
Hydraulic Water Permeability and Transepithelial Voltage
in the Isolated Perfused Rabbit Cortical Collecting Tubule
Following Acute Unilateral Ureteral Obstruction
H. T. Campbell, E. Bello-Reuss, and S. Klahr
Department of Physiology and Biophysics, and Renal Division, Department of Medicine,
Washington University School of Medicine, St. Louis, Missouri 63110

Abstract

Ureteral obstruction affects the kidney's ability to conserve

water and sodium. Using the isolated perfused tubule technique,
we studied cortical collecting tubules (CCT) taken from rabbits
subjected to a sham operation or to 4 h of unilateral ureteral
obstruction (UUO). Tubules were perfused in the presence of
an osmotic gradient directed to promote water movement from
lumen to bath, and volume flux (J), hydraulic water perme-

ability (L,), and transepithelial voltage (VI) were determined.
In tubules from sham-operated and UUO animals, basal
(before exposure to vasopressin) J, and 1p were not different
from zero. After addition of 200 ,uU. ml' of arginine vaso-

pressin (aVP) to the bath, J, and Lp increased to 1.64±0.23
nl* mm-' * min-' and 127.9±19.8 cm. S-1. atM- _ 107, respec-

tively, in tubules from sham-operated animals, but to only
0.27±0.09 nl * mm-j *min-' and 18.8±6.2 cm. S-1. atm-1. 107
in tubules from UUOanimals. Pretreatment with desoxycor-
ticosterone acetate (DOCA) or indomethacin in vivo did not
prevent the blunted vasopressin response seen in tubules taken
from UUOanimals. The J, and Lp responses to the cyclic
AMP(cAMP) analogue, 8-Br-cAMP, were also diminished in
tubules taken from UUOanimals compared with shams. VI,
measured during the basal period, was diminished in tubules
from UUOkidneys (-5.0±2.1 mV) compared with shams
(-21.9±4.1 mV), and pretreatment with DOCAdid not prevent
the effects of UUOon VI. In contrast, tubules taken from
animals that received indomethacin prior to UUOdeveloped
voltages not different from voltages in tubules taken from
sham-operated animals (-173±1.7 mV). We conclude that,
although CCTfrom UUOanimals can maintain osmotic gra-

dients, their ability to respond to vasopressin by increasing 1p
is impaired by an intrinsic defect located at a step beyond the
generation of cAMP, and that prostaglandin inhibition or

DOCApretreatment do not reverse the decreased responsive-
ness of Lp to aVP. UUO also diminished VI, and this
abnormality was prevented by previous treatment with indo-
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methacin, suggesting that prostaglandins may mediate the
effect of UUOon V1.

Introduction

Ureteral obstruction causes a number of alterations in renal
function. Abnormalities in sodium and water conservation are
well-known consequences of partial ureteral obstruction and
of the state that follows release of complete ureteral obstruction
(1, 2). A number of factors may play a role in the pathophys-
iology of this state. Extrarenal factors, such as solute and water
overload and the presence of natriuretic factors retained during
the period of obstruction, may contribute to diminished sodium
and water reabsorption by the postobstructed kidney, as may
changes in renal hemodynamics, glomerular filtration rate, and
intrarenal production of hormones (2-7). The roles of these
extrarenal and extratubular factors have been studied in some
detail. However, it is possible that obstruction affects the
function of the tubular epithelium per se, such that the normal
intrinsic capacity of the tubule to reabsorb sodium and water
is impaired.

Hanley and Davidson (8) studied the effects of obstruction
on several segments of the rabbit nephron using the isolated
perfused tubule technique. After 24 h of ureteral obstruction,
they found decreased hydraulic water permeability in cortical
collecting tubules (CCT) that had been perfused in the presence
of vasopressin and then exposed to an osmotic gradient. To
further investigate the effects of brief periods of unilateral
ureteral obstruction (UUO)' on the CCT, we conducted ex-
periments to study the ability of the tubules to (a) maintain
an osmotic gradient in the absence of vasopressin, (b) respond
to vasopressin by increasing hydraulic water permeability (Lv),
and (c) generate a transepithelial voltage (V,). The effects of
mineralocorticoids, prostaglandins, and cyclic AMP(cAMP)
on the function of the CCTafter UUOwas also investigated.
Our results indicate that brief periods of UUOinduce abnor-
malities in both vasopressin-induced osmotic water permeability
and VI, and that the abnormality in voltage can be prevented
by pretreatment with indomethacin.

