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Abstract

Ureteral obstruction causes impaired salt wastage and K+
secretion in the distal nephron segments, including the corti-
cal collecting duct (CCD). Recently, we demonstrated that
conductances of Na+ and K+ in the apical membrane, as
well as the electrogenic Na+-K+ pump activity and the rela-
tive K+ conductance in the basolateral membrane of the
collecting duct cell, were inhibited in the obstructed kidney
after unilateral ureteral obstruction (UUO). To examine
whether the increased intrarenal pressure might be causally
related to these abnormalities in the CCD, the effects of
unilateral renal decapsulation, a maneuver that partially
blocks the increase in renal pressure, were evaluated with
microelectrode techniques in isolated CCDs from UUO and
sham-operated (control) rabbits 24 h after operation. Renal
decapsulation had no effects on barrier voltages and conduc-
tances in the CCD from control animals. The lumen-nega-
tive transepithelial (VT) and basolateral membrane (VB)
voltages as well as the transepithelial (GT) and the apical
membrane (GA) conductances were decreased in the CCD
from UUO animals compared with control animals. Pre-
treatment of renal decapsulation partially corrected the de-
creases in VT, VB, GT, and GA seen in the CCD from UUO
animals. The changes in apical membrane voltage and GT
upon addition of luminal amiloride and Ba2+, and the
changes in VB upon addition of bath ouabain, were also
decreased in the CCD from UUO animals compared with
control animals. Pretreatment of renal decapsulation also
partially corrected the above abnormalities seen in UUO
animals, whereas it had no effect in control animals. The
transference numbers for Cl- (tc) and K+ (tK) in the basolat-
eral membrane were, respectively, increased and decreased
in the CCD from UUO animals compared with control ani-
mals. Pretreatment of renal decapsulation also partially cor-
rected the changes in tc, and tK seen in UUO animals,
whereas it had no effect in control animals. We conclude
that, in UUO animals, renal decapsulation partially corrects
the inhibition of apical Na+ and K+ conductances as well as
basolateral Na+-K+ pump activity and relative K+ conduc-
tance seen after UUO, whereas in control animals it has no
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effect. The increased renal pressure may partly contribute
to the defects in Na' and K+ transport in the CCD from
obstructed kidneys. Renal decapsulation has protective ef-
fects on impaired Na' and K+ transports in the CCD after
ureteral obstruction. (J. Clin. Invest. 1994. 94:1846-1854.)
Key words: electrophysiology * unilateral ureteral obstruc-
tion * unilateral renal decapsulation * collecting duct cell

Introduction

Urinary tract obstruction is associated with a number of defects
in renal function in the rat (1-4), dog (5, 6), and humans (7,
8). Studies in animals with experimentally induced obstructive
uropathy have shown transport defects mainly in the distal neph-
ron segments, including the cortical collecting duct (CCD),'
characterized by impaired Na' and water reabsorption and de-
creased secretion of H' and K+ (1, 3, 4, 8, 9). However, the
mechanisms underlying these disorders have not been fully
evaluated. Only a few studies have assessed them at a segmental
level (10-15). The in vitro microperfusion studies of the rabbit
CCD have demonstrated that unilateral ureteral obstruction
(UUO) led to decreases in the lumen-negative transepithelial
voltage (10, 11) as well as in Na'-K+-ATPase activity (12) and
in Na'-K' pump in situ turnover (13) in the CCD from ob-
structed rat kidneys after UUO. These observations have sug-
gested that the collecting duct (CD) cell would be functionally
impaired after ureteral obstruction, since the CD cell is mainly
responsible for Na' and K+ transports in the CCD (16-27).
Very recently, Muto et al. (25) have demonstrated that in the
rabbit CCD from obstructed kidneys 24 h after UUO conduc-
tances of Na' and K+ in the apical membrane as well as electro-
genic Na'-K+-ATPase pump activity and relative K+ conduc-
tance in the basolateral membrane of the CD cell were inhibited,
whereas the relative Cl- conductance in the basolateral mem-
brane was stimulated.

The mechanisms responsible for the electrical changes of
the CD cell observed in the obstructed kidney after UUO are
probably multifactorial. Among the factors that might be opera-
tive singly or in concert, the increased renal pressure after ure-
teral obstruction could be associated with impaired transport

1. Abbreviations used in this paper: CCD, cortical collecting duct; CD
cell, collecting duct cell; Decap, unilateral renal decapsulation; AEMF,
change in basolateral membrane electromotive force due to ion substitu-
tion; fRA, fractional apical membrane resistance; GA, apical membrane
conductance; GB, basolateral membrane conductance; GT, transepithelial
conductance; GTj, tight junction conductance; tcl, transference number
of C1- of the basolateral membrane; tK, transference number of K+ of
the basolateral membrane; UUO, unilateral ureteral obstruction; VA,
apical membrane voltage; VB, basolateral membrane voltage; VT, trans-
epithelial voltage.
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capacity for Na' and K+ in the CCD from obstructed kidneys.
However, there is no direct evidence for this hypothesis.

