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Abstract

To characterize the sodium transport defect responsible for salt
wasting in obstructive nephropathy, the major sodium trans-
porters in the medullary thick ascending limb (mTAL), the
apical Na-K-2CI cotransporter and the basolateral Na-K-
ATPase, were studied in fresh suspensions of mTALcells and
outer medulla plasma membranes prepared from obstructed
and untreated kidneys. Oxygen consumption (Qo2) studies in
intact cells revealed marked reductions in the inhibitory effects
of both furosemide and ouabain on Qo2 in cells from ob-
structed, as compared with control animals, indicating a reduc-
tion in activities of both the Na-K-2CI cotransporter and the
Na-K-ATPase. Saturable [3Hlbumetanide binding was re-
duced in membranes isolated from obstructed kidneys, but the
Kd for 13H Ibumetanide was unchanged, indicating a decrease in
the number of functional luminal Na-K-2CI cotransporters in
obstructed mTAL. Ouabain sensitive Na-K-ATPase activity in
plasma membranes was also reduced, and immunoblots using
specific monoclonal antibodies directed against the a and ,B
subunits of rabbit Na-K-ATPase showed decreased amounts of
both subunits in outer medullas of obstructed kidney. A signifi-
cant decrease in I3HIbumetanide binding was detected after 4 h
of ureteral obstruction, whereas Na-K-ATPase activity at this
time was still not different from control. Weconclude that ure-
teral obstruction reduces the amounts of both luminal Na-K-
2CI cotransporter and basolateral Na-K-ATPase in mTALof
obstructed kidney and that these reductions contribute to the
salt wasting observed after release of obstruction. (J. Clin. In-
vest. 1993. 91:21-28). Key words: medullary thick ascending
limb * Na-K-ATPase * Na-K-2CI cotransporter * obstructive
nephropathy - ureteral obstruction.

Introduction

In both human and animal studies, obstructive nephropathy
causes reduced glomerular filtration rate, impairment of tubu-
lar reabsorption of sodium and potassium, and reductions in
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the ability to secrete acid and concentrate the urine ( 1, 2).
Because these defects are fully expressed after 24 h of ureteral
obstruction in experimental animals such as rabbits, this conve-
nient model has been used to characterize the renal impair-
ment of obstructive nephropathy ( 1, 2). The postobstructive
diuresis and salt wasting observed upon release of obstruction
may result from the accumulation of volume and osmotic sub-
stances during the obstruction (3), which stimulate the secre-
tion of hormones such as atrial natriuretic peptide (4), and
prostaglandin E2 (5), with inhibitory effects on tubular sodium
reabsorption (6, 7). However, measurements in isolated per-
fused tubules from obstructed kidneys have demonstrated in-
trinsic defects in tubular sodium reabsorption, which likely con-
tribute to salt wasting (8-10).

Previous micropuncture and microperfusion studies have
shown that the tubular reabsorption of sodium in the medul-
lary thick ascending limb of the loop of Henle (mTAL)' is
impaired in obstructive nephropathy (8, 9). Although defects
in transport have been localized to mTAL(8), there is little
information as to the mechanisms underlying these derange-
ments in tubular function. These transport defects may be due
to reduced numbers or function of transporters, failure of cells
to maintain polarity of transporter location, or inability of the
cells to provide adequate energy for energy-requiring steps of
active transport. Electron microscopic studies reveal little or no
change in mTALultrastructure in obstructed ( 11), as com-
pared to control kidneys. Therefore, the transport defects in
obstructive nephropathy are likely to be selective, and are not
associated with global changes in cellular architecture. Because
the mTALnot only reabsorbs a significant portion of filtered
sodium but also contributes to the urine concentrating mecha-
nism ( 12), alterations in the function of this segment likely
play a significant role in postobstructive sodium and water
wasting.

The present studies examined the activities and numbers of
the two major mTALsodium transport proteins, the apical
Na-K-2C1 cotransporter and the basolateral Na-K-ATPase, in
obstructed and control rabbit kidneys. The results show a down-
regulation of both transporters, and suggest that initial down-
regulation of the apical cotransporter may lead to reduced ex-
pression of the basolateral Na-K-ATPase.

