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A B S T RA C T Mineralo- and glucocorticoid-deficient
states, such as Addison's disease, are partly charac-
terized by an inability to generate a maximally con-
centrated urine. The purpose of the present study
was to develop a model of adrenal insufficiency and
to determine whether changes in the intrinsic function
of the collecting duct could partly account for this con-
centrating defect. Two kinds of experiments were per-
formed: an assessment of the in vivo ability of adrenal-
ectomized rabbits to concentrate their urine, and an
examination of the intrinsic hydroosmotic responsive-
ness of in vitro perfused collecting ducts isolated from
normal and adrenalectomized rabbits. The present
study demonstrates that adrenalectomized rabbits are
unable to concentrate their urine maximally, and that
the in vivo administration of either deoxycorti-
costerone, 250 ,ug/kg, or dexamethasone, 50 ,g/kg,
restored to or toward normal their concentrating ability.
When cortical collecting tubules from adrenalec-
tomized rabbits were perfused in vitro, they demon-
strated a markedly blunted hydroosmotic response to
antidiuretic hormone (ADH), which was corrected by
the in vitro addition of either aldosterone (50 pM) or
dexamethasone (50 pM), but not progesterone (50 pM).
The steroids by themselves, in the absence of ADH,
had no intrinsic effect on the water permeability of
the collecting duct. The blunted hydroosmotic re-
sponse across cortical collecting tubules from adrenal-
ectomized rabbits was corrected by the addition of
either 8-bromo cyclic AMPor a potent phosphodies-
terase inhibitor, 1-methyl-3-isobutylxanthine. The
present studies show that the cortical collecting
tubules obtained from adrenalectomized rabbits do
not respond normally to ADH. The poor hydroosmotic
response to ADHwas corrected by exogenous aldos-
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terone, dexamethasone, an analog of cyclic AMP, or a
phosphodiesterase inhibitor. In conclusion, the present
studies are consistent with the view that the concen-
trating defect seen in adrenal insufficiency is at least
partly the result of the absence of the permissive
effect that adrenal steroids exert on the ADH-induced
reabsorption of water across the collecting duct. The
absence of adrenal steroi(ds results in a diminished
rate of cyclic AMPaccumulation in the cells of the
collecting duct, either as a result of an augmented
activity of cyclic AMPphosphodiesterase or a dimin-
ished rate of cyclic AMPgeneration.

INTRODUCTION

Addisonian patients who are gluco- and mineralocorti-
coid deficient are characterized by numerous derange-
ments in the regulation of salt and water excretion:
decreased plasma volume as a result of inappropriate
natriuresis; hyperkalemic acidosis as a result of de-
creased excretion of hydrogen and potassium; inability
to excrete normally a free water load (1-3); and de-
creased ability to generate a maximally concentrated
urine (4). Whereas the first three derangements have
been examined in some detail previously, the mechanism
by which urine cannot be concentrated maximally has
not received the same scrutiny. The purpose of the
present studies was to examine the role of the collecting
duct in the inability to form maximally concentrated
urine in a gluco- and mineralocorticoid-deficient
state. Specifically, the present studies were designed to
examine whether adrenal steroids by themselves in-
fluence the intrinsic osmotic water impenneability of the
collecting duct, and to determine whether an altered
hydroosmotic response of the collecting duct to anti-
diuretic hormone (ADH),' in the absence of adrenal

I Abbreviations used in this paper: ADH, antidiuretic
hormone; J,, rate of net volume flux in nl/mm min; Lp,
hydraulic conductivity coefficient; MIX, 1-methyl-3-isobutyl-
xanthine; PGE, prostaglandin E.
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steroidis, couild contribute to the concentrating defect
seen in this setting. Fuirther, througlh the uise of in vitro
miciiroperfuisioIn technii(Iies, we have examiined the
modtulationi of the initrinsic hydroosmiiotic responsiv,e-
nless of the cortical collecting tubule to ADHby adrenal
steroids.