It has been reported that the renal capsule provides the
major force opposing expansion of renal cortex when intrarenal
pressure is increased (28). It has been demonstrated in dogs that
renal decapsulation partially blocks increases in renal interstitial
hydrostatic pressure associated with acetylcholine-induced va-
sodilation (29). Furthermore, it has been shown in Wistar rats
that renal decapsulation attenuates the elevations in renal inter-
stitial pressure and their association with natriuretic and diuretic
responses observed during elevation in renal perfusion pressure
or acute saline volume expansion (30). In this study, therefore,
unilateral renal decapsulation (Decap) was used to partially
block the increase in renal pressure. The purpose of this study
was to compare the effects of unilateral renal decapsulation on
electrical properties of the CD cell in the CCDs from UUO and
sham-operated rabbits 24 h after operation, and eventually to
determine whether the increased intrarenal pressure might be
related to the defects in Na' and K+ transports seen in the CCD
from UUO animals.

In this article, we demonstrated that in UUO animals, renal
decapsulation partially corrected the inhibition of apical Na'
and K+ conductances as well as basolateral Na+-K+ pump activ-
ity and K+ conductance observed after UUO, whereas in control
animals it had no effect. The increased renal pressure may, at
least in part, contribute to the defects in Na+ and K+ transport
in the CCD from obstructed kidneys. Renal decapsulation has
beneficial effects on impaired Na+ and K+ transports in the
CCD after ureteral obstruction.

Methods

Animals and surgical procedures
Female Japanese White rabbits weighing 1.5-2.5 kg were used. After
a period of acclimation, the rabbits were divided into the following four
groups.

Group I (control, intact renal capsule). 10 animals from this group
underwent a sham surgical procedure of left ureteral obstruction and
renal decapsulation.

Group 2 (control, left renal decapsulation). In five animals with
intact ureters, a left renal decapsulation was performed.

Group 3 (UUO, intact renal capsule). 13 animals with intact renal
capsules received a left ureteral obstruction.

Group 4 (UUO, left renal decapsulation). 13 animals underwent a
left renal decapsulation 10 min before receiving a left ureteral obstruc-
tion.

Left ureteral obstruction was performed with sterile technique under
light anesthesia with intravenous pentobarbital (30 mg/kg) by tying a
3-0 silk suture around the left ureter above the ureterovesicular junction.
In control animals, the left ureter was manipulated but otherwise left
intact. Left renal decapsulation was performed by incising the renal
capsule with the aid of a surgical groove director so that the scalpel did
not enter the renal parenchyma. The capsule was then gently removed
by blunt dissection, with care taken not to transect capsular arteries.
The procedure was accomplished within minutes and with only minimal
manipulation of the left kidney. Usually little or no bleeding was encoun-
tered, and in all cases the bleeding stopped within 10 min. The rabbits
from all four groups were then permitted to recover from anesthesia
and were returned to their cages, with free access to food and water.
The rabbits were maintained on standard rabbit chow (Clea Japan, Inc.,
Tokyo, Japan), containing Na+ of 120 meq/kg diet and K+ of 400 meq/
kg diet, and tap water ad libitum.

Isolation and perfusion of tubules
24 h after the surgery, the animals of four groups were then reanesthe-
tized with intravenous sodium pentobarbital (35 mg/kg), and both kid-

neys were removed and weighed. Slices of the coronal section 1-2-mm
thick from left kidneys were made and transferred to a dish containing
a cold intracellular fluid-like solution of the following composition
(mM): 14 KCl, 44 K2HPO4, 14 KH2PO4, 9 NaHCO3, and 160 sucrose.
As described previously (20-27), this dissection medium was selected
because it has been reported that intracellular fluid-like solutions are
much better at preserving kidney tissue, metabolically as well as func-
tionally. Segments of CCDs were dissected from the cortex and trans-
ferred to a bath mounted on an inverted microscope (Diaphot; Nikon,
Tokyo, Japan). Each tubule was perfused in vitro according to the tech-
niques developed by Burg et al. (31) and as modified in this laboratory
for the use of intracellular microelectrodes (20-27). Since the details
of the technique have been published previously (20-27), they will be
presented here only briefly. Tubules were suspended between the two
pipettes. The luminal perfusion rate exceeded 20 nl/min in all tubules.
The distal end of the tubule was held in the collecting pipette with
unpolymerized Sylgard 184 (Dow Corning Corp., Midland, MI). The
tubule was perfused in the bathing chamber of - 100 ILI to permit rapid
exchange of the bathing solution within 5 s. The bathing solution flowed
at 5-15 ml/min from the reservoirs by gravity through a water jacket
to permit the bath temperature to be regulated at 370C.