Methods

Female New Zealand white rabbits weighing 1.5-2.0 kg were fed a
standard chow and given free access to water for at least I wk prior to
study. On the day of the experiment, all animals were anesthetized

1. Abbreviations used in this paper: 8-Br-cAMP, 8-bromoadenosine
3',5'-cyclic monophosphate; CCT, cortical collecting tubule; DOCA,
desoxycorticosterone acetate; J,, volume flux; Lp, hydraulic water
permeability; UUO, unilateral ureteral obstruction; Vi, perfusion rate;
V,, transepithelial voltage.
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with pentobarbital (25-30 mg* kg- body wt given intravenously) and
subjected to either UUOor a sham operation. All animals had midline
lower abdominal incisions and identification of the ureter at the
ureterovesical junction; in the UUOgroup, the ureter was ligated twice
with 2-0 silk suture. After surgery the animals were allowed to recover
under a heat lamp and denied access to food and water. 4 h after the
procedure, the animals were sacrificed by decapitation, and obstructed
or the sham kidney was quickly removed. I mmthick coronal slices
were obtained and kept in chilled media (identical to the bathing
solution) during dissection. CCTwere separated from corticomedullary
rays with fine forceps (Dumont no. 5, Ernest F. Fullam Inc., Schenec-
tady, NY) under X 40 magnification. CCTwere identified on the basis
of the junction of two or more segments to form tubules of characteristic
appearance (9). Kidneys subjected to ureteral obstruction were swollen
and often showed areas of hemorrhage which were avoided during
dissection. After isolation, the tubule was transferred to a lucite
chamber and perfused as previously described (10, 11). Briefly, one
end of the tubule was aspirated into a holding pipette and a second
smaller pipette introduced into the tubular lumen for delivery of
perfusate. The other end of the tubule was aspirated into a collection
pipette filled with water-equilibrated mineral oil so that collected fluid
displaced the oil. The tip of the collection pipette was coated with a
thin film of the insulating resin Sylgard 184 (Dow-Corning, Midland,
MI). Sylgard 184 was not used in the holding pipette since in our
experience voltages measured via the perfusion pipette (see below)
were not affected by the presence of Sylgard. Timed collections of
perfused fluid were made with precalibrated volumetric pipettes of 40-
50 nl. The bathing solution consisted of (in millimolar): NaCl, 105;
NaHCO3, 25; KCI, 5; CaC12, 1.8; MgSO4, 1.0; Na2HPO4, 2.5; Na
acetate, 10; glucose, 8.3; and alanine, 5.0. This solution was bubbled
with 95% 02:5% CO2 at 370C to pH 7.4. The perfusate was modified
from the bathing solution by lowering the NaCl to 42 mMand
omitting the NaHCO3, glucose, and alanine. The pH of the perfusate,
when equilibrated with 5% CO2 at 370C, was 6.13. 50 MCi -ml-' of
previously dialyzed tritiated methoxy-inulin (New England Nuclear,
Boston, MA) was added to the perfusate to serve as a volume marker
in the determination of net volume flux (Jr), perfusion rate (Vi), and
Lp. The osmolalities of all solutions were determined before each
experiment with a vapor pressure osmometer (Wescor, Inc., Logan,
UT). The measured osmolalities of the bath and perfusion solutions
were 290±5 and 132±8 mosm- kg-', respectively (means±SD). All
experiments were conducted at 37°C. The chamber volume was 1.0
ml; fresh bath solution was exchanged continuously at a rate of 1-2
ml/min. V, (nanoliters per minute) was calculated as:

