Buffer A (10 
mM Tris/HEPES with 100 mN mannitol) containing 1 mM EDTA, 
passed once through a 25-gauge needle and once through a 30- 
gauge needle, then diluted to 10.4 ml with the same buffer. Fol- 
lowing the addition of 2.6 ml Percoll (20% by volume) this mate- 
rial was spun at 41,500 x g for 30 rain in a Beckman JA-20.1 
rotor. The upper 1.5 to 2.0 ml of the resulting Percoll gradient 
typically contained no measurable protein. Below this there was 
a dense white band of membranous material 2.5 to 3.0 ml in 
volume. The upper 1.25 ml of this band (the "BLMV fraction") 
was harvested, diluted into 20 ml of Buffer A containing 100 mN 
KC1 and 1 mM EDTA, and spun at 48,000 x g for 20 min. This 
spin resulted in a soft membranous pellet covering a firm Percoll 
pellet. This membranous pellet was resuspended in 10 ml of 
Buffer A containing 100 mN KC1 and 1 mN EDTA, repelleted 
and taken up at a protein concentration of 3.75 mg/ml in the same 
buffer. Aliquots (200 tzl) of this material were fast frozen in liquid 
nitrogen and stored over liquid nitrogen until use. 

UPTAKE MEASUREMENTS 

(RAPID FILTRATION TECHNIQUE) 

On the day of the uptake experiment frozen aliquots of rabbit 
parotid BLMV were thawed at room temperature for 20 min, 
diluted 100 times with appropriate media for the uptake experi- 
ment, and spun at 48,000 x g for 20 rain. The resulting pellets 
were taken up in the same media at a protein concentration of 
approximately 2 mg/ml. 

The procedure for uptake measurements was as follows. A 
10-/zl aliquot of vesicles was placed in a 12 x 75 test tube and at 
time zero a 40-/zl aliquot of incubation medium containing radio- 
actively labeled ligands and other constituents as required was 
added. After an appropriate time the reaction was terminated by 
the addition of 1.5 ml of ice-cold stop solution (see below). After 
addition of the stop solution the vesicles were applied to a Milli- 
pore filter (HAWP 0.45/zm) under light suction. The filter, which 
retained the BLMV, was then washed with a further 6.0 ml of 
stop solution, placed in a scintillation vial with 1 ml of water and 
10 ml of Filtron X (National Diagnostics) and counted for radio- 
activity along with samples of the incubation medium and appro- 
priate standards. 

The stop solution was Buffer A containing 350 mM KNO3. 
The entire stopping and washing procedure took less than 30 sec, 
during which the vesicles were in contact with the stop solution 
for less than 15 sec. From control experiments in which the time 
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the vesicles were left in the stop solution was prolonged [35], we 
have established that no significant loss of 2ZNa occurs during the 
stopping and washing procedure. 

All data were corrected for nonspecific trapping of ZZNa by 
the membranes and filter by subtracting the "uptake" observed 
at "zero time." "Zero time uptake" (typically 0.07 -+ 0.02 nmol/ 
mg protein at 1 mM Na) was determined by dispensing the stop 
solution onto the vesicles before the addition of the incubation 
medium, then filtering and washing as usual (see above). 

The detailed composition of the various media used in each 
experiment is given in the Figure and Table legends. Tracer 22Na 
was typically used at a concentration of 20/zCi/ml. All experi- 
mental points were carried out in triplicate at 23~ The errors 
shown in the Tables and Figures (provided they are large enough 
to illustrate) are standard deviations. In control experiments (not 
shown) it was established that ZZNa uptake was linear with time 
for at least 15 sec for the entire range of experimental conditions 
considered in the paper. Unless otherwise noted, all flux mea- 
surements were made at 15 sec and therefore represent initial 
uptake rates. Except where indicated the results of a single rep- 
resentative experiment are shown. 

CALCULATIONS 

In least-squares fits to the data, points were weighted according 
to their relative experimental errors. The errors quoted in the 
text on least-squares parameters are standard deviations. Least- 
squares fits to the Hill equation (see text) were carried out as 
described in ref. [9]. 
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Fig. 2. Distribution of marker enzymes K-stimulated p-ni- 
trophenyl phosphatase (solid line) and dipeptidyl peptidase IV 
(broken line) after centrifugation of 22,000 x g crude membrane 
pellet in a self-orienting Percoll gradient (see Materials and 
Methods). Enzyme activities are plotted as percentage of the 
maximum activity observed. The locations of the peaks of suc- 
cinic dehydrogenase (sdh) and acid phosphatase (ac. p.) are also 
indicated. The upper 1.75 ml of the gradient typically contained 
no measurable protein and was taken as Fraction 1. The remain- 
der of the gradient was divided into nine 1.25-ml aliquots, the 
first of which (Fraction 2) was the BLMV preparation discussed 
in the paper. Results of three independent experiments have 
been averaged. Error bars have been omitted from the figure for 
clarity; the standard deviations on the points are typically < 10% 
for K-stimulated p-nitrophenyl phosphatase and -< 15% for dipep- 
tidyl peptidase IV 

