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Abstract. The present experiments were designed to exApical membrane — Na/K pumps — IMED cells —
amine the function of Na/K pumps from Dahl salt-sen- Kidney cortex

sitive (S) and salt-resistant (R) rats. Previous reports

have suggested that there is a difference in primary se-

quence in thex, subunit, the major Na/K pump isoform Introduction

in the kidney. This sequence difference might contribute

to differences in NaCl excretion in these two strainsThe inbred strains of Dahl rats whose blood pressure is
which in turn could influence the systemic blood pres-sensitive (S) or resistant (R) to a high NaCl diet have
sure. Using “back-door” phosphorylation of pumps iso- provided a superb model for studying some of the physi-
lated from basolateral membranes of kidney cortex, wenlogic mechanisms responsible for hypertension. Par-
found no differences between S and R strains. We alsticularly valuable has been the opportunity to study
examined the Na/K pumps from cultured inner medul-mechanisms involved in NaCl excretion by these two
lary collecting duct (IMCD) cells. This approach takes strains. Many studies have demonstrated that the kid-
advantage of the fact that monolayers cultured from Sheys of these rat strains participate in the sensitivity or
rats transport about twice as much 'Nas monolayers resistance to NaCl loading [36]. The specific abnormali-
cultured from R rats. In cells whose apical membraneties are incompletely understood, but it seems likely that
was made permeable with amphotericin B, comparisormore than one nephron segment is involved in the inap-
of the affinities for ouabain, Na and K', respectively, propriate NaCl retention in the Dahl S rat. There is good
showed only small or no differences between S and Revidence that the proximal tubules from S and R rats
monolayers. Ouabain binding showed no difference inrespond differently to salt loading [26, 30, 32, 41]. In
the number of Na/K pumps on the basolateral membranaddition, Henle’s loops from S rats absorb more NaCl
of cultured cells, despite a 2-fold difference in™Neans-  than those of R rats, a property that is independent of the
port rates. The analysis of the steady-staté tansport  dietary NaCl intake and is detectable before the onset of
indicates that Na/K pumps in IMCD monolayers from S hypertension [21, 56].

rats operate at a higher fraction of their maximum ca-  Recently, attention has been directed toward identi-
pacity than do pumps in monolayers from R rats. Thefying differences in Natransport by the collecting duct
results, taken together, suggest that the major reason faf S and R rats. There is evidence that the cortical por-
the higher rate of Natransport in S monolayers is be- tion of the collecting duct from S rats absorbs more” Na
cause of a primary increase in the conductive permeabilthan R rats, but the physiologic significance is unclear
ity of the apical membrane to NaThey suggest that the [23]. We have recently reported that inner medullary
epithelial Nd channel is intrinsically different or differ- collecting duct (IMCD) cells cultured from prehyperten-
ently regulated in S and R rats. sive Dahl S rats transport twice as much™Ne IMCD
cells from R rats [19]. The cellular mechanisms are not
known, but we have excluded differences in the under-
lying nature of N& transport (i.e., electroneutras. elec-
I trogenic), availability of metabolic energy, and the ca-
Correspondence tal.B. Stokes pacity for steroid metabolism [19].

Key words: Na’ transport — Salt-sensitive rats —
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One of the differences between Dahl S and R ratghenyl-methyl-sulfonyl fluoride, pH 7.6). Each fraction was spun at
that could account for different renal responses td Na 27,500 xg for 40 min in a SM-24 rotor, and the fluffy layer on the
loading involves the Na/K pump. Herrera and Ruiz- bottom recovered in 1 ml sucrose-free buffer and stored at -70°C until

. . measurement. Protein was measured by a fluorescent technique as pre
ggazeoealilllgfviaiﬁzﬁgdo? g“r;}?(;yFsae?aﬁgngr%g;f?:tgc%ously described [1, 51] using bovine serum albumin as a standard.
l .
suggest a functional difference that could be translated
into inappropriate NaCl retention in S rats [4, 15, 34]. ENZYME ASSAYS

It_ should be noted that the sequence d|ffer_ence I%/-glutamyl transferase activity was assayed spectrophotometrically by
disputed [42, 43, 47, 48], and thus any role assigned teheasuring the rate of production of p-nitroaniline fropglutamyl-p-
the Na/K pump on this basis must be interpreted withnitroanilide as previously described [52]. The reaction medium con-
caution. Adding to the complexity of the situation is the tained 50 rm ammediol (pH 8.6), 4.6 mM-glutamyl-p-nitroanilide,
fact that the gene for the; pump subunit does not 52 ™ glycylglycine, 10.4 mw MgCl,, and 1.5-3Qul membrane solu-
cosegregate with hypertension in'S and R backcrossé@” in total volume of 3 ml. The change in absorbance at 405 nm was

. .—_continuously monitored at 25°C, and relative activity in each fraction
[37]. Thus, whether the Na/K pump plays a major role in .. ..iculated.