V1 = 3HO/[3Hi] - t (1)

where 3Ho is the total number of tritium counts collected, [3Hi] is the
concentration of counts in the perfusate solution (cpm per nanoliters),
and t is the time required for collection (minutes) (12). V1 was
9.05±1.80 nl - min-' for the sham-operated tubules and 8.52±1.58
nl * min-' for the UUOtubules (means±SD). Tubule lengths, measured
with an eyepiece micrometer, were 1.3±0.4 mmfor the tubules from
sham-operated animals and 1.5±0.5 mmfor the tubules of animals
with UUO(means±SD). Tubules were excluded from anlysis if defects
in the tubule wall were seen by inspection under X 200 magnification
or if the concentration of tracer in the collected fluid was less than
that in the perfused fluid by 2% or more during the basal period
(absence of vasopressin), indicating leak of bath solution into the
tubule lumen or collection pipette.

J, (nanoliters per millimeter per minute) was calculated from (12)

J. = V, - VO/L (2)

where V2 and V0 are the perfusion and collection rates, respectively
(nanoliters per minute), and L is the tubule length (millimeters). Lp
(centimeters per second per atmosphere) was determined by the
formula (13)

v
R-ViC Fcco-C 1I (CO-Cb)Ci

RTALCCoCb (Cb9 (Ci - Cb)ClO (3)

where C,, C0, and Cb are the osmotic pressures of the perfusate,
collected fluid, and bathing fluid, respectively (atmospheres), R is the
gas constant, T is the temperature (degrees Kelvin), and A is the
tubular area (square centimeters), calculated from the measured tubule
length and an assumed internal diameter of 20 gm (for comparison
with previously published observations [14, 15]). The actual measured
diameters of 11 sham and 11 UUOtubules were 30.1±5.3 and
28.7±5.2 Mm, respectively (means±SD, values not significantly different
by unpaired t test). C0 was calculated from the ratio of concentrations
of tritiated inulin in the collected fluid and perfusate times C; (16, 17).
For measurement of VI, a saline-equilibrated 3 MKCI agar bridge was
placed in contact with the bath (reference), and another bridge placed
in contact with the tubule lumen through the perfusion pipette. The
other ends of the agar bridges were in series with calomel half-cells
connected to a high impedance electrometer (W-P Instruments, Inc.,
model 725, NewHaven, CT). The transepithelial potential was contin-
uously monitored on a strip chart recorder (model R51 IA, Beckman
Instruments, Fullerton, CA).

The perfusion protocol consisted of three periods. During the first
period (equilibration), the tubule was perfused for 90 min at 370C and
the V; adjusted to 7-10 nl - min-'. During the second period (basal),
three or four timed sequential samples of collected fluid were obtained
in precalibrated volumetric pipettes of 40-50 nl. The third period
began with the addition to the bath of either 200 MU- ml-' arginine
vasopressin (Pitressin, lot BB606, Parke-Davis, Morris Plains, NJ) or
10' M 8-bromoadenosine 3',5'-cyclic monophosphate (8-Br-cAMP)
(Sigma Chemical Co., St. Louis, MO). These concentrations of vaso-
pressin or 8-Br-cAMP are known to produce maximal increases in
water permeability in CCT(14-18). Sequential timed collections were
continued after the addition of vasopressin or 8-Br-cAMP for a period
of 90 min. Each sample was counted for tritium in a liquid scintillation
counter (Packard Instruments, Downer's Grove, IL) and the values of
V,, Jv, and Lp were calculated. For data analysis each experiment was
divided into a series of 10-min intervals, and mean values of V,, J,
and 1, were calculated for each interval. These values were then used
in calculating the means of each interval for the experimental group,
and these values are shown in Results.

Animals were divided into four groups. Groups I and IV received
no treatment before the experiment. Group II received desoxycortico-
sterone acetate (DOCA) (Sigma Chemical Co.) in sesame oil, 5 mg
intramuscularly daily, for 7-14 d prior to the study (14). Group III
received indomethacin (Sigma Chemical Co.) dissolved in 0.1 MTris
buffer, 5 mg- kg-' body wt intravenously, 30 min prior to the surgical
procedure (sham operation or UUO) (19); indomethacin was present
in the bath in these studies at 10-1 M. During the third period, tubules
from groups I, II, and III were exposed to arginine vasopressin; tubules
from group IV were exposed to 8-Br-cAMP.