ENZYME ASSAYS Results 

The BLMV preparation procedure was monitored by assaying 
for the activities of enzymes characteristic of basolateral 
membranes (K+-stimulated p-nitrophenyl phosphatase), luminal 
membranes (dipeptidyl peptidase IV--the localization of 
this enzyme to the luminal membrane of parotid acinar cells 
has recently been demonstrated by Sahara and Suzuki, ref. 
[30], mitochondria (succinic dehydrogenase) and lysosomes 
(acid phosphatase). K+-stimulated p-nitophenyl phosphalase 
(KpNPPase) was assayed according to reference [37], dipeptidyl 
peptidase IV was assayed according to reference [17] using Gly- 
Pro p-nitroanilide as substrate, and succinic dehydrogenase was 
assayed according to reference [26]. Acid phosphatase was mea- 
sured at pH 4.8 in a 90-mM sodium citrate buffer containing 
0.15% Triton X-100 and 5.4 mM p-nitrophenyl phosphate as sub- 
strate. Protein was determined using the Bio-Rad protein assay 
kit (Bio-Rad Laboratories, Richmond, Calif.) with bovine 
gamma globulin as the standard. 

MATERIALS 

Radioisotopes were from Amersham (Arlington Heights, Ill.). 
Furosemide was purchased from Sigma Chemical Co. (St. Louis, 
Mo.). N-methyl-D-glucamine was from Aldrich (Milwaukee, 
Wis.) and the methyl sulfate salts of sodium and potassium were 
from Kodak (Rochester, N.Y.). All other chemicals were from 
standard commercial sources and were reagent grade or the high- 
est purity available. 

ENZYMATIC CHARACTERIZATION 

OF VESICLE PREPARATION 

Figure 2 shows the distribution of the marker en- 
zymes KpNPPase (basolateral membranes) and di- 
peptidyl peptidase IV (apical membranes) following 
isopycnic centrifugation of the "crude membrane 
fraction" in 20% Percoll (see Materials and Meth- 
ods). The locations of the peaks of the activities 
of succinic dehydrogenase (mitochondria) and 
acid phosphatase (lysosomes) are also indicated. 
KpNPPase activity is clearly localized to a single 
band on the gradient (Fraction 2) far from the peaks 
of succinic dehydrogenase and acid phosphatase ac- 
tivities. Dipeptidyl peptidase IV activity on the 
other hand is more diffusely distributed showing 
two peaks, one in Fraction 2 and the other in Frac- 
tion 9. Based on its high enrichment in KpNPPase 
activity we have chosen Fraction 2 in Fig. 2 as our 
BLMV preparation (see Materials and Methods). 
The average activities of KpNPPase, dipeptidyl 
peptidase IV, succinic dehydrogenase and acid 
phosphatase in the initial parotid homogenate as 
well as the recoveries and enrichments of these en- 
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Table 1. Enzymatic characterization of rabbit parotid basolat- 
eral membrane vesicles" 

Enzyme Activity in Enrichment % Recovery 
homogenate (vesicles/ (vesicles/ 
(~mol/mg) homogenate) homogenate) 
protein/hr) 

K+-stimulated 
p-nitrophenyl 
phosphatase 0.91 -+ 0.26 10.4 -+ 1.6 22 - 1 
Dipeptidyl 
peptidase IV 0.41 -+ 0.08 2.0 -+ 0.3 4.1 - 0.2 
Succinic 
dehydrogenase 0.17 -+ 0.02 0.51 -+ 0.05 1.1 +- 0.2 
Acid 
phosphatase 0.97 -+ 0.24 1.67 --- 0.08 3.6 -+ 0.6 

a Values are means -+ SD for three independent determinations. 
Enzyme activities are given as micromoles subtrate consumed 
per milligram protein per hour. 

zymes in the BLMV are given in Table 1. The purity 
of this BLMV preparation is quite similar to that 
obtained for a rat parotid BLMV preparation re- 
ported previously from our laboratory [34]; how- 
ever, the present preparation represents a signifi- 
cant improvement in yield, viz., a 22% recovery of 
basolateral marker in this preparation vs. a 10% re- 
covery with our previous method. We typically ob- 
tain approximately 2 mg vesicle protein/g rabbit 
parotid tissue with this procedure. 

INITIAL CHARACTERIZATION OF K C L - D E P E N D E N T  

SODIUM UPTAKE INTO RABBIT PAROTID B L M V  

Our initial studies of sodium uptake into the parotid 
BLMV preparation described above indicated a 
dramatic dependence on the presence of both K + 
and C1- in the extravesicular medium. These results 
are illustrated in Table 2. Here we compare the ini- 
tial uptake rate of 1 mM sodium measured in the 
presence of an extravesicular to intravesicular KC1 
gradient, to uptakes measured under similar condi- 
tions with various cations and anions replacing K § 
or C1-. When chloride is replaced by nitrate or 
methyl sulfate, sodium flux is reduced by 90 or 95%, 
respectively. Likewise when potassium is replaced 
by N-methyl-D-glucamine or tetramethyl ammo- 
nium, sodium flux is reduced by 80%. The effects of 
the loop diuretic furosemide on these fluxes are also 
shown in Table 2. Furosemide, at a concentration of 
3 mM, inhibits KCl-dependent sodium uptake by al- 
most 85%, but has no effect on sodium flux in the 
absence of K + or C1-. In control experiments (not 
shown) we have verified that the uptake of [3H]-D- 
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Table 2. Effects of K +, C1 and furosemide on the initial rate of 
Z2Na uptake into rabbit parotid BLMV ~ 