Methods

Animal model. NewZealand white rabbits (1-2 kg) were anesthetized
with 0.7 ml/kg ketamine/xylazine mixture intramuscularly followed
by 1 ml of 50 mg/ml pentobarbital before surgery. Through a midline
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abdominal incision the ureters were identified and ligated with 2-0 silk
just above the ureterovesical junction, and then the peritoneum and
the skin were sutured. Shamoperated animals underwent an identical
procedure except that the ureters were not handled or ligated. Because
preliminary studies showed there was no difference between sham
operated and unoperated animals, unoperated normal animals were
used as controls. Each animal was allowed ad libitum access to fluids
and food for the following 24 h and was then euthanized.

Preparation of mTALcells. Cells were isolated from the mTALof
the loop of Henle as described ( 13 ). As previously reported ( 14), anes-
thetized rabbits were decapitated and exsanguinated, and the kidneys
removed and perfused via the renal artery with an ice-cold solution
consisting of nonbicarbonate Ringer (containing [in mM]: 130 NaCl,
5 KCI, I NaHPO4, I CaCI2, I MgSO4, 10 Hepes-Tris, pH 7.4) diluted
1: I with Joklik's minimum essential medium (MEM) containing 10%
fetal bovine serum (FBS) and 0.2% collagenase until the effluent was
clear of blood. The outer medullas were excised, minced, and incu-
bated for 1 h at 37°C in continuously oxygenated MEM+ FBS con-
taining 0.2% collagenase in a shaking water bath. Two or three times
during this incubation the tissues were aspirated through a wide-bore
pipette to disrupt cell aggregates. Tubules were harvested by centrifuga-
tion at 50 g for 5 min and washed in MEM+ FBS, then incubated in
oxygenated MEM+ FBS containing 0.25% trypsin at 25°C for 20 min
with gentle mechanical agitation. At the end of the trypsin digest the
tubules were sedimented by centrifugation at 750 g for 25 s. Isolated
cells remained in the supernatant. The cells were harvested by centrifu-
gation at 300 g for 5 min, resuspended in MEM,and kept on ice until
three additional trypsin digests of the tubules were completed. After a
final wash with MEM+ FBS, the cells were filtered through a nylon
mesh and layered over previously prepared Ficoll gradients. Ficoll was
dissolved in nonbicarbonate Ringer, pH 7.4, equilibrated with 100%
02. Gradients were constructed linearly from a concentration of 5%
(wt/vol) to 43% (wt/vol) Ficoll. After layering the cells, the gradients
were centrifuged at 1,900 g for 45 min. The gradients were then re-
moved in 4-ml fractions. mTALcells were found in fractions 9-12 at
the lower, more dense end of the gradients. These fractions were re-
moved and washed in nonbicarbonate Ringer, then centrifuged at
1,400 g for 15 min. The cells were resuspended in the buffer and kept
on ice until use for oxygen consumption experiments. Cells were used
within 2 h of the completion of the preparative procedure. Phase-con-
trast microscopy and trypan blue exclusion were performed routinely
to ascertain the identity and viability of cells; viability was > 90%and
was similar for suspensions prepared from control and obstructed kid-
neys.

Preparation of plasma membranes. Excised outer medullae were
immediately added to ice-cold sucrose-histidine buffer (containing [in
mM] 25 sucrose, 30 histidine, 1 EDTA, pH 7.2, with the following
added protease inhibitors: 300 MMphenylmethylsulfonyl fluoride, 1.5
MMpepstatin, and 1.5 MiM leupeptin). After mincing, tissue was added
to a glass homogenization vessel containing fresh sucrose-histidine and
was homogenized using a tight-fitting Teflon pestle keeping the glass
vessel immersed in ice. The homogenate was centrifuged successively
at 1,000 g and 7,000 g for 15 min, both at 0°C. The pellets were dis-
carded, and the 7,000-g supernatant was centrifuged for 45 min at
47,000 g and 0°C to yield a crude plasma membrane pellet ( 15, 16).
This pellet was resuspended in 1 ml of fresh, ice-cold sucrose-histidine.
Aliquots were stored at -70°C until used in experiments for [3H]-
bumetanide binding, Na-K-ATPase activity, and for immunoblots of
Na-K-ATPase. Protein contents were determined by bicinchoninic
acid (BCA) assay (Pierce Chemical Co., Rockford, Ill.)