effecting the difference in Naexcretion between S and Na/K ATPase activity was measured by a modification of the
R rats remains unclear. method of Forbush [8]. The reaction solution containedutbmem-
The purpose of these experiments was to examinérane protein, 120 mNaCl, 8.3 mu KCl, 4 mv MgCl,, 60 mv Tris,
the kinetic and functional characteristics of the Na/K1 mv (NaEDTA, pH 7.5 in a total volume of 54l in the absence
pump from Dahl S and R rats to attempt to detect g0r presence of 5 mouabain. The mixture was then preincubated with

difference in their behavior. For most of the studies, we>0* M9/M! deoxycholic acid at room temperature for 1 hr. In prelimi-
nary experiments, we obtained maximum enzyme activity with this

examined the pump as it resided in the basolateral me “oncentration of deoxycholic acid (18% increasecontrol,n = 3).

brane of CUItureq IMCD .Ce"S- We reasoned tha:t. theserhe reaction was started by the addition of ATP to a final concentration
cells would provide a unique model to test specific hy-of 4 mv and continued for 10 min. After addition of 1 ml stop solution
potheses regarding which transport process(es) might bentaining 8% SDS, the released inorganic phosphate was assayec

imp"cated in the different N"atransport rates and there- according to Baginski [2] and compared to a standard curve. Na/K

fore, provide clues as to the pathogenesis of hyperter@TPasg activity was calculatgd as the difference between ATPase ac-
sion tivity with and without ouabain.

Materials and Methods BACK-DOOR PHOSPHORYLATION

The inbred strains of Dahl salt-sensitive (Dahl SS/Jr) and salt-resistanthe phosphorylation of the Na/K ATPase in the presence of ouabain
(Dahl SR/Jr) were obtained from two sources. We purchased some ratgas performed by a modification of the method described previously
from Harlan Sprague Dawley (Indianapolis, IN) before February 1993.[40]. Duplicate 10Qul aliquots of membrane (1&g protein) in Hepes-
We also obtained rats from Dr. John Rapp (Medical College of Ohio,Mg** buffer (100 nm Hepes-Tris, 5 m MgCl,, 0.01 mg/ml deoxy-
Toledo, OH) and started a colony at the University of lowa. We did not cholic acid, pH 7.4) containing various concentrations of phosphate
use any rats from Harlan Sprague Dawley during the time the Dahl(1-100um H5PO,) were incubated for 1 hr at room temperature in the
SS/Jr strain was suspected of being genetically impure [25, 50, 54]presence of 4.8 m ouabain. For the control reactions, ouabain was
Rats were sacrificed at 4-5 weeks of age having been fed normal ra§mitted and 100 m NaCl was added. The reaction was initiated by the
chow since weaning. The blood pressures of these rats (S and R) agidition of 20.Ci [3?P]orthophosphate which had been pre-filtered

within the normal range [19]. through a Millex-GS 0.22um filter (Millipore, Bedford, MA). The
phosphorylation reaction was quenched after 5 min at room tempera-
PREPARATION OF BASOLATERAL MEMBRANES ture by the successive addition of p@ bovine serum albumin, 1.0 ml

o o i ) .
Rats were anesthetized with methoxyflurane and decapitated, the kid<® cold 5@ tnchlorogcenc acid, and.OLvl HsPO,. T.he' tubes were
neys removed, and rinsed with phosphate buffered saline solution‘:”laced on ice for 5 min and then centrifuged for 2 min in an Eppendorf

The renal cortex was dissected, and the membrane fractions were pr@_'t(;:olf%ge I‘r"g ;Oio_ogl 9. Thet_resu_lgng ge::eltjvovastvlﬁ(s:hed ;hree_;'r]es
pared by the method of Scalera et al. [44] with small modifications, WIth +-9 Mi 5% trichioroacetic acid, O HymC), & » and rapidly

All steps were carried out at 4°C. Tissue samples weighing 0.5 to 1.3r|nsed with 0.6 ml of 0.1% KH,PQ,, pH 2. The final pellet was
g were homogenized in 35 ml sucrose buffer (MSucrose, 10 m

resuspended in 200l of 0.25m sucrose, 35 m cetylpyridinium chlo-
triethanolamine, 0.1 m phenyl-methyl-sulfonyl fluoride, pH 7.6) with ride, 100 m KH,PO/H;PO,. An aliquot (160l) was counted in a
20 strokes of a Teflon pestle in a Thomas homogenizer. After 1:2

Beckmann liquid scintillation counter. To the remainingd03-mer-
dilution by sucrose buffer, the homogenate was spun at 2,580x captoethanol and pyronin Y were added to final concentrations of 128
15 min in a Sorvall RC-5C high speed centrifuge using a Sorvall

mm and 10wg/ml, respectively. Aliquots (25.l) were analyzed by
SA-600 rotor. The supernatant was removed and recentrifuged olyacrylamide gel electrophoresis at acid pH, as described previously
20,500 xg for 20 min. The fluffy white pellet was resuspended in 25

39]. The calculation of pump sites and turnover number were as pre-
ml of sucrose buffer and rehomogenized with 20 strokes of the samé-/IOUSIy described [40].
pestle.