Electrical measurements
The transepithelial and cellular electrical properties of the tubule were
measured using techniques described previously in this laboratory (20-
27). In brief, the transepithelial voltage (VT) was measured through the
perfusion pipette, which was connected to one channel of a dual-channel
electrometer (Duo 773; World Precision Instruments, Inc., Sarasota, FL)
with a 3 M KCI/3% agar bridge and a calomel half-cell electrode. The
basolateral membrane voltage (VB) was measured with 0.5 M KCl-
filled microelectrodes, which were fabricated from borosilicate glass
capillaries (GD-1.5; 1.5 mm OD, 1.0 mm ID; Narishige Scientific Labo-
ratory, Tokyo, Japan) by using a vertical puller (PE-2; Narishige Scien-
tific Laboratory). Both voltages were referenced to the bath and were
recorded on a four-pen chart recorder (R64; Rikadenki, Tokyo, Japan).
The electrical potential difference across the apical membrane (VA) was
given by

VA = VT -VB

Cable analysis was used to calculate the transepithelial conductance
(GT) and the fractional apical membrane resistance (fRA), as described
in detail previously (20-27). Constant-current pulses, 50 nA (300 ms
in duration, 10-s interval), were injected into the tubule lumen via the
perfusion pipette. ThefRA was estimated from the ratio of the voltage
deflection across the apical membrane and the voltage deflection across
the entire epithelium at the point of impalement.

The conductances of the apical and basolateral membranes (GA and
GB, respectively) and the tightjunction conductance (GT) were estimated
using 2 mM Ba2" in the lumen as a probe to the equation described
previously (17-19, 25-27, 32, 33):

GT = (1 - fRA)GB + GTJ

Ion substitution studies were conducted to determine the relative ion
permselectivity of the basolateral membrane. When the ion concentra-
tion of the bathing solutions was changed, the initial peak change in VB
was used with fast bath exchange rates (2-5 s) to minimize secondary
effects such as changes in cellular ion activities. Voltage changes due
to lowering bath Cl- and raising bath K+ concentrations were corrected
for liquid junction potentials with free-flowing 3 M KCI electrodes.
The change in basolateral membrane electromotive force due to ion
substitution (AEMF) was estimated according to the following equation
(25-27, 34): AEMF = AVB - I RB, where AVB is the measured
change in VB due to ion substitution and I RB is the change in membrane
potential due to the dissipation of energy from current flowing across
the basolateral membrane resistance (RB). As described previously (25-
27), the circular loop current (I) was estimated from GTj and the change
in VT on ion substitution (AVT) as I = GTj AVT. The transference
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numbers, which indicate the relative portion of a specific conductance
of an ion with respect to the overall conductance, were calculated ac-
cording to the following equation (25, 26):

tion = AEMF/[61 * 10g(CI/C2)],

where t0o. is the transference number of the respective ion, and where
c, and c2 are the two different ion concentrations of the specific ion
used in the step-change experiments.

Identification of CD cells
Cell impalements in this study were limited to CD cells. CD cells were
electrophysiologically distinguished from intercalated cells according to
the criteria described previously by Muto et al. (17-27). CD cells have
a lowerfRA, higher VB, apical Na+ and K+ conductances, and basolateral
K+ and Cl- conductances, whereas intercalated cells have a higherfRA,
lower VB, a dominant basolateral Cl- conductance, and no detectable
apical K+ conductance. Therefore, CD cells were electrophysiologically
identified by the depolarization of VA and the decrease in fRA upon
raising the luminal K+ concentration. In addition, CD cells showed a
depolarization of VA and an increase in fRA upon addition of luminal
Ba2+, a K+ channel inhibitor. In sharp contrast, intercalated cells did
not show any significant changes in VA orfRA upon raising the luminal
K+ concentration and addition of luminal Ba2+.

Solutions and materials
The composition of the control bathing and perfusing solution was
(mM): 110 NaCl, 5 KCl, 1 MgCl2, 1.8 CaCl2, 25 NaHCO3, 10 Na
acetate, 0.8 Na2HPO4, 0.2 NaH2PO4, 5 L-alanine, and 8.3 D-glucose.
This control solution had an osmolality between 285 and 295 mosmol/
kg/H20 and was equilibrated with 95% 02/5% CO2 and adjusted to pH
7.4 at 370C. In some experiments, 45 mM Na' was replaced with K+
or 108.6 mM Cl- was replaced with cyclamate.

Amiloride (Sigma Chemical Co., St. Louis, MO) was added to the
luminal perfusate to achieve a final concentration of 50 tM. Ouabain
(Sigma Chemical Co.) was used in the bath at a concentration of 10-4
M. BaCl2 was used in the lumen at a final concentration of 2 mM.

Measurements of tubular length and diameters
Tubular lengths were measured at the end of each experiment, using a
calibrated reticle in the eyepiece of the microscope. The tubules were
photographed at a proximal, central, and distal site during perfusion at
a magnification of 200. Inner and outer diameters were measured at
0.05-mm intervals along the tubule. Reported values are the average of
at least five measurements. Since the tubules from the four groups were
rapidly perfused at similar rates and pressures, the degree of distension
of the lumen is assumed to be similar in all.