Measurement of oxygen consumption (Q02). Q°2 was measured as
described ( 17), using miniature Clark-type polarographic electrodes in
sealed, continuously stirred, water-jacketed custom-made 500-ul glass
chambers at 37°C. The incubation medium was nonbicarbonate
Ringer, pH 7.4, containing 5 mMglucose, 2 mMacetate, and 10 mM
pyruvate. After a control period sufficient to establish a stable baseline,
additions of agents were made in volumes < 1% of the volume of the
chamber to eliminate potential dilution artifacts; addition of incuba-

tion buffer alone did not alter Qo2. The rate of Q°2 was calculated from
the slope of the recorded line by measuring its angle against the room
air baseline and calculating its tangent. Whenthe measurement of Q°2
was ended, an aliquot of the cell suspension, still under constant stir-
ring in the measuring chamber, was removed and its wet weight was
determined by centrifugation in a tared microcentrifuge tube. To deter-
mine the effect of furosemide or ouabain, these agents were added and
the new rate of Q02 measured. The difference between Q°2 in the
presence and absence of a given agent was calculated for each prepara-
tion; these differences (e.g., the furosemide-sensitive Qo2) were aver-
aged and are shown in Table I. Results were also expressed as percent
inhibition of control Q°2-

Measurement ofplasma membrane [ 3H] bumetanide binding. Equi-
librium binding of [3H]bumetanide was determined by filtration assay
using cellulose ester filters (Gelman GN-6, Gelman Sciences, Inc., Ann
Arbor, MI), as previously described ( 15, 16). Briefly, 15 ul of mem-
brane suspension (2-4 mg protein/ml in sucrose/histidine) were
added to 15 ,l of [ 3H] bumetanide-containing medium, and the sample
was incubated for 30 min at 22°C. Preliminary experiments showed
that for the range of [3H ] bumetanide concentrations employed, maxi-
mal binding was achieved within 20 min and remained constant over
the ensuing 30 min. Afterthe 30-min incubation, the sample was added
to 10 ml of ice-cold stopping solution (20 mMTris-Hepes plus 1 mM
CaC12, pH 7.4) and filtered. The filters were then washed with three
5-ml aliquots of ice-cold stopping solution, added to scintillation vials,
allowed to air dry, and were counted with Optifluor (Packard Instru-
ments, Inc., Downers Grove, IL). [3H]Bumetanide-binding incuba-
tions contained the following final ion concentrations (in mM): 30 Na,
30 K, 8 Cl, and 26 S04. All [3H]bumetanide binding media were pre-
pared with or without unlabeled bumetanide (final concentration, 25
MM); final concentrations of [3H]bumetanide present are indicated in
the individual tables and figures, or their legends. For all studies except
concentration-response experiments (Fig. 1), the final concentrations
of [3H]bumetanide present was 0.25 MM. Aliquots of each [3H]-
bumetanide-containing medium were counted in every experiment.

Measurement of plasma membrane Na-K-ATPase activity. Oua-
bain-sensitive ATPase was measured using a modification of the
method used by Garg et al. ( 18 ). The method couples the conversion of
ATPto ADPto the oxidation of NADHto NAD+. The fluorescence of
NADHwas monitored in a Fluorimeter (excitation 345 nm, emission
450 nm, slit 2.5/7.5 nm; SLMAminco, SLM Instruments, Inc., Ur-
bana, IL). Frozen crude plasma membranes from outer medullas of
normal and obstructed kidneys were thawed and diluted in standard
assay buffer containing (in mM): 100 NaCl, 66.7 NH4C1, 50 imidazole,
0.08 EDTA, 3.7 MgCI2 (pH 7.4). The assay was performed at 37°C in
incubation buffer containing (in mM): 0.027 NADH,0.5 Na2ATP, 0.2
phosphoenol pyruvate, as well as 4.7 U/ml pyruvate kinase and 6.7
U/ ml lactate dehydrogenase. After a stable basal fluorescence level was
obtained, the reaction was started by adding an aliquot of plasma mem-

Table I. Oxygen Consumption in Medullary Thick Ascending
Limb Cells from Obstructed and Control Kidneys

002 Control (n = 5) Obstructed (n = 6)

jimol/min - g wet wI

Basal Q02, mean±SE 1.55±0.14 1.00±0.15*
Furosemide-sensitive Qo2 0.46±0.04 0.08±0.021
(% inhibition of basal Qo2) (30.5±2.6) (8.5±1.8§)
Ouabain-sensitive Qo2 0.75±0.05 0.37±0.08$
(% inhibition of basal Qo2) (49.7±3.1) (34.7±2.7*)
Ouabain-insensitive Qo2 0.79±0.11 0.63±0.08