This rehomogenate was fractionated using 8% (v/v) Percoll PREpARATION OF MONOLAYERS
(Pharmacia, Piscataway, NJ) by centrifugation at 27,50@0x 40 min
using a Sorvall SM-24 rotor. Fractions (1 ml) were collected and di- Primary cultures of IMCD cells were prepared using the hypotonic
luted 1:5 with sucrose-free buffer (1OMmtriethanolamine, 0.1 m lysis isolation method as previously described for this laboratory [17,
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18, 24]. The inner medulla was dissected, minced, and incubated in amonolayers treated with or without 10 rdexamethasone and aldo-
isotonic solution containing 0.1% collagenase for 2—-3 hr. The solutionsterone. The solution used to bathe the basolateral surface containec
was made hypotonic by addition of 2 volumes of distilled water con- (in mm): 1.5 CaC}, 1 MgCl,, 5 Na HEPES, 5 acid HEPES, 25 NacCl,
taining 10.g/ml DNAse and cells were recovered after 2 centrifuga- 5 glucose, 120 Na gluconate, and Mrauabain. The apical solution
tion steps. This isolation procedure usually yielded 20—40 monolayersontained (in mn): 1.5 CaC}, 1 MgCl,, 5 glucose, 10 acid HEPES, 5
from 6 kidneys per strain. KOH, 25 KCI, 120 K gluconate, and no ouabain. Amphotericin B (30
Cells were seeded onto collagen-coated polycarbonate filtergum) was added to the apical solution, the increask,imecorded, and
glued to plastic cylinders as described [17, 18] or they were seeded ontwhen the current was stable, 1unBa?* was added to the solutions.
similarly treated 12 mm Millicell PCF filters (Millipore). Seeding den- This concentration of BA inhibited thel to the pre-amphotericin
sity was 20ug DNA/filter ((1350,000 cells/crf). Cells were grown for ~ value and was therefore taken as a measure of the basolateral K
3 days in a medium composed of a 1:1 mixture of DMEM and Ham’s conductance.
F-12 supplemented with 5@g/ml gentamicin, 5 pM triiodothyronine,
50 rnm cortisol, 5pg/ml transferrin, 5ug/ml bovine insulin, 10 m Na*
selenite, and 1% wt/vol bovine albumin. On the third day the medium OUABAIN BINDING
was changed to one from which cortisol and albumin were omitted.
After 24 hr in the steroid-free medium the monolayers were confluentOuabain binding was performed as previously described in this labo-
as evidenced by the transmonolayer electrical resistangp {&ing ratory [24] and is a modification of the method developed for isolated
>100 Q - cn?. Where indicated, each of the R and S groups werenephron segments [7]. Intact filter cups containing the confluent
randomized to one of three treatment groups by a Latin square procdMCD monolayer were incubated at 37°C for 1 hr in one of two
dure according to the short-circuit curremg). 3H-ouabain-containing (10QCi/ml) Hepes buffer solutions. The first
After randomization, monolayers were exposed to MC, GC, or solution was K free to determine total ouabain binding and contained
vehicle (control, ethanol) for 24 hr. GC consisted of 180dexameth-  (in mm): 1.8 CaC}, 0.8 MgSQ, 1.0 NaHPQ,, 10 Na HEPES, 10 H
asone and 1@ of the mineralocorticoid receptor antagonist spirono- HEPES, 7.8 glucose, 1 Na pyruvate, and 120 NaCl. The second solu-
lactone. MC consisted of 100unaldosterone and 1@m of the gluco- tion (used to estimate nonspecific binding) was modified to contain 30
corticoid receptor antagonist RU 38486 [45]. These treatments providénv KCI (replacing NaCl) and 2 m unlabeled ouabain. After the
nearly complete occupancy of the glucocorticoid and mineralocorticoidincubation, monolayers were rinsed as described [24], the filters cut
receptors, respectively, with minimal crossover occupancy [18]. from the plastic rings, and incubated in 0.2% SDS overnight. An ali-
quot was removed for protein determination and the remainder was
counted in a liquid scintillation counter. Specific ouabain binding was
ELECTRICAL MEASUREMENTS calculated as the difference between average values of total and non-
specific binding measured in groups of monolayers.

Measurements of Randl . were initially made under sterile conditions
by p’Iacmg the fllter-bottom cylinders into modified Ussing ch_amber_s QUANTITATIVE ANALYSIS
(Jim’s Instruments, lowa City, IA). Measurements were made in media
without additives at 37°C using a University of lowa voltage clamp
[17, 18, 24]. A positivel. indicates a flow of positive charges from
apical to basal surface. Electrical measurements for pump current we
made in nonsterile chambers designed to accommodate Millicell PC
filters, as described [20].