Incubation medium Relative uptake 

- furosemide + furosemide 

KC1 1.00 0.14 -+ 0.01 
KNO3 0.10 -+ 0.01 0.09 -~ 0.01 
K methyl sulfate 0.04 -+ 0.01 0.05 -+ 0.01 
N-methyl D-glucamine C1 0.20 - 0.02 0.23 -+ 0.02 
Tetramethyl ammonium CI 0.17 -+ 0.01 0.17 -+ 0.01 

a BLMV were prepared in Buffer A containing 1 mM EDTA. The 
incubation media were Buffer A containing (final concentrations) 
80 mM of the salt indicated plus 1 mM 22Na methyl sulfate with or 
without 3 mM furosemide. All results have been normalized to 
the uptake observed in the presence of KC1. 

mannitol into the BLMV preparation is not affected 
by any of the experimental conditions considered in 
Table 2, indicating that the above effects are not due 
to nonspecific alterations in vesicle integrity. 

The results shown in Table 3 demonstrate that 
sodium uptake into parotid BLMV is not only de- 
pendent on the presence of K + and C1- but also on 
the presence of gradients of these ions. Sodium up- 
take is reduced 15% by the elimination of the Cl- 
gradient, 55% by elimination of the K + gradient and 
70% by elimination of both gradients. 

The time course of 1 mM sodium uptake into the 
BLMV preparation in the presence of an initial ex- 
travesicular to intravesicular KCI gradient is illus- 
trated in Fig. 3. This sodium uptake curve exhibits a 
transient "overshoot" of the intravesicular 22Na 
concentration above its equilibrium value. This 
well-known overshoot phenomenon [35] indicates 
that the vesicle preparation is capable of catalyzing 
the concentrative uptake of sodium in the presence 
of an inwardly directed KC1 gradient. 

The above experiments demonstrate that virtu- 
ally all of the sodium flux into our rabbit parotid 
BLMV preparation is mediated by a loop diuretic- 
sensitive, K + and C1--dependent transport path- 
way. Maximal sodium uptake via this pathway re- 
quires gradients of both of these ions. Moreover, in 
the presence of a KC1 gradient (out > in) this trans- 
port system is capable of driving sodium into the 
vesicles against a concentration gradient. These 
results are consistent with the existence of the pro- 
posed Na+/K+/C1--coupled transport system in the 
parotid acinar basolateral membrane. 

EFFECTS OF MEMBRANE POTENTIALS 

It is possible that at least some of the stimulation of 
sodium flux by K + and C1- observed in Table 2 
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Table 3. Effects  of  K"  and CI gradients on the initial rate of  
ZZNa uptake into rabbit parotid B L M V  a 

Exper imenta l  condit ion Relative uptake 

KC1 gradient  1.00 
K gradient,  C1 equil ibrium 0.84 -+ 0.04 
K equilibrium, CI gradient  0.42 -+ 0.02 
KC1 equil ibrium 0.33 _+ 0.02 

a B L M V  were prepared in Buffer  A containing 1 mM EDTA and 
100 mM of  either NMDG-NO3,  NMDG-CI,  KNO3 or KC1. The 
incubation media  were such that  the final extravesicular  concen- 
tration of KC1, NMDG-NO3,  and 22Na methyl  sulfate were 100, 
20 and 1 raM, in every  case.  All results  have been normalized to 
the uptake observed  with a KCI gradient.  
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Fig. 3. T imed uptake of  1 mM 22Na in the presence of an initial 80 
mM extravesicular  to intravesicular  KC1 gradient. B L M V  were 
prepared in Buffer A containing 1 mM EDTA.  The incubation 
medium was Buffer A containing (final concentrat ions)  80 mM 
KCI and 1 mM 22NaCI 

could arise as the result of diffusion potentials (in- 
duced by the various ion gradients employed) acting 
on a Na+-conductive pathway. In order to examine 
this and other questions we have devised a proce- 
dure for "clamping" BLMV membrane potentials. 
The basis of this method is to equilibrate the BLMV 
with a 100-raM solution of the permeant anion NO3 
and to add 100 mM NO3 to all extravesicular solu- 
tions. In this way one hopes to clamp the trans- 
BLMV membrane potential at the NO3 diffusion po- 
tential (zero). The effectiveness of this maneuver 
was tested using the membrane potential-sensitive 
cyanine dye diS-C2-(5) (3,3'-diethylthiadicarbo- 
cyanine iodide). Figure 4A shows that when BLMV 
loaded with KC1 are diluted into isotonic mannitol 
containing diS-C2-(5) a significant decrease in fluo- 
rescence is observed indicating the induction of an 
inside-negative KCI diffusion potential. Figure 4B 
shows the results of a similar experiment carried 
out at I00 mM NMDG-NO3 equilibrium. Under 
these conditions a much smaller decrease in fluores- 
cence is seen. A similar decrease is also observed 
when KCl-loaded vesicles are diluted into isotonic 

147 

100 B C 

vol 

o 6 i o 2 - - ~  ,2 o 2 ~ 6 
TIME (rain)  