* P < 0.05, $ P < 0.01, § P < 0.001 when compared with control
kidneys. Q02; oxygen consumption rate.
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branes. Rates of fluorescence decay were linear, with r value > 0.97.
After an initial rate of ATPdegradation was obtained, 1 mMouabain
was added, and the ouabain-insensitive activity was determined. Sub-
traction of ouabain-insensitive activity from total ATPase activity gave
the ouabain-sensitive ATPase activity. Rates of ATPase activity were
quantified by preparing standard curves in which known amounts of
ADPwere added to incubation mixture and the resulting decrease in
NADHfluorescence recorded. In these standard curves, incremental
addition of 5 nmol ADPreduced fluorescence in a stepwise manner.
The decrease in fluorescence was linear down to a level < 10% of the
basal value; in assays, fluorescence was never permitted to fall to < 20%
of the initial value (7).

Quantitation of Na-K-A TPase subunits by immunoblots. The
plasma membrane preparations of outer medullas of obstructed and
control kidneys were incubated with denaturing buffer (20% SDS) at a
ratio of 2:1 (vol/vol). The protein contents were determined (Pierce
BCAassay). 60 ,ag of protein from each sample were subjected to SDS-
PAGE, then electrophoretically transferred to nitrocellulose mem-
branes. These membranes were removed from the transfer apparatus
and either stained with 0.1% amido black or blots were washed in 0.1%
Tween-PBS, and incubated at 37°C in 3% gelatin for 1 h to block
nonspecific binding. The blocked membrane was then incubated with
monoclonal antibodies (19) against a or fB subunits of the Na-K-
ATPase in 0. 1%Tween-PBS for 1 h. After washing with Tween-PBS the
membrane was incubated at room temperature with alkaline phospha-
tase conjugated secondary antibody (Promega Corp., Madison, WI)
for 30 min. The membrane was washed and rinsed with alkaline phos-
phatase (AP) buffer containing (in mM) 100 Tris-HCl with pH 9.5,
100 NaCl, and 5 MgCl2, then reacted with NBT-BCIP (Promega
Corp.) in AP buffer until satisfactory coloration. The intensity of color
was quantitated by transmission densitometry (20).

Materials. Collagenase was obtained from Worthington Biomedi-
cal Corp., Freehold, NJ; Ficoll was obtained from Pharmacia Fine
Chemicals, Piscataway, NJ;. Joklik's minimal essential medium was
obtained from Gibco, Grand Island NY; bicinchoninic acid protein
assay was purchased from Pierce Chemical Co.; [3H]bumetanide was
synthesized and purified by high performance liquid chromatography
as previously described ( 15); the specific activity of the purified final
product was 17.8 Ci/mmol. Monoclonal antibodies directed against
the a and ,B subunits of the Na-K-ATPase were raised as described
( 19 ). All other reagents were obtained from Sigma Chemical Co., St.
Louis, MO, and were of analytical grade.

Statistics. Samples were assayed in duplicate or triplicate. Data are
expressed as mean±SEM. A single n represents a cell suspension or
membrane preparation. Each suspension or preparation was prepared
from two or more animals and each animal contributed to one prepara-
tion. The differences in results between groups were tested by Student's
t test. Differences were considered statistically significant when the P
value was < 0.05.

Results

The basal rate of Q02 in control was 1.55±0.13 ,mol/min - g
wet wt (n = 6), somewhat lower than the value previously
reported for rabbit mTALcell suspensions ( 14); this difference
is likely due to differences in chamber volume and electrodes
used (M. L. Zeidel, unpublished observations). However, the
rate of basal Q02 in mTALcells from obstructed kidneys was
significantly lower ( 1.00±0.14 ,umol/min - g wet wt, n = 6, P
< 0.05) than that of controls, as shown in Table I. To deter-
mine whether activities of luminal Na-K-2Cl cotransporter or
basolateral Na-K-ATPase were diminished in intact cells, the
effects of furosemide (10-4 M), an inhibitor of the cotran-
sporter, and ouabain (l0-' M), a Na-K-ATPase inhibitor,
were studied in mTALcells.