The solution used to determine the appatépfor ouabain con-
tained (in mv) 25 NaCl, 120 K gluconate, 5 Na HEPES, 5 acid HEPE
1.5 CaC}, 1 MgCl,, 5 BaCl,, and 5 D-glucose, pH 7.4 and was con-
tinuously gassed with air. Bawas included to block any residual’K
flux through K" channels on the basolateral membrane. Pilot experi-
ments have shown that 5SMBa?" added to the basolateral membrane

Values are reported as mearsem. Statistical analysis was performed
rusing Student’s test or analysis of variance (ANOV) with subsequent
I_gpplication of the Newman-Keuls or Bonferroni test as appropriate.
Significance was concluded whdn < 0.05. Nonlinear regression
analysis for calculating kinetic constants was conducted using the pro-
s gram Slide Write Plus.

MATERIALS

inhibi 7 | flect h 25 Chemicals were purchased from Sigma (St. Louis, MO) or Fisher
inhi _'t_s ISIZ'?] |nta(|:t rr;onohayer_s,_ reB ecting the g;esdenci 0 'al (Pittsburgh, PA) unless otherwise indicated. RU 38486 was a generous
sensitive Kchannels. Amphotericin B (3am) was added to the apical gift from Roussel Uclaf, Romainville, France. Benzamil was obtained

solution to per_meabilize the apical membrane to mon_ovalent _ionsfrom Merck (West Point, PA), collagenase from Boehringer Mannheim

Oue}bam_was d|§solved asa st_ock and added to the bathing solutions }ﬂagnostics (Indianapolis, IN), albumin from Intergen (Purchase, NY)

achieve Increasing goncentratlons. ) and SDS from Bio-Rad Laboratories (Richmond, CA). Gentamicin
The initial solu.t|on used to determine the appaépof the Na/K and other tissue culture materials were purchased from the University

pump for Nd contained (in n) 90 K glucoqate, _25 tetramethyl aM- of lowa Cancer Center. Polycarbonate filters were purchased from

monium (TMA) CI, 35 TMA OH, 30 gluconic acid, 10 acid HEPES Poretics (Livermore, CA). Plastic cylinders were purchased from

1.5 CaCl}, 1 MgCl,, 5 BaCl,, and 5p-glucose, pH 7.4. The initial ADAPS (Dunham, MA).

solution used to determine the apparkptof the Na/K pump for K '

contained (in mr) 30 Na gluconate, 25 NaCl, 90 TMA OH, 90 gluconic

acid, 5 Na HEPES, 5 acid HEPES, 1.5 Ca@l0 MgCl, 5 BaCl, and

5 p-glucose, pH 7.4. After addition of 3Qum amphotericin B, the

[Na*] or the [K*] was increased symmetrically by replacing a portion

of the bathing solutions with one where Nar K* replaced TMA so “B ACK-DOOR’ P HOSPHORYLATION OF THENA/K PUMP

that the concentrations of all other components were constant. After

each replacement, samples of the solutions were measured f&r [Na L

and [K*] by flame photometry. We measured Na/K ATPase activity in 10 membrane

The basolateral K permeability was determined in S and R fractions from kidney cortex that had been separated by

Results
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" 116,000 Fig. 2. Incorporation of inorganic phosphate into renal cortical baso-

lateral membranes from Dahl S and R rats. Lines represent nonlinear fit
Fig. 1. Autoradiograph of an acid SDS-PAGE after conducting “back- of the data to the Michaelis-Menton equation.
door” phosphorylation of thex, subunit of the Na/K ATPase [40].
There is greatly reduced phosphorylation in the presence dbNthe
absence of ouabain, thus documenting the specificity of the reactionTable 1. Analysis of N& pumps on basolateral membranes of Dahl
Higher molecular weight bands may represent multimers ofcthe rats by “backdoor” phosphorylation

subunit.
Dahl R Dahl S
Na-K ATPase activity
Percoll gradient. The highest activity was found in frac- (nmol/mg protein/min) 892 + 41 919 + 36
tions 3 and 4, while the peajglutamyl transferase ac- Km for phosphate(w) 5.73+ 073 577+ 053
tivity was found in fractions 8-10. These results areN@ pump sites
(pmole/mg protein) 67.7 £+ 3.8 711 £+ 4.2

similar to t_hose described by Scalera [44]. We_ thereforerumover number for

used fractions 3 and 4 for subsequent analysis of baso- ap« 4/site/min) 13.300  +400 13100 +600

lateral membrane Na/K pumps.
“Back-door” phosphorylation of Na/K pumps takes Values represent meansem from 7 preparations of each strain. There

advantage of the ability of orthophosphate to becomaeure no differences between Dahl S and R rats. *Values calculated from

incorporated into the:; subunit protein. The phosphor- Na/K ATPase activity and number of pump sites from backdoor phos-

ylation occurs on the same aspartyl residue as occurd'erviation.

when thea, subunit of the pump is phosphorylated

by ATP when running in the “forward™ direction [40]. cy_turep IMCD CeLLs: Na* Pump KINETICS AND

“Back-door” phosphorylation requires ouabain and the gasoiaTERAL K+ CONDUCTANCE

absence of Na Figure 1 shows an acid SDS-PAGE

autoradiogram of the reaction products. The phosphorTo analyze the basolateral membrane transport compo-

ylated band appears only under conditions where ouanents of intact IMCD cells, we used the technique of

bain is present and Nas not, thus demonstrating the permeablizing the apical membrane with amphotericin B

appropriate criteria for the “back-door” reaction. In ad- [22]. We first determined the optimal conditions. The

dition, the phosphorylated protein appears at the approeffect of increasing the concentration of amphotericin B

priate molecular weight for the,; subunit of the Na/K  (in the apical solution) on pump current was the same in