Fig. 4. Effect iveness  of  NO3 equilibrium in clamping the B L M V  
membrane  potential at zero. (A) Vesicles were prepared in 
Buffer  A containing 1 mM E D T A  and 200 mM KC1. At t ime zero 
10 p,l of  vesicles (approx. 20/xg protein) were added to a cuvet te  
containing 2 ml of Buffer  A with 1 mM EDTA,  400 mM mannitol  
and approximately  0.75 /xM diS-C2-(5). F luorescence  was mea- 
sured in a Perkin E lmer  Fluorimeter  (Model MPF-44B) with ex- 
citation wavelength  set  at 590 nm and the emiss ion wavelength at 
670 nm. F luorescence  is plotted in arbitrary units.  (B) The proto- 
col was identical in all respects  to A except  that  an additional 100 
mM NMDG-NO3 was present  in both the intravesicular  and ex- 
t ravesicular  solutions.  (C) The protocol was the same as B ex- 
cept that 10 /xl o f  a val inomycin s tock solution (0.1 mg/ml  in 
EtOH) was added to the cuvet te  at the time indicated 

KC1 (data not shown). Thus this small change in 
fluorescence is probably due to binding of the (li- 
pophilic) dye to the BLMV. The fluorescence signal 
in Fig. 4B is stable for over 10 min, indicating that 
there is no significant variation of the potential from 
zero or near zero levels over this time interval. Fig- 
ure 4C verifies that diS-C2-(5) is still able to respond 
to membrane potentials under the experimental 
conditions of Fig. 4B. Here a dramatic decrease in 
fluorescence corresponding to the development of a 
large negative inside membrane potential is ob- 
served when the permeability of the vesicles to po- 
tassium is increased by the addition of the 
ionophore valinomycin. 

Table 4 shows the results of an experiment 
where the effects of chloride and potassium re- 
moval on sodium uptake are studied under voltage- 
clamped conditions. The stimulation of sodium up- 
take by KC1 observed in Table 2 is still present in 
the results shown in Table 4; thus, this effect could 
not be electrical in nature. This experiment also 
demonstrates that the small component of C1--de- 
pendent, K+-independent, sodium uptake observed 
in Table 2 persists under voltage-clamped condi- 
tions. 

Since sodium uptake into the parotid BLMV 
preparation obviously involves the participation of 
several other ions, presumably via a single coupled 
transport process, it is interesting to ask whether 
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Table 4. Effects of K + and C1- substitution on the initial rate of 
ZZNa uptake into rabbit parotid BLMV under voltage-clamped 
conditions a 

Incubation media Relative uptake 

KCI 1.00 
K methyl sulfate 0.13 + 0.02 
N-methyl-o-glucamine Cl 0.20 -+ 0.01 
Tetramethyl ammonium C1 0.20 -+ 0.02 

BLMV were prepared in Buffer A containing 1 mM EDTA and 
I00 mM NMDG-NO3. The incubation media were Buffer A con- 
taining (final concentrations) 100 mM NMDG-NO3, 1 mM 2ZNa 
methyl sulfate and 80 mM of the salt indicated. All results have 
been normalized to the uptake observed in the presence of KC1. 

Table 5. Effect of membrane potential on SCN- uptake and 
KCl-dependent sodium uptake into rabbit parotid BLMV ~' 

Substrate Uptake (nmol/mg/min) 

- val + val 

22Na 1.64 + 0.12 1.63 -+ 0.04 
[NC]SCN 2.55 + 0.23 3.82 -+ 0.21 

a BLMV were prepared in Buffer A containing lmM EDTA, 100 
mM NMDG-NO3 and 300 mM mannitol with or without valino- 
mycin (5/xg/mg protein). The incubation media were Buffer A 
containing 100 mM NMDG-NO3, 150 mM KC! and 1 mM 22Na 
methyl sulfate or 1 mM K [~4C]SCN. 

this transport event itself is electrogenic. This ques- 
tion is addressed in the experiment shown in Table 
5 where we investigate the effects of membrane po- 
tential on the KCl-dependent component of sodium 
uptake into the BLMV preparation. Here we take 
advantage of the result shown in Fig. 4C, namely 
that under NO3 equilibrium conditions a substantial 
KC1 diffusion potential is produced by the addition 
of valinomycin. Table 5 illustrates that the effect of 
this diffusion potential can be clearly seen on the 
uptake of the permeant anion thiocyanate into the 
gLMV; however, no effect on KCl-dependent so- 
dium uptake is detectable. This experiment sug- 
gests that the KCl-dependent component of sodium 
flux into this preparation occurs via an electroneu- 
tral transport process. 

DIRECT I N V O L V E M E N T  OF K + 

AND C[ + W I T H  THE N a  + TRANSPORT P A T H W A Y  

In the results presented above we have specifically 
ruled out the possibility that KCl-dependent sodium 
flux in the parotid BLMV preparation occurs via a 
Na+-conductive pathway coupled electrically to 
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Fig. 5. KCl-dependence of the equilibrium exchange flux of so- 
dium in BLMV. Vesicles were prepared in Buffer A containing 1 
mM EDTA, 1 mM Na methyl sulfate and 100 mM of either 
NMDG-C1 (A), K methyl sulfate (�9 or KC1 (0).  The incubation 
media contained tracer 22Na but were otherwise identical to the 
above loading buffers 

KC1 movements (diffusion potentials). It is, how- 
ever, possible that other types of indirect coupling 
between Na + and C1- and/or K + fluxes might ac- 
count for our observations. 2 In the experiment 
shown in Fig. 5 we examine the roles of K + and C1- 
in sodium transport more closely. Here we have 
measured the equilibrium exchange flux of Na + in 
the presence and absence of these ions. This Figure 
demonstrates that there is a KCl-dependent compo- 
nent of sodium uptake under equilibrium exchange 
conditions. Since there are no gradients present in 
this experiment, this stimulation could not be due to 
indirect coupling effects and must arise as a result 
of a direct interaction of both K + and C1- with the 
sodium transport pathway. Thus this experiment ar- 
gues strongly in favor of the existence of a KC1- 
dependent sodium transport pathway in the parotid 
BLMV preparation. 