Table L Comparison of Body and Kidney Weights among the
Four Groups

Kidney weight

Group n Body weight Right Left

kg g

1 10 1.65±0.05 6.1±0.3 5.1±0.5
2 5 1.73±0.06 6.4±0.1 6.4±0.2
3 13 1.70±0.04 6.1±0.1 10.8±0.4*1
4 13 1.67±0.02 6.6±0.1 11.1±0.3**

Values are mean±SE; n, number of animals; * P < 0.001 compared
with the left kidney weights of group 1; * P < 0.001 compared with
the left kidney weights of group 2.

Table II. Comparison of Tubular Length and Inner and Outer
Diameters among the Four Groups

Outer
Group n Tubular length Inner diameter diameter

'Um Am AM

1 17 950.0±45.7 29.5±0.9 39.5±1.3
2 14 1048.2±75.1 29.7±0.8 39.5±0.9
3 18 880.2±55.7 37.6±0.9*t 45.8±0.7*1
4 17 1051.1±43.9 38.0±0.9*t 48.7±0.8*t

Values are mean±SE. n, number of tubules; * P < 0.001 versus group
1; t P < 0.001 versus group 2.

Statistics
The data are expressed as mean±SE. Comparisons were performed by
the paired or nonpaired Student's t test, one-way analysis of variance
in combination with Scheffe's multiple comparison test, as needed. P
values < 0.05 were considered statistically significant.

Results

Comparison of body and kidney weights among the four
groups

Body and both kidney weights in four groups of animals are

given in Table I. Body and right kidney weights were unchanged
in the four groups. In groups 1 and 2, there were no significant
differences in weights of right and left kidneys. By contrast, in
groups 3 and 4, the weights of the obstructed left kidneys were

significantly (P < 0.001) greater than those of the untouched
right kidneys. In addition, the left kidney weights in groups 3
and 4 were significantly greater than those in groups 1 and 2.
There were no significant differences in the left kidney weights
between groups 3 and 4.

Electrophysiological data
The tubular length and inner and outer diameters of the CCD
segments in four groups of tubules are given in Table II. Re-
moval of left renal capsule had no effect on either inner or outer
diameters in the CCD from control animals. By contrast, both
inner and outer diameters of tubules from groups 3 and 4 were

significantly greater than those from groups 1 and 2. There were

no significant differences of inner and outer diameters between
groups 3 and 4. The change in inner diameter was more promi-
nent than in outer diameter in the CCD of group 3, and this
structural change seen in the CCD of group 3 was not detected
in group 4, despite luminal dilatation also observed in group 4.

Effects of renal decapsulation on barrier voltages and con-

ductances of CD cells from control and UUO animals. The
barrier voltages of CD cells of tubules from four groups of
animals are illustrated in Fig. 1. The lumen-negative VT (group
1: -9.8±1.0 mV, n = 17; group 2: -9.9±1.9 mV, n = 14) and
-VB (group 1: -79.4±2.2 mV, n = 17; group 2: -77.0±1.4
mV, n = 14) were similar in groups 1 and 2. On the other hand,
as reported previously by Muto et al. (25), both-VT (3.0±1.2
mV, n = 18) and-VB (-61.5±1.5 mV, n = 18) in the tubules
from group 3 were significantly lower than those from group

1. In contrast to the tubules from group 3, both-VT (-4.3±1.2
mV, n = 17) and-VB (-69.4±1.7 mV, n = 17) of the tubules
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Figure 1. Comparison of
barrier voltages among
the four groups. Values
are mean±SE. Numerals
in parentheses indicate
the number of experi-
ments. *P < 0.05, **P
< 0.005, and ***P
< 0.001 versus group 1;
tp < 0.05 and ttp
< 0.001 versus group 2;
IP < 0.05 and IIP
< 0.005 versus group 3.

from group 4 were much greater than those from group 3, but
were much lower than those from group 1. These measurements
of cell potentials are consistent with the notion that active elec-
trogenic Na+ transport across the basolateral membrane is inhib-
ited upon UUO, and this inhibition seen in UUO animals is
partially restored by pretreatment of renal decapsulation. The
calculated VA (group 1: 69.6+2.0 mV, n = 17; group 2:
67.2±2.2 mV, n = 14; group 3: 64.6±1.8 mV, n = 18; group
4: 65.0±1.9 mV, n = 17) was not significantly different among
the four groups.

The fRA and barrier conductances of CD cells of tubules
from four groups of animals are given in Table HI. The fRA
and GT were similar in groups 1 and 2. By contrast, as Muto
et al. (25) described previously, thefRA was significantly ele-
vated and the GT was significantly reduced in group 3 when
compared with group 1, suggesting that UUO inhibits the con-
ductive pathway of the apical membrane of the obstructed tu-

bule more than that of the basolateral membrane. This was
evident from the fact that the GA was much lower in group 3
than in group 1. On the other hand, in group 4 both the GT and
the GA were significantly increased compared with group 3,
although the values of the GT and the GA in group 4 did not
approach those in group 1. There were no significant differences
of the GA between groups 1 and 2. In addition, neither GB nor

GTj was significantly changed among the four groups. These
findings suggest that the inhibition of the conductive pathway
of the apical membrane of CD cells observed after UUO is at
least partially restored upon renal decapsulation.