ATPase [40]. Dahl S and R monolayers; concentrations above.t0
The incorporation of phosphate into basolateralproduced no further increase in ouabain-sensitiye

membranes as a function of concentration, shown in FigTherefore we used 3@m amphotericin B for all subse-

2, displayed saturation kinetics. Tlig, for phosphate, quent experiments. Under these conditions, addition of

and the number of pump sites were the same for both 8a* to the basolateral solution had no detectable effect

and R membranes (Table 1). The Na/K ATPase activityon pump current, although it did inhildit.in the absence

of these basolateral membranes also was not differerdf amphotericin B data not showph These results sug-

(Table 1). Using these values to calculate the turnovegest that in the presence of apical amphotericin B there is

number also revealed no differences. Thus, we detectefittle or no K* recycling across the basolateral membrane

no differences between S and R Na/K pumps in kidneywhich could influence the magnitude of the pump cur-
cortex using these approaches. rent.
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Fig. 3. Inhibition of Na/K pump current by ouabain. Apical mem-
branes of IMCD cells cultured on filters were treated with 3@
amphotericin B as described in Materials and Methods. Data expresseﬁl
as fractional inhibition of .. Half-maximal inhibition occurred at 55.0
+ 5.5 um for R monolayers and 57.8 + 91w for S monolayers; values
are not differentn = 8 monolayers from 2 isolations for each group.

Time since Mounting (min)

ig. 4. Example of short circuit current) response to increasing
[Na*] in the apical and basolateral solutions of IMCD cells. Apical
solution contained 3Q.m amphotericin B. Vertical lines represent cur-
rent pulses to £1 mV. Measured [Nds indicated in the bar over the
graph. Solutions were changed so that only the'[ad [TMA] were
The effect of ouabain concentration on pump currentaried.
is shown in Fig. 3. There are 3 important points. First,
the |, was relatively resistant to ouabain, with values
greater than 5um. Second, the&; values for S and R
monolayers were not different. Third, the fit of the curve _&
did not improve when we included the option of two g
binding sites with different affinities. We cannot elimi- 2
nate the possibility that a small number of pumps arex  0.50 |-
highly sensitive to ouabain. However, these results sugs

1.00

0.75 |-

—*- DahlR

gest that the Na/K pump of both the S and R IMCD\Q 0.25 -®- Dahl S
monolayers is primarily of the, type [28, 29]. 2 ,
We next determined the apparent affinity of the ) ) . . |
. . 0.00
pump for N&. Figure 4 demonstrates a typical example 0 10 20 30 40 50
of the effect of replacing the TMA solution with one
containing N& on I Also shown is the effect of oua- [Na*] (mM)

bain at the completion of the experiment. Figure 5

shows the data for S and R IMCD monolayers treated9- 5- Response of the Na/K pump to [NaValues represent mean +

with GC for 24 hr. The results using monolayers treatecf=" °f IMCD cells from 16 R monolayers and 15 S monolayers from

. R . 3 isolations. Monolayers were treated with GC. Virtually identical re-

with MC W(:j‘re 'Indlstlngwshable. The Curve, and the sults were obtained with MC treatmentof show. Apical solution

computed kinetic constants (Table 2) were in generatontained 3quv amphotericin B.

agreement with those reported by other investigators us-

ing other epithelial cells and similar approaches [10, 27].

The [N&] providing half maximal stimulation of the with steroids does not affect the magnitude of this cur-

pump wadB mv and was not different between S and R rent. These results are the same whether the values ar

monolayers. factored by area or by protein. The magnitude oflthe
The results of similar experiments examining the measured in these same monolayers before thései

apparent affinity of the pump for Kare shown in Fig. 6. ductance values were determined was similar to that

In these monolayers, where [Nawvas 60 nm, the ap-  which we have previously reported [19], indicating that

parent affinity for K" and the Hill coefficients for S and the steroids had their typical effect and that Nransport

R monolayers were not different. The computed kineticoy S monolayers was substantially greater than R mono-

constants are shown in Table 2. layers. We note that these results are somewhat different
We also analyzed the basolaterél éonductance of  from those reported for A6 cells and TBM cells [3]. The

IMCD monolayers from S and R rats by imposing anreason for this difference is unclear. However, the im-

apical-to-basolateral K gradient and measuring the portant conclusion is that we can detect no difference in