In 11 tubules, lumen-to-bath sodium fluxes were measured isotop-
ically. Animals were subjected to surgical procedures as detailed above.
The tubules were perfused and bathed with identical isotonic solutions
(the same as the bath solution that was previously described except for
the substitution of 5 mMNa Hepes/20 mMNa cyclamate for the 25
mMNaHCO3, pH 7.4). 50 MCi/ml of 'Na were added to the perfusate
solution in addition to tritiated inulin. V,'s in these tubules were
adjusted to -2 nl . min-'. Collected fluid was counted on a liquid
scintillation counter with appropriate windows for determination of
22Na and tritium counts. Under these conditions (no osmotic gradient),
volume fluxes were not different from zero. The precise determination
of lumen-to-bath sodium flux requires the measurement of the specific
activity of the tracer in the collected fluid. However, minimum and
maximum limits on the lumen-to-bath flux can be determined by
assuming either zero backflux of unlabeled sodium (total luminal
sodium concentration diminishes in proportion with the decline in
tracer concentration) or backflux equal to lumen-to-bath flux (total

220 H. T. Campbell, E. Bello-Reuss, and S. Klahr



luminal sodium concentration does not change). For comparison of
lumen-to-bath sodium flux rates in tubules from sham-operated vs.
UUOanimals, the maximum possible value for the UUOgroup was
compared with the minimum possible value for the sham-operated
group.

Results shown are means±SE. The level of statistical significance
was calculated using Student's paired or unpaired t test, as required
by the experimental design (20, 21).

Results

Fig. I shows the time course of vasopressin-induced changes
in Lp in tubules from animals in group I (no pretreatment)
subjected to either sham surgery or 4 h of UUO. After 90 min
of equilibration (in the absence of vasopressin), tubules from
both sham-operated and UUOanimals displayed low water
permeability with values of 1L which were not statistically
different from zero. Thus, following UUO, tubules had retained
their normally low Lp and could maintain high osmotic
gradients across the tubular epithelium. After addition of
vasopressin (200 XU- ml-') to the bathing solution, tubules
from UUOanimals showed marked blunting of the L. response
compared with tubules from sham-operated animals. Table I
shows the mean values of J, and 14 obtained in the basal
period and in the 3040-min interval after the addition of
vasopressin or 8-Br-cAMP (maximal response). J, and L4 in
the basal period were not different from zero in tubules from
both sham-operated and UUOanimals in all of the groups.
After vasopressin or 8-Br-cAMP, J, and 14 increased in tubules
from both sham-operated and UUOanimals in all of the
groups. However, J, and L. values in tubules from UUO
animals after vasopressin or 8-Br-cAMP were smaller than the
corresponding values observed in tubules from sham-operated
animals. For group I, 1L values in tubules from UUOanimals

-50L

Figure 1. Time course of changes in L, in tubules from sham-
operated (top) and UUOanimals (bottom) in group I. Tubules were
equilibrated at 37°C for 90 min before the first sampling interval.
Arginine vasopressin was added at t = 0 at a concentration of 200
zU * ml-'. Before the addition of vasopressin, basal L4 values were
not different from zero in either group. Tubules from UUOanimals
developed Lp responses that were significantly lower than those in
tubules from sham-operated animals.

were only 15% of the corresponding values in tubules from
sham-operated animals.

Adrenal steroids have been shown to potentiate the Lp
response of CCT to vasopressin (14). To examine the effect of
UUOon CCT from DOCA-treated animals, the studies in
group II were done. The results are shown in Fig. 2. The L.
in the basal period was not different from zero in tubules from
either sham-operated or UUOanimals; DOCApretreatment
enhanced the vasopressin response of tubules from sham-
operated animals but marked suppression of the response was
still observed in tubules from UUOanimals. The values of J,
and L, in the basal period and for the 30-40-min period after
vasopressin exposure are shown in Table I. Maximal vasopressin
response of 14 was greater in the tubules from DOCA-treated
animals than in tubules from animals that had not received
DOCAtreatment, for both the sham-operated groups (no
pretreatment, 128±20; DOCA, 257±49; P < 0.05) and for the
UUO groups (no pretreatment, 19±6; DOCA, 46±11; P
< 0.05). However, the L4 value in tubules from DOCA-treated
UUOanimals was 18% of the value in tubules from DOCA-
treated sham-operated animals, only slightly higher than the
15% value observed in group I. The values of J, showed similar
changes. Thus, UUOresulted in similar inhibition of the
vasopressin-induced change in Lp and J, in tubules from
DOCA-treated animals as in tubules from animals that did
not receive DOCA.