As shown in Table I, the reduction in Qo2 produced by

furosemide in mTAL cells of obstructed kidneys was much
smaller than the reduction observed in controls, suggesting a
loss of Na-K-2Cl cotransporter function. Indeed, the furose-
mide-sensitive Qo2 in cells from obstructed kidneys was more
than fivefold lower than the furosemide-sensitive Qo2 in cells
from control kidneys. The inhibitory effect of ouabain on Qo2
was also strikingly reduced in mTALcells from obstructed kid-
neys compared to controls, (Table I) indicating a decrease in
Na-K-ATPase dependent oxygen consumption in mTALcells
of obstructed kidneys. By contrast, the ouabain-insensitive Qo2
was not significantly reduced in obstructed kidneys, indicating
that the fall in basal Q°2 was confined to the transport-depen-
dent portion of Qo2-

Because the reduced inhibitory effect of furosemide on Qo2
suggested reduced activity of the Na-K-2C1 cotransporter in
intact mTAL cells of obstructed kidneys, we used [3H]-
bumetanide binding to determine whether this reduced activity
corresponded to diminished numbers of cotransport sites in
the mTAL. Fig. 1 illustrates [3H ] bumetanide binding to
plasma membranes isolated from the outer medulla of kidneys
from a representative control (upper panel) and obstructed
(middle panel) rabbit, as a function of [3H ]bumetanide con-
centration. Saturable binding is determined as the difference in
binding in the presence and absence of excess (25 uM) unla-
beled bumetanide. Significant differences in saturable [3H]-
bumetanide binding (at 0.25 uM [3H]bumetanide) to outer
medullary plasma membranes were noted between six control
and six 24-h obstructed rabbits as shown in Table II. For three
control and three obstructed animals, complete concentration-
response studies for [3H ]bumetanide binding (as in Fig. 1, up-
per and middle panels) were performed. Plotting this data in
the form of Scatchard plots (as is done for the representative
control and obstructed rabbits in Fig. 1, lower panel) revealed a
single class of binding sites with Bm. of 14.2±1.4 pmol/mg
protein. The Bm. in outer medullary plasma membranes from
24-h obstructed kidneys was less than half that of the controls.
By contrast, Kd was similar in membranes from control and
obstructed kidneys (Table II). These results suggest a decrease
in the number of Na-K-2Cl cotransporters expressed in outer
medullary plasma membranes of 24-h obstructed kidneys.

The plasma membrane Na-K-ATPase activity of outer med-
ullary membranes was determined by the rate of ATPconver-
sion to ADPin the absence and presence of ouabain, by linking
the conversion of fluorescent NADHto nonfluorescent NAD
to the appearance of ADP(Fig. 2). The ouabain-sensitive Na-
K-ATPase activity was significantly lower in outer medullary
membranes of obstructed kidneys compared to controls
(220.6±29.2, n = 10, vs. 370.1±33.3 nmol ATPdegradation/
min/mg protein, n = 9, P < 0.005). Since the Na-K-ATPase
activity from mTALcells represents the major portion of outer
medullary Na-K-ATPase activity, the results indicate a loss of
Na-K-ATPase activity in mTALcells of 24-h obstructed kid-
neys.

To determine whether this loss of total Na-K-ATPase activ-
ity reflects a reduction in the number of pump subunits ex-
pressed in the plasma membrane, we performed immunoblots
using specific antisera directed against rabbit a and # subunits.
Equal amounts of membrane protein from control (n = 4) and
24-h obstructed (n = 4) kidneys were subjected to SDS-PAGE,
and they showed a similar pattern of protein bands on amido
black-stained gels (Fig. 3, left panel). However, immunoblots
with antibodies against a and ,B subunits of the Na-K-ATPase
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Table II. [3H]Bumetanide Binding in Outer Medulla Plasma
Membranes of Obstructed and Control Kidneys

0.25 uM
bumetanide B. Kd

pmol/mg protein pmol/mg JM
(n = 6) protein (n = 3) (n = 3)

Control 7.99±0.86 14.41±1.24 0.10±0.03
Obstructed 3.48±0.74* 4.71 ± 1.94* 0.09±0.02

Values are mean±SE; * P < 0.005 compared to control.