Ba’*-sensitivel . Table 3 shows that there is no differ- basolateral K conductance between S and R monolay-

ence between S and R monolayers and that treatmemfs.
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Table 2. Kinetic characteristics of the Na/K pump of IMCD mono- Table 3. Evaluation of basolateral membrané &nductance in S and

layers from Dahl S and R rats R IMCD monolayers
Dahl R Dahl S Ba?*-sensitivel
(wA/cm?)
Na" kinetics
() (32;4) (27;4) Control Steroid
ApparentK,,, (mm) 8.49+0.31 8.33+0.46
Hill coefficient 2.21+0.13 210+0.11 DahlR 3.85+0.64 4.00+0.85
K* kinetics Dahl S 451+0.55 3.20 £0.52
(F:D (18:3) 17;3)
ApparentK., (mm) 0.60 + 0.05 0.57+0.04 n = 8 monolayers in each group from 2 isolations. Steroid treatment
Hill coefficient 1.47+0.14 1.47 +0.14 consisted of 100m dexamethasone and 106 ldosterone for 24 hr

before measurement, was determined by adding 304 amphoteri-

Number of filters (F) and isolations (1). Values were computed using €in B to the apical solution in the presence of an apical-to-basolateral
the best fit to the equatioh,, = (1T - IMM/(1 + K /[X)") + ITn K* gradient as described in Materials and Methods. The (@) Bz’

sc C

wherel ™ and| ™" are the maximal and minimum values of thefor ~ sensitivel. was approximately equal to the increasd jnfollowing
all concentrations andX] is the concentration of either Naor K*. amphotericin B. There was no difference between strains nor was there
There are no differences between S and R monolayers. an effect of steroids (by 2-way ANOV). Protein contenb{ showi

was not different between groups.

1.00 Table 4. Steady-state and pump currents for IMCD monolayers from
o Dahl S and R rats
N
e 0.75 Monolayer; () lsc loump
3 treatment
£
< 0.50
] R; control 46;11 3.35+0.33 6.23+0.38
= R; GC 45;11 8.37 £ 0.92* 8.87 £ 0.62*
\u 0.25 R; MC 348 6.62+1.12* 7.55 +0.88*
= S; control 4711 5.57 +0.54§ 7.93 +0.588
0.00 S; GC 44;11 14.58 £ 1.13*§ 11.63+0.67*8§
0 2 4 6 8 10 S; MC 45;11 17.03 £1.41*§ 11.17 £ 0.76*8§
. Monolayers treated with glucocorticoid (GC), or mineralocorticoid
[K] (mM) d x G

(MC), or no steroid (control) for 24 hr as described in Materials and

Fig. 6. Response of the Na/K pump to K Values represent mean + N.Ieth.OdS'F;l’ number of f_llte?rs am.j isolations;, _stea@y—state short-
circuit current measured in isotonic culture mediugy,.,, pump cur-

SEM of 17 R monolayers and 18 S monolayers from 3 iSOIations'rent measured after 30m amphotericin B in apical solution. Values in
Monolayers treated with aldosterone and dexamethasone. Apical solu P P )

N 2 % iR
tion contained 3Guvm amphotericin B. [N&] was maintained at 60 m wA/cm”. *, greater than control value for the same strain; 8, greater
bilaterally. than comparably treated group from R monolayd?s< 0.001 by

ANOV.

MAxiMUM Pump CAPACITY AND NUMBER OF Na* Pumps

Third, the magnitude of the pump current was greater in
In the steady state, the rate of N@mansport across the S than R monolayers byB5%. Finally, GC and MC
apical membrane (through the Nahannel) must be increased the pump current in both S and R monolayers
equal to the rate of exit through the basolateral memby [(B8%.
brane N& pump. We analyzed each pathway by mea-  We next computed the fraction of the maximal ca-
suring the steady statg, and then the maximum pump pacity at which the pump operated in intact, short-
current after permeabilizing the apical membrane withcircuited monolayers. We assumed that the stoichiome-
amphotericin B. Table 4 shows the values for the steadytry of the pump was 3Nato 2K" (vide infra). Thus, this
state current in intact IMCD cells and the pump currentsvalue is thd g divided by 3 times the pump current [22].
for the same monolayers. There are four importantAs shown in Fig. 7, two important points emerge. First,
points. First, S monolayers had larder values than R either GC or MC treatment increased the fraction of
monolayers. Second, both GC and MC stimulatedthe maximal capacity in both S and R monolayers. Second,
in both S and R monolayers; the fractional stimulationfor any treatment group Na/K pumps in S monolayers
was similar, but the absolute increase was larger in Silways operated at a higher fraction of maximal capacity
monolayers. These results are consistent with those wihan pumps in R monolayers.
have previously reported for S and R monolayers [19]. At least two possibilities could explain the higher
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# Table 5. Ouabain binding in Dahl S and R IMCD monolayers
e

> % # [L Dahl R Dahl S P

= ==

® 40 |- F;l 1115 119;5

o

[ # # Isc

O 30} - (nA/mg protein) 46.2+3.8 101.7+5.3 <0.001

— p T g

© p Spec. binding

§ 20 | —= (cpmiug protein) 143+14 15715 NS

x ==

©

= 10 F All monolayers treated wittMC. F, number of filters;l, number of

X isolations.P value by paired analysisis, not significant.