Prostaglandins have been shown to suppress vasopressin-
induced changes in L. in CCT (22, 23), and its synthesis by
the kidney is augmented following UUO (7). To assess a
possible role of prostaglandins in mediating the defect in
vasopressin responsiveness of CCT after UUO, indomethacin
was given before UUO. Fig. 3 shows the results of these
experiments. Values of 14 in the absence of vasopressin were
not different from 0 or from the other groups. Despite indo-
methacin pretreatment in vivo marked suppression of the
vasopressin-induced response was seen again after UUO. Table
I shows the values of J, and 1, for the periods before and after
vasopressin exposure. Absolute values for the peak response
for J, and 14 in the tubules from indomethacin-treated UUO
animals were not significantly different from the corresponding
values in group I. The peak response for 14 in tubules from
indomethacin-treated UUOanimals was 26% of the value in
the tubules from indomethacin-treated sham-operated animals.

To test the possibility that UUOinduces a defect in the
vasopressin-receptor adenylate-cyclase complex, a cAMPana-
logue (8-Br-cAMP) was used. The results of these experiments
are shown in Fig. 4 and Table I. The 8-Br-cAMP-induced
increase in J, and Lp in tubules from sham-operated animals
was not statistically different from the increase induced by
vasopressin in group I. UUOsuppressed the water permeability
response of CCT to 8-Br-cAMP. L. values in tubules from
UUOanimals at 30-40 min after 8-Br-cAMP addition were
29% of the values in tubules from the sham-operated animals
during the same interval.

The results of the VI measurements (determined before the
addition of vasopressin or 8-Br-cAMP) are shown in Table II.
Under the conditions of these experiments (low perfusate
sodium), tubules from sham-operated animals that received
no pretreatment (groups I and IV) developed mean voltages
of -22 + 4 mV(lumen negative). Tubules from UUOanimals
developed much lower VI (-5±2 mV, P < 0.005 compared
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Table I. J, and L,) in CCTfrom Sham-operated Animals and Animals with UUO

J, (n1 * mm]* min~Z - (cm * s -} aim~ 0'

Group Sham UU0 Sham UU0 Sham UU0

Basal 0.07±0.11 0.05±0.08 4.6±7.3 3.6±5.4 7 7
aVP 1.64±0.23* 0.27±0.09*4t 127.9±19.8* 18.8±6.2*

7

Basal 0.07±0.04 0.08±0.03 5.1 ±2.1 5.4±1.9
aVP 2.92±0.56* 0.67±0.18*t 257.1±49.4* 46.3±11.8*t 6 4

Basal -0.02±0.08 0.02±0.04 -2.3±6.3 1.3±2.9 5 5
aVP 1.70±0.29* 0.52±0.14*t 141.5±24.6* 37.1±10.4*t
Basal 0.11±0.09 0.05±0.05 7.1±6.0 3.4±3.4 5 5
8-Br-cAMP 2.04±0.13* 0.87±0.17*4 187.9±28.3* 54.9±12.9*t

aVP, arginine vasopressin. Values are means±SE. n, number of tubules studied. * P < 0.05 for J, or Lp values after aVP or 8-Br-cAMP value
compared with basal. t P < 0.05 for J, or Lp (aVP- or 8-Br-cAMP-stimulated UUOvalues) compared with sham-operated values.