(Fig. 3, middle and right panels) revealed a striking decrease in
both pump subunits in membranes from obstructed, as com-
pared to control kidneys. The presence of multiple bands in the

I I immunoblots for a subunit likely represents proteolysis of the
0.05 0.10 0.15 0.20 0.25 subunit in the membrane preparation. Previous studies in rab-

[Free [3H]Bumetanide], juM bit kidney cortex using the same antibody and a slightly differ-
ent protein preservation protocol have demonstrated 1-2
bands, tightly clustered around 110 kD. The immunoblot ob-
tained for the (# subunit resembles closely that obtained in rab-
bit cortex in these same previous studies (M. Kashgarian, un-
published observations).

Since previous studies in both mTALand cortical collect-
ing duct have demonstrated that chronic inhibition of apical
sodium entry pathways can reduce Na-K-ATPase activity (21-
23), we examined the time course of the decreases in apical
Na-K-2Cl cotransporters and in basolateral Na-K-ATPase us-
ing assays of plasma membrane [3H ] bumetanide binding and
ouabain-sensitive ATPase, respectively. Fig. 4 shows the time
sequence of changes in [3H ]bumetanide binding (upper panel)
and the Na-K-ATPase activity (lower panel) in outer medul-

* lary plasma membranes isolated from kidneys of control and
4-, 12-, and 24-h obstructed rabbits. Progressive decreases of
both saturable [3H ] bumetanide binding and Na-K-ATPase ac-
tivity were noted throughout the first 24 h of obstruction. A

0.05 0.10 0.15 0.20 0.25 significant decrease in [3H]bumetanide binding was also noted
3 . between the control and 4 h obstructed groups (7.99±0.86, n

[Free [ H]Bumetanide], fiM = 6 vs. 5.20±0.56 pmol/mg protein, n = 5, P < 0.05). How-
ever, there was no significant difference in Na-K-ATPase be-
tween control and 4-h obstructed groups, indicating that the
decrease in Na-K-2Cl cotransporter precedes the decrease in
Na-K-ATPase activity.

Figure 1. [3H I bumetanide binding to outer medullary plasma mem-
branes isolated from obstructed and control kidneys. Upper two pan-
els depict binding as a function of free [3H ] bumetanide concentra-
tion (range 0.006-0.250 MM) in the presence and absence of 25 zM

\ unlabeled bumetanide (open symbols) and saturable binding (filled
symbols) to membranes from representative control (upper panel)
and 24 h obstructed (middle panel) kidneys. Saturable binding at
each [3H ] bumetanide concentration is calculated as the difference in
binding in the absence and presence of unlabeled bumetanide. Each
data point in upper and middle panel represents the mean of triplicate
binding determinations±SE (n = 3). In lower panel, saturable bind-
ing data from upper panel (control, circles) and middle panel (ob-

5 10 15 structed, squares) is replotted in the form of a Scatchard plot. De-
3 crease of Bn (x-intercept) but no change of Kd ( - 1/slope) is noted

rable [H] Bumetanide Binding, pmol in outer medullas of obstructed kidneys.

24 Hwang et al.
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Discussion

Obstructive nephropathy leads to salt wasting despite reduced
glomerular filtration rate, indicating a defect in tubular reab-
sorption of sodium ( 1, 2). Qualitatively similar defects in renal
function are present in short-term (24 h) obstructed as well as

more chronically obstructed kidneys, suggesting that the mech-
anisms of dysfunction are similar in acutely and chronically
obstructed kidneys ( 1, 2). The pathological changes in 24-h
obstructed kidneys are relatively mild compared to ischemic

Figure 2. NADHfluorescence trac-
ing in measurement of Na-K-ATP-
ase activity in outer medullary
plasma membranes from control
(upper panel) and obstructed (lower
panel) kidneys. The assay was per-
formed at 37°C in standard assay
buffer containing (in mM) 100
NaCI, 66.7 NH4CI, 50 Imidazole,
0.08 EDTA, 3.7 MgCl2, 0.027
NADH, 0.5 Na2ATP, 0.2 phos-
phoenol pyruvate, 4.7 U/ml pyru-
vate kinase and 6.7 U/ml lactate
dehydrogenase, pH 7.4; after a stable
basal fluorescence, the reaction was
started by adding aliquot of plasma
membranes. After obtaining an ini-
tial rate of ATP degradation, 1 mM
ouabain was added to determine the
ouabain-insensitive activity. Rates
of ATPase activity were quantified
by decrease in NADHfluorescence
after stepwise addition of 5 nmol
ADPto get the standard curve.
Rates of fluorescence decay were
linear, and the activity was calcu-
lated from the slope. Subtraction of
ouabain-insensitive activity from
total ATPase activity gave the oua-
bain-sensitive ATPase activity. The
difference in slope before and after
addition of ouabain was much less
in obstructed kidneys.