Effects ofrenal decapsulation on electrical properties ofthe
apical membrane of CD cells from control and UUO animals.
As described above, pretreatment of renal decapsulation par-
tially corrected reduction in GA seen in the CCD from UUO
rabbits, but not from control rabbits. The first set of the studies
was therefore designed to examine whether this alteration in
GA is the result of a change in the Na' and/or K+ conductances
in the apical membrane of CD cells, because the GA ofCD cells
from normal rabbits is composed of a small Na' conductance
and a dominant K+ conductance (16-19, 21-23, 25-27,
32-34).

To examine whether the Na' conductance in the apical
membrane of CD cells from UUO animals is influenced upon
renal decapsulation, we added an Na' channel inhibitor, amilor-
ide, to the luminal perfusate and compared the barrier voltages
and conductances among the four groups, as shown in Table
IV. Upon addition of 50 jiM amiloride to the perfusate, the
VT and the VB in the tubules of the four groups were rapidly
depolarized, resulting in a significant hyperpolarization of VA.
At that time, the GT was significantly decreased and the fRA
was significantly increased in the four groups. However, the
amiloride-sensitive changes in VA and GT were strikingly differ-
ent among the four groups, as shown in Fig. 2. They were
significantly reduced in group 3 when compared with group 1,
although they were not significantly different between groups
1 and 2. By contrast, in group 4 they were significantly greater
than in group 3, but were significantly lower than in group 1.
Therefore, these results indicate that an inhibition of the Na+
conductance in the apical membrane of CD cells observed after
UUO is partially corrected by pretreatment of renal decapsula-
tion.

Next, we examined whether the apical membrane K+ con-
ductance of CD cells in the tubules from control and UUO
animals is changed upon renal decapsulation. We added a K+
channel inhibitor, Ba2+, to the luminal perfusate and observed
the electrical properties at the initial peak response (Table V).

Table III. Comparison offlA and Barrier Conductances among the Four Groups

Group n fRA GT GA GB GTj

MSS cm2 MnS cm-2 MS cMi2 MS cm-2

1 16 0.40±0.03 9.0±0.3 14.8±1.6 9.8±1.1 3.6±0.4
2 10 0.43±0.03 9.1±0.8 14.9±1.5 10.7±0.8 3.3±0.9
3 15 0.58±0.03*t 5.5±0.3§11 5.0±0.4§11 7.2±0.8 2.7±0.2
4 22 0.48±0.03 7.2±0.31¶** 9.6±0.91*** 8.9±0.8 2.6±0.8

Values are mean±SE. n, number of tubules. IP < 0.05, * P < 0.005, and § P < 0.001 versus group 1; I P < 0.05 and 11 P < 0.001 versus group
2; ** P < 0.05 versus group 3.
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Table IV. Effects of 50 pM Amiloride in the Lumen on Barrier Voltages and Conductances at the Initial Peak Response

VT VB VA GT fRA

Group n C E C E C E C E C E

mV mV mV mS-cm-2

1 11 -9.4±0.9 3.2±1.0* -77.6±2.7 -71.4±3.4* 69.3±2.5 75.3±2.7* 9.1±0.6 7.1±0.5* 0.43±0.06 0.59±0.06*
2 7 -9.4±1.7 8.7±1.3* -80.0±1.2 -69.4±2.9t 70.5±1.5 78.1±2.3§ 8.5±0.8 6.6±0.7* 0.48±0.04 0.64±0.04*
3 10 4.7±1.3 9.8±1.8* -64.0±2.1 -60.6±2.2* 68.7±2.5 70.4±2.6* 5.2±0.3 4.4±0.3* 0.57±0.04 0.62±0.04*
4 11 -4.1±1.2 8.1±1.6* -72.2±2.3 -64.4±2.5* 68.2±2.0 72.6±2.6* 7.1±0.5 5.7±0.5* 0.55±0.03 0.68±0.03*

Values are mean±SE. n, number of experiments; C, control period; E, experimental period. * P < 0.001, I P < 0.005, and t P < 0.01 com-
pared with the control period.

When 2 mM Ba2+ was added to the perfusate in the tubules of
the four groups, the VT was rapidly hyperpolarized, and the VB
was rapidly depolarized, resulting in a significant depolarization
of VA. At that time, the GT was significantly decreased, and the
fRA was significantly increased in the tubules of the four groups.
However, the Ba2+-sensitive changes in VA and GT were also
different among the four groups, as shown in Fig. 3. As Muto
et al. (25) reported previously, they were significantly lower in
group 3 than in group 1, indicating that the Ba2+-sensitive K+
conductance in the apical membrane of CD cells is inhibited
upon UUO. In contrast to group 3, in group 4 they were signifi-
cantly greater than in group 3, but were significantly lower than
in group 1. On the other hand, they were not significantly
changed between groups 1 and 2. Therefore, it is indicated that
the inhibition of the Ba2+-sensitive K+ conductance in the apical
membrane of CD cells with UUO is partially corrected upon
renal decapsulation.