with tubules from the corresponding sham-operated animals).
Tubules from sham-operated DOCA-pretreated animals devel-
oped mean VI (-43±7 mV) that were higher than VI in tubules
from sham-operated animals in groups I and IV, in accordance
with values reported in the literature (24). Tubules from
DOCA-treated UUOanimals developed lower voltages (-3±2
mV) than tubules from either the DOCA-treated shams (P
< 0.005) or the nontreated shams (P < 0.005), but the voltages
in tubules from the DOCA-treated UUOanimals were not
significantly different from the voltages in tubules from non-
treated UUOanimals. Tubules from indomethacin-treated
sham-operated animals developed voltages of - 10±4 mV.
Tubules from indomethacin-treated UUOanimals developed
higher voltages (- 17±1 mV) than the other UUOgroups. The
voltages in tubules from indomethacin-treated UUOanimals
were not significantly different from the voltages in tubules
from the indomethacin-treated sham-operated animals or from
voltages in tubules from the sham-operated animals in groups
I and IV (no pretreatment). The voltages in tubules from the

indomethacin-treated UUOanimals were higher than those in
tubules from the other UUOgroups (vs. groups I and IV, P
< 0.02; vs. group II, P < 0.05). Thus, UUOcaused a defect
in the ability of the CCT to develop a lumen-negative voltage
when perfused at 37°C in vitro, and the defect was prevented
by treatment of the animal with indomethacin before UUO.

To test the hypothesis that the low voltages measured in
the UUOtubules reflect low rates of sodium transport, isotopic
flux measurements were done in a separate series of tubules
as described above. These tubules were exposed to identical
solutions in the perfusate and bath (no sodium or osmotic
gradients). In six tubules taken from animals subjected to
sham surgery, the minimum possible lumen-to-bath sodium
flux was 38.2±4.0 pmol - mm-' * min-'. In five tubules taken
from animals with UUO, the maximum possible lumen-to-
bath sodium flux was 26.2±3.3 pmol mm-' min-'. These
values are significantly different (P < 0.05). Thus, obstruction
depresses lumen-to-bath sodium fluxes in CCT.

2
5

-E

-i

20 40
TIME (min)

Figure 2. Time course of changes in Lp in tubules from sham-
operated (top) and UUOanimals (bottom) in group II (5 mg DOCA
intramuscularly for 10-14 d before study). Note the change in scale.
The perfusion protocol is as in Fig. 1. DOCAtreatment increased the
Lp response in both sets of tubules, but the relative degree of suppres-
sion for the UUOanimals was similar to that in group I.

60 80

Figure 3. Time course of changes in L, in tubules from sham-
operated (top) and UUOanimals (bottom) in group III (5 mg-kg-'
indomethacin intravenously 30 min before sham operation or UUO).
The perfusion protocol is as in Fig. 1.
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Figure 4. Time course of changes in Lp in tubules from sham-
operated (top) and UUOanimals (bottom) in group IV. The perfu-
sion protocol is as in Fig. 1, except that 1O' M8-Br-cAMP was
added at t = 0 instead of vasopressin.

Discussion

Our results demonstrate intrinsic defects in the cortical col-
lecting duct following a brief period of UUO. Weshowed two
separate abnormalities: resistance to the hydroosmotic action
of arginine vasopressin and failure to develop VI comparable
with control tubules. These data may help to explain some of
the abnormalities noted after the release of ureteral obstruction
or during partial ureteral obstruction.

Hanley and Davidson (8), utilizing the isolated perfused
tubule technique, reported similar abnormalities in rabbit
tubules after 24 h of bilateral or UUO. In their experiments,
cortical collecting duct function was assessed by bathing the
tubules in vasopressin or cAMPwith isotonic solutions in the
bath and lumen and suddenly raising bath osmolality to
hypertonic levels by the addition of raffinose. Obstructed
tubules from both unilaterally and bilaterally obstructed kidneys
had lower L, than tubules from normal kidneys. The Lp of
the tubules in the absence of vasopressin was not assessed.

Table II. VI in CCTfrom Sham-operated
Animals and Animals with UUO

VI(mV) n

Group Sham UUO Sham UUO

I + IV -21.9±4.1 -5.0±2.1* 12 12
II -42.8±7.2 -3.4+1.7* 6 4
III -9.8±3.6 -17.3±1.7t 5 5

Values are means±SE measured during the basal period.
* P < 0.05, UUOvs. sham-operated in the same group.
t NS compared with sham-operated animals in groups I, III, or IV.