METHOIDS

Adrenailectom y. Female New Zealanid white rabbits
weighinig 1.5-2.5 kg were anesthetized with anl intramiius-
cular injection of 50 mg/kg ketamine plus 3.5 mg/kg proma-
zine (ketaset plus; Bristol Myers Company, Syracuse, N. Y.)
and adrenalectomized under microscopic control via a midlline
abdominal incisioni. No accessory adrenal tissue was seen.
Postoperatively, each animal vas administered a single intra-
mnuscular injection of dexamethasone phosphate (hexadrol
phosphate; Organon Inc., West Oranige, N. J.), 50 jug/kg,
and maintained thereafter on 0.9% sodium chloride drinking
fluid, without additional exogenous steroid. The adeqIuacy of
adrenalectomy was assessed by the measuremiienit of plasma
corticosteronie conicentrations by radioimmunlliloatssavs (Endo-
crine Science, Tarzana, Calif.). In seven adrenalectomized
rabbits, 2 wk after surgery the plasma corticosterone con-
centration was 38±5 ng/dl.2 This was in contrast to the plasma
corticosterone concentration of 2,501+491 ng/ldl similalrly ob-
tained in four normial rabbits. All adrenalectomiiized rabbits
were studied 10 d-2 wk after surgery.

Maximum urinary concenitratintg ability. 6 normall andcl 12
adrenalectomized rabbits, all drinking 0.9% sodiumn chloride,
were adapted to metabolic cages. Urine vas collected
under water-equilibrated mineral oil startinig 2 h after the
intramu.scular injection of 1.25 U/kg of vasopressin tannlcate
in oil (pitressini; Parke, Davis & Co., Detroit, 'Mich.).
After 8 h of collection, the osmolality of the urine vas deter-
mined by freezing point depression (advanced osmomneter;
Advanced Instruments, Inc., Needham Heights, Mass.). 1 wk
later, the saime 12 adrenalectomnized rabbits vere restudied
to determine whether the replacemiient of either minieratlo- or
glucocorticoid steroid hormone improved the urinary con-
centrating ability. Each rabbit was given an intramuscular
injection of either deoxycorticosterone acetate in oil (Per-
corten; Ciba-Geigy Corp., Pharmaceuticals Div., Summllit,
N. J.), 250 jug/kg, or dexamethasone phosphate, 50 ,ug/kg;
2 h later the maximumii urinary osmolality after vasopressin
was determined as before.

In vitro microperfusion. The technique of in vitro micro-
perfusion used in the present study was similar to that
previously reported (5); only the salient features vill be de-
scribed. Rabbits were decapitated, and a 1-2-mm coronal
slice of kidney was placed on ice in a dish containing a solu-
tion of artificial ultrafiltrate, the com)positioni of which %vas
identical to that of the solutioni bathing the outside of the
tubules in vitro (see below) except that the dissectinig soltution
additionally conitained 5 mg/mI of bovine senimii albumnin.
Cortical collectinig tubules vere dissected from the slice, with
special care being taken so that the proximal end of all tubules
began immnlediately below the superficial branchpoint of the
collecting duict; the distal end of the tuibule was clearly located
within the cortex of the kidney.

Cortical collecting tubules were transferred to a Luicite
chamber sitting on the stage of an inverted microscope and
the ends cannulated within concentric glass micropipettes.
Hydraulic insulation of the ends of the tubules within the

2 The limit of detection by this assay is 20 ng/dl.

pipettes Wcas assured by the use of Sylgard 184 (Dow Corning
Corp., Midland, Mich.). The solutioni used to bathe the
outside of the tubule was an artificial ultrafiltrate with the
following comiiposition, (mM): NaCl 115; KCl 5, NaHCO325;
NaH2PO4 2.3, Na acetate 10; MgSO4 1, glucose 8; alanine
5; CaCl2 1.8. No protein was present in the bathing solution.
The solution used to perfuse the lumen of the tubule was
of an identical electrolyte composition to the bathing sollution,
except that the concentration of NaCl was 10 mM. Thus, the
final osmolalitv of the perfusate was 120 mosM, whereas the
bathing solution osmolality was 300 mosM. These were
measured in each experiment. In addition, the perfusate
contained 20 ACi/ml of an impermeant volume marker, 125I_
iothalamate (Ahbott Laboratories, Chemical Div., North
Chicago, Ill.). All solutions were equilibrated at 37°C with
95% 02-5% CO2 so that the final pH at 37°C was 7.4. In a
few experimiienits, the 180 mosM1 o.smotic gradienit across the
tubule was established by making the perfusate isotonic
with plasmiia anid the bathing solution hypertonic with raf-
finose. Becau.se the hydroosmotic action of ADHacross the
cortical collecting tubule is e(qually expressedI when the bath-
ing solution is hypertonic (6), and because the results ob-
tained in these tubules were identical to those in the other
tubules in the same treatment group, all results are presented
together. All experiments were conducted at 37°C.