Con GC MC Con GC MC

*
R S We considered the possibility that there are more func-

_ _ , _ _ tioning pumps on the basolateral membrane of S mono-
Fig. 7. Fraction of maximal capacity at which the Na/K pump operates|ayers_ The fact that ouabain binding is the same in S

in S and R IMCD monolayers. Values computed from data in Table 4
according to the formuldg/(l,,mp X 3).- GC, glucocorticoid treated,; and R monolayers (Table 5) suggests that the number of

MC, mineralocorticoid treated. *, S monolayers operate at a greateiunqtlonal pumps '5_ S'_m”"?‘r' It is unllk_ely _that the
fraction of their maximum capacity than do R monolayers for any €quivalent ouabain binding is a result of differing affini-
treatment group. #, GC and MC increase the % maximum capacity foties of the pump for ouabain because Heor ouabain
both S and R monolayers (by 2-way ANOV). is the same in S and R monolayers (Fig. 3). In a previous
study [24], we easily detected a difference in ouabain
binding in IMCD monolayers with different rates of Na
pump currents in S monolayers (Table 4). First, S monotransport produced by steroid hormones. Thus, if there
layers could have more Na/K pumps on the basolaterajvere significant differences in the number of pumps on
membrane. A second possibility is that S monolayerghe basolateral membrane accounting for the difference
have a larger number of cells per monolayer. We havén Na* transport in S and R monolayers, we should have
previously shown that S monolayers have, on averagejetected it.
20% more protein and DNA than R monolayers seeded  The fact that the pump current i$85% larger in S
and grown under these conditions [19]. To evaluatemonolayers (Table 4) could be attributed to either (i) a
these possibilities, we conducted ouabain binding eXperifarger number of cells, (ii) a greater capacity per pump,
ments on S and R monolayers. or (iii) a somewhat greater reserve that is unmasked by
As shown in Table 5, Natransport in S monolayers acutely increasing the Naransport rate with amphoteri-
was substantially greater than R monolayers when facein B. This latter possibility might be the result of
tored for protein (or areajot showi. Despite the dif- pumps residing in intracellular vesicles that insert into
ferent rates of Natransport, there was no difference in the basolateral membrane when cell {N& increased.
specific ouabain binding. These results make it unlikelyThese possibilities, of course, are not mutually exclusive.
that the larger pump current in S monolayers is the resulin any event, the magnitude of the difference in pump
of more pumps on the basolateral membrane. currents in S and R monolayers is modest. Our major
conclusion from these results is that the increased rate of
) ] Na* transport by the S monolayers is probably not the
Discussion result of a primary abnormality of the Na/K pump.
Our conclusion that the Na/K pump of Dahl S rats is
The present results confirm that IMCD monolayers cul-not fundamentally different from Dahl R rats contrasts
tured from Dahl S rats transport twice as much ldado  with that of Canessa et al. [4]. Using measurements of
IMCD monolayers from R rats ([19]), Table 4). Our ouabain-sensitive Naand Rb fluxes in red blood cells,
analysis of the Na/K pumps from the proximal tubule they found a difference in the appardfy, for extracel-
uncovers no difference between the two strains usindular K*; Dahl R red blood cells had a substantially
backdoor phosphorylation (Table 1). In addition, therehigher value (lower affinity) than Dahl S red blood cells.
are no kinetic differences between Na/K pumps operatThese investigators concluded that the Na:K coupling
ing in the basolateral membrane of cultured IMCD cells;ratio of the Na/K pump from S rats was 3:1 rather than
the apparent affinity for ouabain (Fig. 3), Naor K*  3:2, as it appeared to be in Dahl R red blood cells. The
(Table 2) is the same in S and R monolayers. Finally, theeasons for the difference between their conclusions and
basolateral membrane*Kconductance is not different ours are not immediately obvious, but we offer the fol-
between S and R IMCD monolayers (Table 3). lowing observations. First, implicit in their reasoning is
What is the basis for the difference in Nmansport? the assumption that ouabain does not secondarily alter
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another N& or K" membrane transporter(s). This as- via the pump exit across the apical membrane in ampho-
sumption is difficult to ascertain and, at least in sometericin B treated cells. For example, if the counter ion
cells, appears to be unwarranted [5]. Second, anothexere H instead of K, the relationship between pump
study on the kinetics of Dahl S and R red blood cell Na/KNa" transport and pump current in amphotericin B-
pumps failed to detect appreciable differencestreated monolayers would be the same so long‘aexit
[55]. Third, a study by Nishi et al. [31] using isolated was predominantly across the apical membrane. There is
membranes from Dahl S and R kidneys found no differ-excellent experimental evidence indicating that such is
ence in Na/K pump kinetics and apparent affinity for.K  the case in rabbit urinary bladder [6]. We will therefore
However, this same StUdy did find some differences inproceed with the ana|ysis assuming a pump (Charge) stoi-
Na/K pump kinetics when intact proximal tubule cells chiometry of 3:2.
were used. _ From the data in Table 4, it is apparent that the Na/K
There is some evidence that the Dahl S Na/K pumpyymps of IMCD monolayers from Dahl S rats operate at
can operate differently than the Dahl R Na/K pump ing higher fraction of their maximal capacity than do
intact cells. In addition to the previously m_ent_|oned dif- umps from Dahl R rats (Fig. 7). The only known ex-
ferences reported by Canessa et al. [4], Nishi et al. [33h3nation for this situation is that the steady-state intra-
have reported that the Na/K pump activity of proximal ¢e|jyjar [N&] is higher in IMCD cells from S rats than
tubule cells from Dahl S rats is less responsive to dopag,mparable cells from R rats. The relationship between
mine than that of Dahl R rats. This group has also docuyycp cell [Na*] and pump current is shown in Fig. 5
mented that a high NaCl diet increases Na/K pump aczp ajiows us to compute the following quantitative spe-