Our data indicate that the CCTepithelium can maintain low
water permeability in the absence of vasopressin despite UUO
(that is, the epithelium remains "tight" with respect to water).
UUOdoes induce a defect in this epithelium with respect to
water transport, specifically, the inability to increase Lp in
response to vasopressin.

The decreased response to vasopressin was present even
though our study used a much shorter period of obstruction
(4 h) than that of Hanley and Davidson (8). This defect was
demonstrable with the tubule perfused in vitro, and thus was
not due to the effects of changes in fluid delivery to the
collecting duct or to changes in the osmotic gradients present.
Also, the defect was intrinsic to the collecting duct itself and
was not due to constant exposure to a factor or factors
produced elsewhere that would mediate changes in epithelial
vasopressin responsiveness. Finally, physical factors cannot
account for the defect since the perfusion conditions between
the obstructed and control tubules were the same.

From our results, the mechanism by which obstruction
affects vasopressin responsiveness is not clear. The cellular
events that result in changes in Lp in vasopressin-sensitive
epithelia begin with the binding of the hormone to a receptor
on the basolateral membrane of the cell, with activation of
adenylate cyclase and intracellular generation of cAMP (25).
To test the hypothesis that a defect in this hormone receptor/
cyclase complex occurs as a result of obstruction, we used an
analogue of cAMP to bypass hormone binding and cAMP
generation. The L. of tubules from UUOanimals exposed to
8-Br-cAMP was significantly less than the L. observed in
tubules from sham-operated controls. This result agrees with
that obtained by Hanley and Davidson (8) in their model of
obstruction, and indicates that the major defect in vasopressin
responsiveness is not due to altered interactions of the hormone
with its receptor or the subsequent activation of adenylate
cyclase. Wecannot rule out the possibility that a defect in the
hormone receptor or in the coupling of the receptor to
adenylate cyclase is present but masked by another abnormality
distal to cAMP generation. In fact, the fractional response
(that is, the response in the tubules from UUO animals
expressed as a fraction of the response in corresponding tubules
from sham-operated animals) of the 8-Br-cAMP-exposed tu-
bules was about twice that of the tubules exposed to vasopressin
(group I), a finding consistent with the thesis that the defect is
partially related to abnormalities in the hormone receptor/
cyclase complex. Further studies are needed to investigate this
possibility. A similar defect for vasopressin responsiveness has
been suggested for the cortical collecting duct from the remnant
kidney of rabbits with uremia (26).

Mineralocorticoids act to enhance the hydroosmotic re-
sponsiveness of vasopressin-sensitive epithelia (14), thus playing
a role in regulating the water permeability response in the
collecting duct. Batlle, Arruda, and Kurtzman (27) reported
resistance to the effects of mineralocorticoids on urinary acid-
ification and potassium excretion in patients with ureteral
obstruction. Wedecided to test whether or not DOCAwould
enhance the change in L. in response to vasopressin in the
tubules from UUOanimals and whether DOCApretreatment
would offer protection against the effects of obstruction beyond
the normal enhancement. The absolute value of Lp was
significantly greater in tubules from DOCA-pretreated UUO
animals than in tubules from nontreated UUOanimals, indi-
cating that DOCAenhances vasopressin responsiveness despite
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UUO. When expressed as a percent of the control response,
the Lp in tubules from nontreated UUOanimals was 15% and
in tubules from DOCA-treated animals, 18%. Thus, DOCA
pretreatment enhances vasopressin responsiveness but does
not offer protection against the effects of obstruction.