K I N E T I C S  OF K C L - D E P E N D E N T  S O D I U M  UP TAKE 

Figure 6 shows the results of an experiment in 
which KCl-dependent sodium flux was measured as 

2 For example, C1--dependent Na + movement across the 
brush-border membrane of the small intestine has been shown to 
be due to two independent transport systems, a Na+/H + ex- 
changer and a C1-/OH- exchanger [18]. Thus, in this membrane 
sodium and chloride fluxes are coupled indirectly via A/xrt+. This 
type of indirect coupling can also be ruled out here since we have 
been unable to detect any significant component of either Na+/ 
H + exchange or C1-/OH exchange in our preparation under the 
experimental conditions employed in our studies (R.J. Turner, 
J.N. George and B.J. Baum, unpublished observations). 
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Fig. 6. KCl-dependent sodium flux measured as a function of 
sodium concentration. Vesicles were prepared in Buffer A con- 
taining 1 mM EDTA, 225 mM mannitol and 100 mM NMDG-NO3. 
The incubation media were Buffer A containing 100 mM NMDG- 
NO3, 100 mM KC1 and 0.5 to 12.5 mM NaC1 (final concentrations 
0.4 to 10 mM). NaC1 was replaced isosmotically with NMDG-C1 
to obtain the various sodium concentrations tested. Flux ob- 
served when chloride was replaced with methyl sulfate was sub- 
tracted from all measurements 

a function of sodium concentration. The data are 
illustrated as an Eadie-Hofstee plot. The linearity of 
this plot indicates that the data are fit well by the 
Michaelis-Menten equation and thus are consistent 
with the existence of a single KCl-dependent so- 
dium transport system in this preparation. Least- 
squares analysis of this plot yielded Km = 3.2 -+ 0.2 
and Vmax = 7.9 - 0.3 with r = 0.996. As a routine 
precaution, in this and the following experiments 
we have clamped membrane potentials using the 
NO3 equilibrium conditions discussed above. 

FUROSEMIDE INHIBITION 

The inhibition of KCl-dependent sodium flux by 
various concentrations of furosemide is illustrated 
in Fig. 7. The K05 for furosemide inhibition under 
these experimental conditions is 2 • 10 -4 M. 

DEPENDENCE ON [ K  +] AND [C1-] 

The dependence of sodium uptake on [K +] and 
[CI-] is illustrated in Fig. 8. The plot of sodium flux 
vs .  [K +] appears hyperbolic (lower panel) while that 
of sodium flux vs .  [CI-] is clearly sigmoidal (upper 
panel). This interpretation is confirmed quantita- 
tively when the data are fit to the Hill equation, 

flux = Vm[A~]I(K~a + [A"]). 

Least-squares fits yield Ka = 29.7 --- 1.4 mM and n = 
0.87 --+ 0.09 for K + and Ka = 90.2 --- 4.0 mM and n = 
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Fig. 7. Inhibition of KCl-dependent sodium flux by various con- 
centrations of furosemide. BLMV were prepared in Buffer A 
containing 1 mM EDTA, 300 mM mannitol and 100 mM NMDG- 
NO3. The incubation media were Buffer A plus 100 mM NMDG- 
NO3, 150 mM KC1, 1.25 mM 2ZNaC1 and sufficient furosemide to 
yield the concentrations indicated. Sodium uptake observed 
when C1 was replaced by methyl sulfate was subtracted from all 
points 

1.31 --- 0.07 for C1-. As discussed in more detail 
below, these results indicate the involvement of one 
potassium ion and multiple chloride ions in the so- 
dium transport event. 

Discussion 

In this paper we present the results of a series of 
experiments which characterize the sodium trans- 
port properties of rabbit parotid basolateral mem- 
brane vesicles. We show that sodium uptake into 
this preparation is markedly dependent on the pres- 
ence of both K + and C1- in the extravesicular me- 
dium, being reduced 80% when K § is replaced by a 
nonphysiologic cation and 90% when C1- is re- 
placed by a nonphysiologic anion (Table 2). We also 
show that, relative to KC1 equilibrium conditions, 
sodium uptake is enhanced by both a K § and a C1- 
gradient (Table 3) and that sodium transport can be 
driven against a concentration gradient by a KCI 
gradient (Fig. 3). The stimulation of sodium flux by 
KCI is not electrical in nature and thus cannot be 
due to KC1 diffusion potentials acting on a sodium- 
conductive pathway (Tables 4 and 5). Furthermore, 
we demonstrate the existence of a KCl-dependent 
component of sodium flux under equilibrium ex- 
change conditions (Fig. 5). This effect can only be 
explained by the direct effect of K + and C1- on the 
sodium transport pathway. Taken together these 
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Fig. 8. Dependence of sodium uptake into parotid BLMV on [K] 
and [CI]. Vesicles were prepared in Buffer A containing 1 mM 
EDTA, 100 mM NMDG-NO3 and 500 mM mannitol. Upper panel: 
The incubation media were Buffer A plus 100 mM NMDG-NO3, 
1.25 mM 22Na methyl sulfate and sufficient concentrations of KCI 
and K methyl sulfate to yield the final extravesicular chloride 
concentrations indicated and 200 mM potassium. Lower panel: 
The incubation media were as for the upper panel except that 
NMDG replaced potassium to give the concentrations indicated 
at 200 mM chloride. Data from two independent experiments were 
normalized to the uptake at 200 mM K (lower panel) or 200 mM CI 
(upper panel) and averaged to produce the figure. The lines 
drawn through the experimental points were calculated from the 
least-squares fits given in the text 