Effects of renal decapsulation on electrical properties of

8

6

4-

2 ~~~~~***ttt

I...

IIl
9 -2L**tj

t
** lt
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CONTROL UUO

-Figure 2. Comparison of
the amiloride-sensitive
changes in VA, GT, and
fRA among the four
groups. Values are
mean±SE. Numerals in
parentheses indicate the
number of experiments.
*P<0.05, **P <0.005,
and ***P < 0.001 versus
group 1; tP < o.05, IIP
<0.01, and tttp < 0.001
versus group 2; YP
< 0.05 versus group 3.

the basolateral membrane of CD cells from control and UUO
animals. As shown in Fig. 1, the decrease in -VB observed
after UUO was partially prevented by pretreatment of renal
decapsulation, suggesting that an inhibition of the Na'-K+-AT-
Pase pump activity seen in the basolateral membrane of CD
cells from UUO rabbits is partially corrected upon renal decap-
sulation. To further confirm this notion, we added an Na'-K'
pump inhibitor, ouabain, to the bath and observed the barrier
voltages and conductances at the initial peak response. In the
four groups of the tubules, addition of 10- M ouabain to the
bath caused both VT and VB to depolarize significantly without
any changes in GT orfRA (Table VI). However, the initial peak
changes in VB were also different among the four groups, as
shown in Fig. 4 They were significantly lower in group 3 than
in group 1. By contrast, in group 4 they were significantly
greater than in group 3, but were significantly lower than in
group 1. On the other hand, they were similar in groups 1
and 2. These results are consistent with the notion that renal
decapsulation partially corrects an inhibition in the Na'-K+-
ATPase pump activity in the basolateral membrane of CD cells
seen in UUO animals, but not in control animals.

The conductive pathways of the basolateral membrane of
CD cells from normal rabbit kidneys are composed of a domi-
nant Cl- conductive pathway and a small K+ conductive path-
way (17-20, 25-27, 32, 34, 35). In the basolateral membrane,
the coupled influx of K+ via the Na'-K+-ATPase pump is "re-
cycled" via this basolateral K+ conductance. Inhibition of Na'-
K+-ATPase pump is also known to cause an increase in Cl-
conductance of the basolateral membrane of CD cells in the
rabbit CCD (25). Thus, the change in Na'-K' pump activity
described above would influence both K+ and Cl- conductances
in the basolateral membrane, although the GB was not signifi-
cantly changed among the four groups. When the bath K+ con-
centration was increased from S to 50 mM, the basolateral mem-
brane in the tubules of four groups was depolarized rapidly.
When the bath Cl- concentration was decreased from 120 to
12 mM, the basolateral membrane in the tubules of four groups
was also depolarized rapidly. We calculated the AEMF based
on the voltage deflections upon changing bath K+ and Cl- and
then estimated the transferance numbers of K+ and Cl- of the
basolateral membrane (tK and tcl, respectively) (see Methods).
The comparison of tK and tci among the four groups is illustrated
in Fig. 5. The tK and tci in group 1 were 0.19±0.01 (n = 13)
and 0.45±0.02 (n = 14), respectively. After UUO (group 3),
the tK was significantly decreased to 0.09±0.01 (n = 16), and
the tci was significantly increased to 0.65±0.02 (n = 9), sug-
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Table V. Effects of 2 mM Ba2+ in the Lumen on Barrier Voltages and Conductances at the Initial Peak Response

VT VB VA GT fRA

Group n C E C E C E C E C E

mV mV mV mS cm-2
1 16 -8.7±0.9 -12.4±1.2* -77.0±2.3 -49.7±2.2* 68.0±2.6 37.0±2.7* 9.0±0.3 5.1±0.3* 0.40±0.03 0.83±0.01*
2 10 -8.5±1.4 -18.1±1.8* -76.2+2.7 -55.1±2.8* 67.6±1.9 37.0±2.4* 9.1±0.8 5.2±0.8* 0.43±0.03 0.84±0.01*
3 15 3.6±0.9 -1.6±2.01 -64.0±1.7 -49.2±2.0* 67.6± 1.5 47.6±1.3* 5.5±0.3 3.6±0.2* 0.58±0.03 0.87±0.02*
4 22 -3.8±1.0 -16.1±2.1* -70.2±1.5 -55.5±2.3* 66.3±1.6 39.8±1.9* 7.2±0.5 4.6±0.4* 0.48±0.03 0.80±0.01*

Values are mean±SE. n, number of experiments; C, control period; E, experimental period. * P < 0.001 and tP < 0.01 compared with the control
period.