It is known that prostaglandins of the E series blunt the
vasopressin response of normal CCT (22, 23), and that pros-
taglandin E synthetic rates are greatly increased following
UUO(28). It has been suggested that the abnormal response
of the CCT following obstruction is a result of this excessive
prostaglandin synthesis (2). Inhibition of the prostaglandin
system with indomethacin had no demonstrable protective
effect on the hydroosmotic response of the tubule to vasopressin
despite its effects on voltage (see below). Although enhanced
prostaglandin synthesis might be important in other ways,
such as effects on the thick ascending limb, alterations in
medullary blood flow, or distal delivery of solute and water
(2), our studies show that contributions of the prostaglandin
system do not fully explain the defects in cortical collecting
duct responsiveness to vasopressin.

Our data indicate that the major abnormality in vasopressin
responsiveness of the CCT following UUOlies at a step distal
to cAMP generation and is not due to resistance to the
permissive effects of mineralocorticoids or to an effect of
enhanced prostaglandin synthesis. A number of other factors
are known to alter vasopressin responsiveness, such as calcium
and calmodulin (16, 17), kinins (29), and intracellular pH
(30). It is possible that alterations in one or more of these
factors is responsible for the abnormality in vasopressin re-
sponsiveness. The defect could relate to the availability of
preformed water channels or the mechanisms by which the
water channels are inserted into the membrane (31). Finally,
the defect could reside in the mechanism by which bulk water
flow is directed across the cell (32).

In our study, tubules taken from animals subjected to 4 h
of UUOdid not develop lumen-negative voltages as high as
did tubules from sham-operated animals. Further, when lumen-
to-bath sodium transport was assessed, tubules from UUO
animals had lower sodium fluxes than did tubules taken from
sham-operated animals. Thus, it appears that the VI in the
obstructed tubules parallels the rate of lumen-to-bath sodium
transport, as has been reported for nonobstructed CCT by
others (14). The finding of depressed sodium transport by this
segment may help explain the abnormalities seen in renal
sodium conservation after ureteral obstruction, since the func-
tion of the cortical collecting duct is important in the regulation
of sodium excretion. Maneuvers which stimulate production
of endogenous mineralocorticoids or the administration of
exogenous mineralocorticoids stimulate sodium reabsorption
and potassium secretion and result in higher voltages in the in
vitro perfused collecting tubule (14). Our results in the sham-
operated animals agree with these observations in regard to
the voltages. Despite the effects of DOCAin tubules from
sham-operated animals, DOCAdid not increase voltage in the
tubules taken from animals subjected to 4 h of ureteral ob-
struction with VI values being no different than those seen in
tubules taken from UUOanimals not given mineralocorticoid
pretreatment. As in the nontreated group, the low voltage
probably reflects lower rates of sodium transport and may
explain the site of mineralocorticoid resistance described by
Batlle, Arruda, and Kurtzman (27).

In contrast to the effects of obstruction on voltage in

tubules taken from animals treated with DOCAor from
animals with no treatment, tubules taken from animals treated
with indomethacin developed voltages that were not different
from tubules from sham-operated animals. This result strongly
suggests that the decrease in voltage observed in tubules from
UUOkidneys is mediated by enhanced prostaglandin synthesis,
which may cause a decrease in sodium transport by the CCT.
In normal CCT, prostaglandins depress sodium transport (33,
34). The results in this group show that the two defects induced
by obstruction that we studied are separable, one being pre-
ventable by administration of indomethacin and the other not.

In summary, we have demonstrated that following UUO
of 4-h duration defects occur in the ability of the cortical
collecting duct to respond to vasopressin with normal increases
in Lp and in the ability to generate normal V,'s. The defect in
vasopressin responsiveness was not a result of enhanced pros-
taglandin synthesis, and could not be prevented by pretreatment
with mineralocorticoids. The vasopressin-receptor adenylate
cyclase system was not the major site of the defect. The defect
in the ability to generate VI's was associated with low rates of
lumen-to-bath sodium transport. The defect in the ability to
generate VI's could be prevented by indomethacin treatment.
Although we did not measure sodium fluxes in CCT from
obstructed kidneys after pretreatment with indomethacin, the
results described above suggest that enhanced prostaglandin
synthesis may result in depression of sodium transport. The
defects in both L. and VI are intrinsic to the postobstructed
CCT and indicate that changes in the epithelium per se are
involved in the abnormalities in renal sodium and water
handling that occur as a result of obstruction.
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