renal lesions, so that mechanisms of dysfunction are not
clouded by cell necrosis, inflammation or fibrosis (11; S. J.
Hwang and M. L. Zeidel, unpublished observations). In addi-
tion, functional studies of tubular segments from unilateral or
bilateral obstructed kidneys show similar results (8), indicating
that similar defects occur in the obstructed kidney, whether or
not the contralateral kidney is obstructed.

However, in bilateral ureteral obstruction, tubular trans-
port defects are caused, in part by the accumulation of volume
and solutes (3), leading to increased levels of natriuretic sub-
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stances such as atrial natriuretic peptide and renal prostaglan-
din E2 (4, 5). In addition to these hormonal changes, alter-
ations of tubular transport function in several nephron seg-
ments (8, 10, 24, 25), including the mTAL, are also
responsible for salt wasting. Thus, isolated perfused mTAL
from obstructed kidneys reabsorb Cl- less effectively than tu-
bules from control kidneys (8). In addition, measurements of
medullary tonicity have demonstrated medullary washout in
obstructed kidneys, suggesting a defect in mTALtransport of
solutes into the interstitium (24, 26).

Although deficient mTALsodium transport contributes to
salt wasting in obstruction, the specific mechanisms underlying
this defect remain unclear. Previous studies have demonstrated
a variety of alterations in outer medullary metabolic pathways,
including reduced medullary oxygen consumption (27), re-
duced levels of adenine nucleotides (28), and diminished activ-
ities of glycolytic enzymes (27), as well as of Na-K-ATPase
(27, 29, 30), but it has been difficult to relate these alterations
to specific transport defects. An attractive feature of obstruc-
tive nephropathy as a model for renal cell injury is the rela-
tively mild ultrastructural damage observed in mTAL cells
after 24 h of obstruction ( 11), a time when severe defects in
tubular transport are well established. Thus, at 24 h of obstruc-
tion, transport defects can be studied in cells which have not
developed the severe ultrastructural derangements observed in
most models of ischemic renal damage.

The present studies demonstrate that intact mTALcells
prepared from obstructed kidneys have reduced transport-de-
pendent Qo2. By contrast, the level of transport-independent
Q°2 was not different in cells from obstructed and control kid-
neys (Table I). These results demonstrate that obstruction se-
lectively reduces transport-dependent Qo2. It is clear from the
studies with furosemide and ouabain that both apical Na-K-
2Cl cotransporter and basolateral Na-K-ATPase activities were
reduced in intact cells obtained from obstructed kidneys.

At present, quantification of cotransporter sites is best stud-
ied by specific, saturable [3H ] bumetanide binding( 3 1 ). Satura-
ble binding of [ 3H ] bumetanide to the Na-K-2Cl cotransporter
directly parallels bumetanide inhibition of cotransport activity,

both with respect to affinity and requirement for the simulta-
neous presence of Na+, K+, and Cl- ions (15, 31-33). The
number of [3H]bumetanide binding sites on both intact cells
(32, 34-36) and plasma membranes (33) has also been shown
to vary proportionally with Na-K-2C1 cotransport activity fol-
lowing exposure of cells to physiological stimuli or inhibitors of
cotransport activity. This latter property of [3H]bumetanide
binding indicates that the number of saturable [ 3H ]-
bumetanide binding sites provides a measure of the number of
functional cotransporters in the plasma membrane.

Studies in plasma membranes isolated from control and
obstructed kidneys revealed reduced levels of [3H ] bumetanide
binding after obstruction, but no change in the affinity of bind-
ing sites for [3H ]bumetanide. These results confirm the evi-
dence from Q°2 studies of reduced cotransporter activity in
obstructed kidneys, and suggest that the reduction in cotran-
sporter activity observed in intact mTALcells reflects reduced
numbers of functional cotransporter proteins in the apical
membranes of these cells in situ. The lack of effect of obstruc-
tion on the dissociation constant for [3H] bumetanide binding
suggests that those cotransporter proteins that are present after
obstruction might function normally. Defining the signals by
which obstruction reduces the number of functional cotran-
sporters will require the availability of specific antibody and
cDNA probes for the cotransporter so that the regulation of
cotransporter mRNAtranscription and translation as well as
post-translational intracellular transport and modification of
cotransporter protein can be studied.