results provide strong evidence for the electroneu- 
tral coupling of sodium and KC1 movements in this 
preparation and strongly support the hypothesis 
that a Na+/K+/C1 - cotransporter, thought to be as- 
sociated with transepithelial chloride and water 
movements, is present in the parotid acinar baso- 
lateral membrane. 

In Fig. 6 we demonstrate that the KCl-depen- 
dent component of sodium flux in our parotid 
BLMV preparation exhibits a simple Michaelis- 
Menten-type dependence on sodium concentration 
consistent with the existence of a single transport 
system with Km = 3.2 mM at 80 mM KC1 and 23~ 
The sensitivity of this system to furosemide (K0.~ 
= 2 x 10 -4  in Fig. 7) is somewhat lower than that 
reported for other mammalian Na+/K+/CI- co- 
transporters [25]; however, this may be due to the 
fact that our measurements were not carried out at 
physiological ionic concentrations or temperatures. 

The nearly hyperbolic (n = 0.87 + 0.09) depen- 
dence of sodium flux on potassium concentration 
shown in Fig. 8 (lower panel) provides good evi- 
dence for a Na+/K + stoichiometry of 1 : 1 while the 

sigmoidal dependence of flux on chloride concen- 
tration (Fig. 8, upper panel) indicates that more 
than one chloride ion is involved in the sodium 
transport event. A fit of these data to the Hill equa- 
tion yielded n = 1.31 +_ 0.07 for the C1 /Na + stoichi- 
ometry. The derivation of the Hill equation is based 
on the assumption of strongly cooperative binding 
sites. In the case of reduced cooperativity the value 
of n resulting from a Hill-type analysis is expected 
to be an underestimate of the true stoichiometry, 
the magnitude of this underestimation increasing 
with decreasing cooperativity. Thus these results 
are in good agreement with the proposed 1:1:2  
stoichiometries of the Na+/K+/C1 cotransporters 
identified in several other tissues [25, 31]. Note, 
however, that although the above results provide 
good evidence for the involvement of one K + and 
two CI- in the KCl-dependent sodium transport 
event, we have not demonstrated directly in this 
paper that these ions are actually cotransported in 
this ratio since only sodium fluxes have been mea- 
sured here (see refs. 35 and 36 for a discussion of 
this point). 

The rabbit basolateral membrane vesicle prepa- 
ration used in our studies was enriched 10 times 
over the initial gland homogenate in the basolateral 
membrane marker KpNPPase (Table 1). There was 
also a modest enrichment (2 times) in the activity of 
the apical membrane marker dipeptidyl peptidase 
IV. However, owing to the pyramidal shape of the 
acinar cells [39], the total area of the basolateral 
membrane is expected to be at least an order of 
magnitude greater than that of the apical mem- 
brane. Thus the absolute contamination of the 
BLMV preparation by apical membranes is ex- 
pected to be very small. The small relative area of 
the apical membrane may also account for the two 
peaks of dipeptidyl peptidase IV activity seen in the 
fractions from the Percoll gradient (Fig. 2). It is 
expected that at least some plasma membrane frag- 
ments will contain regions from both the apical and 
basolateral surface. Fragments which are predomi- 
nantly basolateral will copurify with the basolateral 
membranes and "contaminate" them with their at- 
tached apical components. Owing to the large size 
of the basolateral surface relative to the apical sur- 
face, these heterogeneous fragments may account 
for a significant portion of the apical membranes of 
the acinar cells and thus a significant portion of the 
dipeptidyl peptidase IV activity. 

Na+/K+/C1 - cotransporters have been studied 
in vesicle preparations from three other epithelia, 
the shark rectal gland [6, 1 l], the renal thick ascend- 
ing limb of the loop of Henle [5, 15, 16], and the 
renal cultured cell line LLC-PK1 [1]. The thick as- 
cending limb and the LLC-PK1 cells are absorptive 
epithelia with the cotransporter localized to the api- 
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cal membrane, while the shark rectal gland, with 
the cotransporter localized to the basolateral mem- 
brane, is the only other secretory epithelium stud- 
ied to date. Qualitatively the results from these 
other vesicle preparations are similar to those pre- 
sented here in that sodium transport was dependent 
on the presence of both potassium and chloride and 
inhibited by loop diuretics. In general, however, the 
magnitude of the KCl-dependent component of so- 
dium transport is considerably larger in the parotid 
BLMV preparation described here than in these 
earlier vesicle systems, particularly when measured 
relative to the KCl-independent background flux. 
These observations indicate that the parotid baso- 
lateral membrane is relatively free from other 
KCI-independent sodium transport pathways and 
may be a richer source of the cotransporter. 