Because cortical collecting tubules maniifest a .small osinotic
water permeability in the absence of ADH when initially
perfused in vitro (7), all tubules were allowed to equilibrate
in vitro for 60 mIi. From 60 to 90 min after commiiiiencing per-
fusion, control collectionis were made to measure the osmotic
water flux before the addition of ADH. At 90 min, experi-
mental collections were made continuously for collectecl fluid
osmolality and radioactivity. At 37°C, after reachinig the
peak value 10-20 min after its addition, the hydroosmotic
response to ADHdeclines gradually (8). For this reason, the
values for Jv and L, reported here represent the peak values
obtained from each tubule. The time course of the hydroos-
motic response to ADH was identical in tubules obtained
from normal and adrenalectomized rabbits.

The net volume flux wvas given as:

Jv =
L

where J,. = rate of net volumlle flux in nl/mm min; V1 = per-
fusion rate in nI/min; V0 = collection rate in nl/min; and L
= tubular length in mm. The measurement of Jv does not
give a true estimate of the osmotic water permeability of
the collecting duct in that it does not take into account the
magnitude of the driving force for volume reabsorption, the
osmotic gradient. Thus, the hydraulic conductivity coefficient
(Lp) was used to measure the hydroosmotic response to ADH
and was derived as described (9, 10):

-ViCr cj - Co 1 (CO- Cb)C1
Lp= + inI

RTA CiCbCO (Cb)2 (Ci - Cb)CO J

where Lp = hydraulic conductivity coefficient in cm/s atm
x 107; R = gas constant; T = absolute temperature; A
= internal tubular surface area (with an assumed internal
diameter of 20 microns);3 Cb = osmolality of the bathing solu-
tion; C, = osmolality of the perfusate; and C0 = osmolality
of the collected fluid. The osmolality of the bathing, collected,
and perfusate solutions were measured by freezing point de-

3 The internal diameter of tubules from normal and adrenal-
ectomized rabbits were not different.
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pression in nanoliter quantities (Clifton nanoliter osmometer;
Clifton Technical Physics, Hartford, N. Y.).

Study groups. Four groups of in vitro experiments were
performed. The experiments of group 1 were performed to de-
termine whether collecting ducts from adrenalectomized
rabbits were intrinsically permeable to water in the ab-
sence of ADH, and to compare the hydroosmotic response
with ADHof collecting ducts from normal and adrenalec-
tomized rabbits. Thus, control collections were made during
the initial 90 min of perfusiofi of collecting ducts from
normal and adrenalectomized rabbits, and the J, determined
before the addition of ADH. After this time, ADHat a final
concentration of 200 ,uU/ml was added continuously to the
bathing solution and the J, and Lp determined over the next
120 min at 5- 10-min intervals.

Group 2 experiments were first designed to determine
whether adrenal steroids, by themselves, affected the in-
trinsic water permeability of collecting ducts from adrenalec-
tomized rabbits; second, whether adrenal steroids affected
the blunted hydroosmotic responsiveness of collecting ducts
from adrenalectomized rabbits to ADH; and third, whether
there was any specificity of the action of adrenal steroids
on the hydroosmotic response to ADH. Thus, either al-
dosterone, dexamethasone, or progesterone, each at a final
concentration of 50 pM, was singly present in the perfusing
solution from the very beginning of the experiment. Tubular
fluid was collected from 60 to 90 min after the beginning ofthe
experiment in the presence of one of the steroids but before
the addition of ADH, thereby allowing an examination of
the effect that a single steroid might alone have on the
intrinsic water permeability across cortical collecting tubules
from adrenalectomized rabbits. At 90 min, ADHwas then
added and the Jv and Lp were measured at continuous
intervals.

The experiments of group 3 were designed to determine
the hydroosmotic response of tubules from adrenalectomized
rabbits to exogenous cyclic AMPin an effort to localize the
blunted hydroosmotic response to ADH to either steps in-
volved in the intracellular accumulation of cyclic AMPor,
alternatively, to those steps distal to cyclic AMP(see Fig. 6).
Thus, as in group 1, after control collections, an analog of
cyclic AMP, 8-bromo cyclic AMP (Sigma Chemical Co.,
St. Louis, Mo.), at a final concentration of 0.1 mM, was added
continuously to the solution that bathed collecting ducts of
normal and adrenalectomized rabbits, and the Lp was
determined.