gesting that upon UUO the relative K+ conductance is decreased
and the relative Cl- conductance is increased. By contrast, in
group 4 the tK (0.14+0.01, n = 12) was significantly greater
than in group 3, but did not approach the value in group 1.
Furthermore, in group 4 the tci (0.52±0.03, n = 12) was signifi-
cantly lower than in group 3 and was not significantly different
from the value in group 1. The tK and tc0 were similar in groups
1 and 2 (tK: 0.19±0.01, n = 9; tci: 0.46±0.03, n = 8). Taken
together, these results indicate that a decrease in relative K+
conductance observed after UUO is partially corrected upon
renal decapsulation, whereas an increase in relative Cl- conduc-
tance observed after UUO is completely attenuated upon renal
decapsulation. In addition, these changes in relative K+ and Cl-
conductances seen in UUO animals after renal decapsulation
were associated with a change in Na'-K+-ATPase pump
activity.

Discussion

The results of this study provide additional information regard-
ing the mechanisms responsible for impaired Na' and K+ trans-

Oi

port capacity of CD cells in the CCD of obstructed kidneys 24
h after UUO. The major finding of this study is that in UUO
animals renal decapsulation partially corrects the inhibition of
apical Na' and K+ conductances as well as basolateral Na'-K'
pump activity and K+ conductance seen after UUO, whereas in
control animals it has no effect.

Electrical properties of the apical as well as basolateral
membranes of CD cells from control and UUO animals after
renal decapsulation. As Muto et al. (25) reported previously,
the present study also showed that the GA was selectively de-
creased in the CCD from UUO animals. In contrast, removal
of the renal capsule partially corrected the decrease in GA seen
in UUO animals, but not in control animals. In addition, we
observed that the changes in VA and GT upon addition of luminal
amiloride and Ba2" were significantly smaller in UUO animals
compared with control animals. Pretreatment of renal decapsu-
lation also partially corrected the above abnormalities seen in
UUO animals, but not in control animals (Figs. 2 and 3). Taken
together, these results indicate that renal decapsulation partially
corrects the decreases in Na' and K+ conductances of the apical
membrane seen in UUO rabbits, but not in control rabbits.

As shown in Figs. 1 and 4, both -VT and -VB, as well as
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Table VI. Effects of 10-4 M Ouabain in the Bath on Barrier Voltages and Conductances at the Initial Peak Response

VT VB GT fRA

Group n C E C E C E C E

mV mV MS Cm-2

1 7 -9.3±1.5 0.4±1.1* -81.5±4.7 -70.8±4.6* 8.9±0.3 8.7±0.4 0.45±0.05 0.46±0.06
2 7 -8.4±1.0 0.4±0.9* -77.1±2.6 -66.4±2.2* 8.4±0.3 8.3±0.3 0.40±0.04 0.41±0.03
3 6 2.3±1.2 6.2±1.2k -61.8±0.9 -57.3±1.2* 5.0±0.5 4.8±0.5 0.59±0.04 0.60±0.04
4 12 -4.3±0.7 2.1±0.7* -67.6±1.2 -59.9±1.3* 6.9±0.2 6.8±0.1 0.48±0.02 0.49±0.02

Values are mean±SE. n, number of experiments; C, control period; E, experimental period. * P < 0.001 and IP < 0.005 compared with the
control period.

the initial peak changes in VB upon addition of ouabain to the
bath, were not altered in the CCD from control animals by
renal decapsulation. On the other hand, they were significantly
decreased in UUO animals compared with control animals, and
the above abnormalities seen in UUO animals were partially
corrected by pretreatment of renal decapsulation. These results
indicate that renal decapsulation also partially corrects the inhib-
itory effects of UUO on basolateral Na'-K' pump activity,
whereas it has no effect in control animals.

Using the transference numbers for Cl- and K+, we can
estimate the relative Cl- and K+ conductances across the baso-
lateral membrane. In this study we found that the relative con-
ductances of CF- and K+ were not influenced in the CCD from
control animals by renal decapsulation (Fig. 5). On the other
hand, the relative conductances of Cl- and K+ were, respec-
tively, decreased and increased in the CCD from UUO animals

0-.0
E

0
0
0
0
0)
I-

0.7r

0.6-

**ttD tK

E tcl

0.5

0.4-

0.3p

0.2p

0.1

OD

Decap

0 1
(13) (14)

( )

(9) (8)
(+

CONTROL

(16)

(-)
(9)

*tt .