In both the thick ascending limb and LLC-PK1 
preparations stoichiometric determinations in good 
agreement with our results were found (i.e., results 
consistent with a Na+/K+/C1 - stoichiometry of 
1:1:2).  The half-saturation constants for sodium 
and potassium (cf. Figs. 6 and 8) in the thick as- 
cending limb preparation (1.3 • 0.4 and 22.3 - 9.7 
mM, respectively, ref. 16) are close to our values 
(3.2 --+ 0.2 and 29.7 • 1.4 mM, respectively); how- 
ever, the half-saturation constant for chloride (15.3 
• 0.7 mM, [16]) is quite different from ours (90.2 
• 4.0 m~). Since these experiments were carried 
out under very similar conditions with tissue from 
the same species (rabbit) it is interesting to specu- 
late that this difference in chloride affinity may be 
related to the tissue of origin, viz., absorptive vs. a 
secretory epithelium. 

The results of the present paper provide direct 
evidence for the existence of a basolateral Na+/K+/ 
C1- cotransport system in the rabbit parotid and 
thus strongly support the model for exocrine fluid 
secretion illustrated in Fig. 1. 

We thank Dr. Anne Walter for help and advice with fluorescence 
measurements. 

References 

1. Brown, C.D.A., Murer, H. 1985. Characterization of a 
Na : K : 2C1 cotransport system in the apical membrane of a 
renal epithelial cell line (LLC-PKI). J. Membrane Biol. 
87:131-139 

2. Case, R., Hunter, M., Novak, I., Young, J.A. 1984. The 
anionic basis of fluid secretion by the rabbit mandibular sali- 
vary gland. J. Physiol (London) 349:619-630 

3. Castle, A.M., Castle, J.D. 1981. The purification and partial 
characterization of phospholipase Az, a secretory protein of 
rabbit parotid gland. Biochim. Biophys. Acta 666:259-274 

4. Epstein, F.H., Stoff, J.S., Silva, P. 1983. Mechanism and 
control of hyperosmotic NaCl-rich secretion by the rectal 
gland of Squalus acanthias. J. Exp. Biol. 106:25-41 

5. Eveloff, J., Kinne, R. 1983. Sodium-chloride transport in the 

medullary thick ascending limb of Henle's loop: Evidence 
for a sodium-chloride cotransport system in plasma mem- 
brane vesicles. J. Membrane Biol. 72:173-181 

6. Eveloff, J., Kinne, R., Kinne-Saffran, E., Murer, H., Silva, 
P., Epstein, F.H., Stoff, J., Kinter, W.B. 1978. Coupled 
sodium and chloride transport into plasma membrane vesi- 
cles prepared from dogfish rectal gland. Pfluegers Arch. 
378:87-92 

7. Findlay, I., Petersen, O.H. 1985. Acetylcholine stimulates a 
Ca~+-depeudent C1- conductance in mouse lacrimal acinar 
cells. Pfluegers Arch. 403:328-330 

8. Frizzell, R.A., Field, M., Schultz, S.G. 1979. Sodium-cou- 
pled chloride transport by epithelial tissues. Am. J. Physiol. 
236:F1-F8 

9. Fukahara, Y., Turner, R.J. 1985. Cation dependence of renal 
outer cortical brush border membrane L-glutamate transport. 
Am. J. Physiol. 248:F869-F875 

10. Greger, R., Schlatter, E. 1983. Properties of the basolateral 
membrane of the cortical thick ascending limb of Henle's 
loop of rabbit kidney. Pfluegers Arch. 396:325-334 

11. Hannafin, J., Kinne-Saffran, E., Friedman, D., Kinne, R. 
1983. Presence of a sodium-potassium chloride cotransport 
system in the rectal gland of Squalus acanthias. J. Mem- 
brane Biol. 75:73-83 

12. Heintze, K., Stewart, C.P., Frizzell, R.A. 1983. Sodium- 
dependent chloride secretion across rabbit descending co- 
lon, Am. J. Physiol. 244:G357-G365 

13. Hunter, M., Case, R.M., Young, J.A. 1982. Ionic depen- 
dence of secretion by the rabbit mandibular salivary gland. 
In: Electrolyte and Water Transport Across Gastrointestinal 
Epithelia. R.M. Case, A. Garner, L.A. Turnberg, and J.A. 
Young, editors, pp. 161-166. Raven, New York 

14. Kawaguchi, M., Turner, R.J., Baum, B.J. 1986. CI- and Rb + 
uptake by rat parotid acinar cells: Evidence for a significant 
role of Na+/K+/C1 - cotransport. Arch. Oral Biol. (in press) 

15. Kinne, R., Hannafin, J.A., Konig, B. 1985. Role of the 
NaCI-KCI cotransport system in active chloride absorption 
and secretion. Ann. N.Y. Acad. Sei. 456:198-206 

16. Koenig, B., Ricapito, S., Kinne, R. 1983. Chloride transport 
in the thick ascending limb of Henle's loop: Potassium de- 
pendence and stoichiometry of the NaCI cotransport system 
in plasma membrane vesicles. Pfluegers Arch. 399:173-179 