The experiments of group 4 were designed to examine
whether cyclic AMPphosphodiesterase inhibition restored
the hydroosmotic responsiveness of collecting ducts from
adrenalectomized rabbits to ADH. Thus, the phospho-
diesterase inhibitor, 1-methyl-3-isobutylxanthine (MIX;
Aldrich Chemical Co., Inc., Milwaukee, Wis.) was present
continuously in the bathing solution from the beginning of
the experiment at a final concentration of 0.1 mM. Collec-
tions of tubular fluid were then made before and after the
addition of 2 ,uU/ml of ADH, as in group 1, and the Jv and Lp
determined. Cortical collecting tubules from normal and
adrenalectomized rabbits were studied. In addition, a second
series of tubules from normal rabbits were exposed only to
ADHat a concentration of 2 juU/ml in the absence of MIX
to measure the hydroosmotic response resulting from this
lower concentration of ADH.

All data in the text and figures is expressed as the mean
+SEM. Paired and unpaired t tests were used to determine
significance, which was taken as P < 0.05.

RESULTS
Maximum urinary osmolality. The maximum urine

osmolality was measured in 6 normal and 12 adrenalec-

tomized rabbits to determine whether adrenal insuf-
ficiency in the rabbit was associated with a concentrat-
ing defect. All rabbits drank 0.9% sodium chloride and
were given 1.25 U/kg vasopressin tannate. As shown in
Fig. 1, adrenalectomized rabbits with a maximum uri-
nary osmolality of 1,327±65 mosMhad a significantly
less (P < 0.02) concentrated urine then identically
treated normal rabbits with a maximum urinary os-
molality of 1,901+207 mosM.

To determine whether this concentrating defect was
a direct result of adrenal steroid absence or some
secondary consequence of adrenalectomy, the same 12
adrenalectomized rabbits were given a single injection
of either deoxycorticosterone, 250 ,ug/kg, or dexametha-
sone, 50 ,g/kg, and the maximum urine osmolality
after vasopressin determined again. As shown in Fig. 1,

ADX vs NORMAL
I-0 s P<0.02 -

2500 r

2400k

2300 F
2200 F

2100F

ADXvs ADX+ DEX

ADX vs ADX+ DOCA

p

I /

I',
2000 F

Uosm
mosM 1900k

1800F
H--

1700 F

1600

1500

1400

1300

1200J
I -I

ADX ADX+ DOCA(-)
(n012) (nu6)

ADX+ DEX (---)
(n -6)

NORMAL
(n =6)

FIGURE 1 The effect of adrenalectomy and the selective re-
placement of mineralo- or glucocorticoid hormones on the
maximum urinary concentrating ability in normal and
adrenalectomized (ADX) rabbits. Maximum urinary os-
molality was determined after the administration of 1.25 U/kg
ADH. ADX rabbits were retested after either deoxycorti-
costerone (DOCA) (solid lines), 250 gg kg, or dexamethasone
(DEX) (broken lines), 50 ,g/kg.
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either deoxycorticosterone (P < 0.01) or dexametha-
sone (P < 0.02) significantly increased the maximum
urinary osmolality to or toward normal in both groups
of rabbits (P = NS compared with normal).

Group 1. The basal J, before the addition of ADH
was not different from zero across cortical collecting
tubules from both normal and adrenalectomized rab-
bits (Table I; group 1, J, before). Thus, these experi-
ments suggest that collecting ducts from adrenalec-
tomized rabbits are not intrinsically permeable to water
before the addition of ADH.

To determine whether the concentrating defect seen
in adrenalectomized rabbits in vivo could involve al-
terations in the response of the collecting duct to ADH,
cortical collecting tubules from normal and adrenalec-
tomized rabbits were perfused in vitro and the hydro-
osmotic response to a maximal concentration of ADH
was determined. As shown in Table I (group 1) and
Fig. 2, the Lp across cortical collecting tubules from
normal rabbits after ADH was 275+39 cm/s atm
x 107, a value similar to that reported by others
under comparable experimental conditions (8). This

TABLE I
Hydroosmotic Response across Cortical Collecting Tubules from Normal and Adrenalectomized Rabbits

lv
Experimental Collected Lp

group L Vj Osm Before* After* after PI

mm nl/min mOsm/kg H20 nl/mm/min cm/ls atmn x 10'

Group I
Normal + 200 ,uU/ml ADH(n = 7)