(12) (12)
(+)

UUO
Figure 5. Comparison of the transference numbers of the basolateral
membrane (tK and tci) among the four groups. Values are mean±SE.
Numerals in parentheses indicate the number of experiments. The tK
and tcl reflect the relative K+ and Cl- conductances of the basolateral
membrane, respectively. *P < 0.05 and **P < 0.001 versus group 1;
tp < 0.05 and "tp < 0.001 versus group 2; tP < 0.05 versus group 3.

compared with control animals. In contrast to control animals,
these changes in relative CF- and K+ conductances of the baso-
lateral membrane seen in the UUO animals were partially cor-
rected by renal decapsulation. We speculate that the changes in
Na'-K' pump activity, in parallel with changes in basolateral
membrane K+ conductance seen in UUO animals with and with-
out renal decapsulation, may possibly be associated with an
alteration in VB. Alternatively, this alteration in VB induces
changes in relative Cl- conductance, since the Cl- channel in the
basolateral membrane ofCD cells from normal rabbit kidneys is
reported to be voltage dependent at physiological potentials
(36). Muto et al. (25) also reported that there is an inverse
correlation between -VB and the relative CF- conductance in
CD cells from sham-operated and obstructed rabbit kidneys 24
h after operation. To directly demonstrate whether the changes
in relative K+ and CF- conductances of the basolateral mem-
brane seen in UUO animals are linked to the alteration in VB,
further studies examining the magnitude of K+ and CF- conduc-
tances of the basolateral membrane in the presence of bath
ouabain will be required.

Mechanisms responsiblefor defects in Na' and K+ transport
in CD cells after UUO. Among the factors responsible for de-
fects in Na' and K+ transports in the CCD after ureteral obstruc-
tion, increased renal pressure has been suggested (9-13). In
this study, we found that unilateral renal decapsulation had
significant effects on Na' and K+ transport properties in the
CCD from UUO animals, but not from control animals. These
findings suggest that the effects of renal decapsulation on trans-
port properties observed in CD cells from UUO animals might
occur as a result of partial blocking of increased renal pressure,
although we did not measure the renal interstitial hydrostatic
pressure in control and UUO rabbits before and after renal
decapsulation. This is based on the report of Hebert et al. (28)
that the renal capsule provides the major force opposing expan-
sion of renal cortex in dogs when intrarenal pressure is in-
creased. This is also supported by the report of Hartupee et al.
(29) that renal decapsulation can partially block the elevations
in renal interstitial hydrostatic pressure associated with acetyl-
choline-induced vasodilation in dogs. It has also been shown
in Wistar rats (30) that renal decapsulation partially blocks ele-
vations in renal interstitial hydrostatic pressure and their associ-
ation with pressure natriuretic and diuretic responses during
increase in renal perfusion pressure or volume expansion. If the
effects of in vivo intraluminal pressure on tubular diameters are
preserved in the isolated CCD, it can be speculated that the in
vivo pressure could be greater in UUO animals than control
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animals because both inner and outer diameters of tubules iso-
lated from UUO animals (groups 3 and 4) are significantly
greater than those from control animals (groups 1 and 2) (Table
II). We can also speculate that in UUO animals with renal
decapsulation (group 4) the in vivo pressure could be much
lower than in UUO animals with intact renal capsules (group
3) because the flattening of the CCD epithelium due to increased
intraluminal pressure was observed in the CCD from UUO
animals with intact renal capsules (group 3), but this structural
characteristic was not detected in UUO animals with renal de-
capsulation (group 4), as shown in Table II. Therefore, we
conclude that the increase in renal pressure might at least partly
explain the defects in Na' and K+ transport in the CCD after
ureteral obstruction. It is also possible that renal decapsulation
is known to permit surface losses of renal interstitial fluid (37).
Thus, we cannot rule out the possibility that surface losses
could explain the present findings. It should be noted that partial
blocking of increased renal pressure with unilateral renal decap-
sulation had demonstrable protective effects on impaired Na'
and K+ transports seen in the CCD after ureteral obstruction.
In the 1970s it was also reported that transplant surgeons used
partial renal decapsulation of the allograft (incision of the renal
capsule) to prevent possible rupture of the allograft during epi-
sodes of acute rejection (37, 38).

In this study, inhibition of apical Na' and K+ conductances,
as well as basolateral Na'-K' pump activity and K+ conduc-
tance seen in the CCD from UUO animals, was partially but
not completely corrected by renal decapsulation. In addition to
increased renal pressure, therefore, a number of other factors
could also play a role in affecting the Na' and K+ transport in
the CCD after ureteral obstruction, such as increases in renal
prostaglandin production (39, 40), decreases in tubular flow rate
(41), or resistance to aldosterone and vasopressin (42). It is also
possible that alterations in one or more of these factors are also
responsible for the transport defects in Na' and K+. Further
studies will be required to determine the mechanisms responsi-
ble for the abnormalities in Na' and K+ transport in the CCD
after ureteral obstruction.

In summary, effects of unilateral renal decapsulation on
Na', K+, and Cl- transport properties of CD cells in the CCD
have been demonstrated in UUO rabbits, but not in sham-oper-
ated rabbits. The increased renal pressure may partly contribute
to the defects in Na' and K+ transport in the CCD after UUO.
Renal decapsulation has beneficial effects on impaired Na+ and
K+ transports in the CCD after ureteral obstruction.
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