17. Kojima, K., Hama, T., Kato, T., Nagatsu, T. 1980. Rapid 
chromatographic purification of dipeptidyl peptidase IV in 
human submaxillary gland. J. Chromatog. 189:233-240 

18. Liedtke, C.M., Hopfer, U. 1982. Mechanism of CI-translo- 
cation across small intestinal brush border membrane. I. Ab- 
sence of Na+-CI ~ cotransport. Am. J. Physiol. 242:G263- 
G271 

19. Lundberg, A. 1957. Anionic dependence of secretion and 
secretory potentials in the perfused sublingual gland. Acta 
Physiol. Scand. 40:101-112 

20. Martinez, J.R., Cassity, N. 1983. Effect of transport inhibi- 
tors on secretion by perfused rat submandibular gland. Am. 
J. Physiol. 245:G711-G716 

21. Martinez, J.R., Cassity, N. 1985. C1- requirement for saliva 
secretion in the isolated, perfused rat submandibular gland. 
Am. J. Physiol. 249:G464-G469 

22. Martinez, J.R., Cassity, N. 1985.36C1 fluxes in dispersed rat 
submandibular acini: Effects of acetylcholine and transport 
inhibitors. Pfluegers Arch. 403:50-54 

23. Musch, M.W., Orellana, S.A., Kimberg, L.S., Field, M., 
Halm, D.R., Krasny, E.T., Frizzell, R.A. 1982. Na/K/CI 
cotransport in a salt-absorbing epithelium. Nature (London) 
300:351-353 



152 R.J. Turner et al.: Na§ Cotransport 

24. Nanntofte, B., Poulsen, J.H. 1984. Chloride transport in rat 
parotid acini: Furosemide-sensitive uptake and calcium-de- 
pendent release. J. Physiol. (London) 357:61P 

25. Palfrey, H.C., Rao, M.C. 1983. Na/K/CI co-transport and its 
regulation. J. Exp. Biol. 106:43-54 

26. Pennington, R.J. 1961. Biochemistry of dystrophic muscle. 
Biochem. J. 80:649-654 

27. Petersen, O.H., Maruyama, Y. 1984. Calcium-activated po- 
tassium channels and their role in secretion. Nature (Lon- 
don) 307:693-696 

28. Poulsen, J.H., Kristensen, L.O. 1982. Is stimulation-in- 
duced uptake of sodium in rat parotid acinar cells mediated 
by a sodium/chloride co-transport system? ln: Electrolyte 
and Water Transport Across Gastrointestinal Epithelia. 
R.M. Case, A. Garner, L.A. Turnberg, and J.A. Young, 
editors, pp. 199-208. Raven, New York 

29. Poulsen, J.H., Laugesen, L.P., Nielsen, J.O.D. 1982. Evi- 
dence supporting that baso-laterally located Na+-K +- 
ATPase and a co-transport system for sodium and chloride 
are key elements in secretion of primary saliva. In: Electro- 
lyte and Water Transport Across Gastrointestinal Epithelia. 
R.M. Case, A. Garner, L.A. Turnberg, and J.A. Young, 
editors, pp. 157-159. Raven, New York 

30. Sahara, N., Suzuki, K. 1984. Ultrastructural localization of 
dipeptidyl peptidase IV in rat salivary glands by immunocy- 
tochemistry. Cell Tissue Res. 235:427-432 

31. Saier, M.H., Boyden, D.A. 1984. Mechanism, regulation 
and physiological significance of the loop diuretic-sensitive 
NaC1/KC1 symport system in animal cells. Mol. Cell. Bio- 
chem. 59:11-32 

32. Saito, Y., Ozawa, T., Hayashi, H., Nishiyama, A. Acetyl- 
choline-induced change in intracellular CI activity of the 
mouse lacrimal acinar cells. Pfluegers Arch. 405:108-111 

33. Silva, P., Stoff, J., Field, M., Fine, L., Forrest, J.N., Ep- 
stein, F.H. 1977. Mechanism of active chloride secretion by 
shark rectal gland: Role of Na-K-ATPase in chloride trans- 
port. Am. J. Physiol. 233:F298-F306 

34. Takuma, T., Baum, B.J. 1985. Na§ transport of 
a-aminoisobutyrate in isolated basolateral membrane vesi- 
cles from rat parotid glands. Biochim. Biophys. Acta 
812:453-459 

35. Turner, R.J. 1983. Quantitative studies of cotransport sys- 
tems: Models and vesicles. J. Membrane Biol. 76:1-15 

36. Turner, R.J. 1985. Stoichiometry of cotransport systems. 
Ann. N.Y.  Acad. Sci. 456:10-25 

37. Turner, R.J., Moran, A. 1982. Heterogeneity of sodium-de- 
pendent D-glucose transport sites along the proximal tubule: 
Evidence from vesicle studies. Am. J. Physiol. 242:F406- 
F414 

38. Welsh, M.J., Smith, P.L., Frizzell, R.A. 1982. Chloride se- 
cretion by canine tracheal epithelium: II. The cellular electri- 
cal potential profile. J. Membrane Biol. 70"227-238 

39. Young, J.A., Van Lennep, E.W. 1979. Salivary and salt 
glands. In: Membrane Transport in Biology. G. Giebisch, 
D.C. Tosteson, and H.H. Ussing, editors. Vol. 4B, pp. 563- 
674. Springer, Berlin 

Received 24 June 1986; revised 15 August 1986 