tl¥loty'r:1na|DtaB| IS p;oglmg_l :ulla;n%slbut n”ot fin DaShI Rt cifics. For the Na/K pump to increase its fractional ca-
Fesxlnn d dliJff:rgztI[ tz). ;?tiaa | ::1 hLijb?trioCne Sf trhom Na:/aKS pacity from 20% to 50%, the cell [Nhwould increase
P ytop ot their from [b mm to (B mm. This difference is sufficiently

pump than do those from R rats [38]. Other workers :
X . .. >small that measurements of cell [Nan S and R IMCD
have documented that differences in Na/k pump aCtIV'tymonolayers would not likely detect a significant differ-

between S and R rats are not confined to the kidneyénce

vascular tissue can also show differences [35]. Age, di- The deduction that intracellular [Nis higher in S

etary salt, and blood pressure have all been implicated in
modifying the Na/K pump activity in intact cells [14, monolayers than R monolayers leads naturally to the

55]. Thus, despite the evidence that the Na/K pum question of how this situation might occur. The most
might play an important role in the pathogenesis of hy_I|kely explanation is that the apical membrane aan-

pertension in Dahl S rats, the specific molecular nature oft€!S 0f S monolayers permit more Nto enter than do
its role remains unclear. Na" channels of R monolayers. This explanation is con-
Because the magnitude of the difference in the pumF§istent with the generally held notion that_th_e_ apical
current could not fully account for the difference in?Na Membrane entry pathway is usually rate limiting for
transport by intact S and R IMCD monolayers, we Ca|_transep|thgllal Natransport. These rgsults thus point to
culated the fraction of the maximal capacity at which thethe epithelial Na channel as a candidate molecule for
Na/K pump Operates_ To Compute the max|ma| rate o]being abnormal and/or abnorma”y regulated in Salt'
Na* transport through the pump, we assumed that théensitive hypertension, at least in this strain of Dahl rat.
stoichiometry was 3Na2K*, an assumption with con- The possibility that one or more of the subunits of
siderable experimental support. Although we have nothe epithelial N& channel might be abnormal in Dahl S
measured the pump stoichiometry in S and R IMCDrats is made even more plausible by the recent observa-:
monolayers, the present data support the conclusion th&ion that a familial form of hypertension in humans, Lid-
the stoichiometry of the Na/K pumps from S and R dle’s Syndrome, is caused by sequence abnormalities of
monolayers is the same; there is no difference in théhe - andy-subunits [11, 13, 46, 49]. We have recently
affinities for N or K* and the Hill coefficients are determined that the Nachannels comprising the pre-
indistinguishable (Table 2). dominant pathway in apical membranes of Wistar rat
In intact IMCD cells, K entering the cell via the IMCD cells is the equivalent of the human epithelialNa
Na/K pump exits across the basolateral membrane [18fchannel, ENaC [53]. The extent to which this complex
In amphotericin B treated cells, kexits across the apical participates in N& transport by Dahl S and R IMCD
membrane [22]. Thus thig. of monolayers treated with monolayers has not yet been ascertained.
amphotericin B represents of the N& translocated by Could any of the epithelial Nachannel subunits be
the pumps across the basolateral membrane if the overadbnormal in Dahl rats? The relevant information to date
stoichiometry is 3N&2K* [22]. The same conclusion can be summarized as follows. TRendy subunits are
can be made even if the Na/K stoichiometry were notlocated on chromosome 1 of the rat and both are close to
3:2. The only requirements are that the overall chargéhe Sa gene [16]. The Sa gene locus cosegregates witt
stoichiometry is 3:2 and that the cations entering the celhypertension in the second generation of Dahl S rats
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crossed with the Lewis strain [9]. Itis not known wheth-
er the Sa gene itself, or a nearby gene, participates in the
genetic predisposition to hypertension. The Sa gene i
overexpressed in Dahl S kidneys, but its function is un-
known [12]. Finally, the published data on tResubunit
indicates that there is no sequence difference between S
and R rats [16]. Obviously, understanding the precise
role of the epithelial N&channel subunits in the patho-
genesis of salt-sensitive hypertension will require more
investigation.
Our integrated assessment of the data presented in
this manuscript is that an abnormality of the Dahl S (or

R) IMCD cell function could play an important role in 15,

the pathophysiology of salt-sensitive hypertension. The
specific derangement is likely to involve the apical mem-

brane N& channel subunits or a molecule(s) involved in 18-

their regulation.
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