Basolateral Na-K-ATPase activity in intact mTALcells was
also reduced and this reduction was confirmed by the demon-
stration of reduced ouabain-sensitive ATPase activity as well as
reduced a and a subunit protein in membranes prepared from
outer medullae of obstructed kidneys. Measurements of oua-
bain-sensitive ATPase in permeabilized membranes and of sub-
unit proteins agreed well, and indicate that the reduction in
Na-K-ATPase activity is due to reduced amounts of both sub-
units in membranes of obstructed kidneys. These results differ
from those obtained by Brunskill et al. (37) in basolateral
membranes obtained from the cortices of obstructed kidneys.

26 Hwang et al.



9

CL
ar

8O6

\E
40

C:

0-0

30

20a
0-

0

400

350

c-
8Q 300
0

a)

ou 250
E

c
6- 200

a-
< 1 50

0

100o

0 4 8 1 2 1 6 20 24

Time of obstruction, h

0 4 8 12 16 20 24

Time of Obstruction, h

Figlure 4. Time course study of [3H]bumetanide binding (upper
panel) and Na-K-ATPase activity (loswer panel) in outer medullas
plasma membranes from control (O time; lupper, n = 6; lower, n
= 9), 4 h (both, n = 5), 12 h (both, n = 6) and 24 h (lupper, n
= 6; lower, n = 10) obstructed kidneys. Data are expressed as
mean+SE. *P < 0.05 **P < 0.005 compared to control.

In this study, the amounts of pump subunits were not de-
creased in obstructed kidney membranes, and the loss of pump
activity was attributed to changes in the composition and fluid-
ity of basolateral membranes brought on by obstruction. These
differences in results are likely due to the use of membranes
from different nephron segments.

It is well known that obstruction markedly increases renal
medullary PGE2content (5) and that PGE2stimulates natriure-
sis in the mTAL. Moreover, Campbell et al. (38) have recently
shown that reducing PGE2synthesis in obstructed kidneys par-
tially restores cortical collecting duct water permeability. These
results suggest that increased PGE2 generation in obstructed

kidneys might participate in the apparent down-regulation of
cotransporter activity which we have observed.

To explore the relationship between reduced cotransporter
and pump numbers of mTAL apical and basolateral mem-
branes, we examined the time course, during the development
of obstruction, of the loss of apical and basolateral transporters.
It appears from Fig. 4 that the loss of cotransporter precedes
that of pump. Several studies in both mTALand collecting
duct have demonstrated that chronic reductions in apical so-
dium entry can diminish basolateral Na/K-ATPase activity in
the presence of aldosterone stimulation (21-23). For example,
in mTAL, Grossman and Hebert (21 ) demonstrated that min-
eralocorticoid-induced increases in pump activity could be pre-
vented by chronic inhibition of the apical cotransporter using
furosemide. Similarly, in collecting duct, chronic amiloride in-
hibition of apical sodium channels blocks mineralocorticoid
stimulation of Na/ K-ATPase (22, 23). By contrast, in the pres-
ence of normal aldosterone levels, reductions of Na+ entry did
not lower Na/ K-ATPase activity below basal levels (23).
Thus, our results show that obstruction reduces the number of
functional apical Na-K-2Cl cotransporters, leading to chronic
decreases in sodium entrv into mTALcells. The reduction in
sodium entry caused by reduced apical Na-K-2Cl cotrans-
porters and reduced Na+ delivery to the mTALdunrng obstruc-
tion may contribute to reduced synthesis and deployment of
Na-K-ATPase in the basolateral membrane.

The combined effect of these reductions in apical and baso-
lateral sodium transport activities is to reduce active sodium
reabsorption by the mTAL. In that active sodium transport by
the mTAL is also responsible for the generation of medullary
hypertonicity, these transport defects may also contribute to
the inability of obstructed kidneys to concentrate urine above
the tonicity of plasma.
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