2.18 12.05 193§
±0.15 ±1.05 ±11

Adrenalectomized + 200 ,uM/ml ADH(n = 9)
1.89 9.11 143§

+0.13 +0.92 +6

0.03 1.74
+0.02 +0.27

0.00 0.39
+0.02 +0.04

Group II
Adrenalectomized + 50 pM Aldosterone + 200 ,tU/ml ADH(n = 6)

2.46 13.17 172 -0.01 1.40
+0.13 +1.24 ±6 +0.02 +0.18

Adrenalectomized + 50 pM dexainethasone + 200 ,uU/ml ADH(n = 6)
2.06 12.49 154 0.00 1.08

±0.07 ±0.94 +7 ±0.01 +0.25
Adrenalectomized + 50 pM progesterone + 200 ,uU/ml ADH(n = 4)

2.32 12.24 140 0.01 0.56
±0.29 ±0.62 ±3 ±0.01 ±0.05

Group III
Normal + 0.1 mM8-bromo cyclic AMP(n = 5)

2.22 13.07 193 0.01 2.00
±0.23 ±1.07 ±+14 ±0.01 ±0.21

Adrenalectomized + 0.1 mM8-bromo cyclic AMP(n = 5)
1.97 10.72 185 0.03 2.09

±0.12 ±1.00 ±+12 ±0.02 +0.34

Group IV
Normal + 2 ,uU/ml ADH(n = 5)

2.14 13.94 160 -0.01 1.38
±0.20 +0.38 +7 ±0.01 ±0.10

Normal + 0.1 mM1-methyl-3-isobutylxanthine + 2 ,U/ml ADH(n = 7)
2.11 12.27 230 0.02 2.71

±0.08 ±0.66 + 14 ±0.01 +0.30
Adrenalectomized + 0.1 mM1-methyl-3-isobutylxanthine + 2 uU/ml ADH(n = 5)

2.04 10.27 234 0.03 2.44
+0.14 +0.56 +16 +0.02 ±0.23

196
±27

155
+32

<0.001 compared with
adrenalectomized alone

<0.005 compared with
adrenalectomized alone

60 NS compared with
±8 adrenalectomized alone

286
+29

268
+50

NScompared with normal

175
+23

467
+74

<0.05 compared with
normal + ADHalone

503 NS compared with
±133 normal + MIX + ADH

* The values reported are the maximum observed before and after the addition to the bathing solution of either ADHor

8-bromo cyclic AMP. All other agents were present from the beginning of the experiment, whereas either ADHor 8-bromo
cyclic AMPwas added 90 min after the beginning of the experiment.
I Refers to Lp values.
§ In some of these experiments the perfusate was isotonic and the bathing solution hypertonic, although the osmotic gradient
was identical to the rest of the experiments in this group. Because the results were identical, these experiments are included.
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Lp
cm/s atm

350r
x 17

300F

250F

200F

collecting ducts from adrenalectomized rabbits to
either aldosterone, dexamethasone, or progesterone re-
sulted in a J, of zero. Thus, none of the steroids tested
altered the intrinsic water impermeability of the col-
lecting duct before the addition of ADH.

The results of steroid addition on the hydroosmotic
response to ADHare shown in Table I (group 2) and
Fig. 3, where it can be seen that either aldosterone

gor dexamethasone significantly increased (P < 0.001,
........P < 0.005, respectively) the Lp after ADH, from 48+5

to 196+27 and 155±32 cm/s atm x 107, respectively.
Progesterone did not significantly increase the hydro-
osmotic response to ADH, with the resultant Lp being
only 60+8 cm/s atm x 107(P = NS).

Group 3. The locus of this "permissive" effect of
adrenal steroids on the hydroosmotic response to ADH
could reside anywhere along the pathway of the ADH
response in the collecting duct, from the binding of
ADH to its receptor on the antiluminal side of the
cell (11) to the apical plasma membrane, the ultimate
barrier for water reabsorption (12). Weattempted to de-
termine whether adrenal steroids were acting to in-
crease the rate of intracellular accumulation of cyclic
AMPor whether steroids affected some step distal to
cyclic AMP accumulation through the use of a
permeable analog of the nucleotide, 8-bromo cyclic
AMP(see Fig. 6 in the discussion section for review

1501F

100o

50[

ADX(
(nu 9) tn-7 )

FIGuRE 2 The hydroosmotic response to ADHacross corti-
cal collecting tubules from normal and adrenalectomized
(ADX) rabbits. The L, was measured after the addition of
200 ,uU/ml ADH to the solution bathing tubules in vitro.
P < 0.0005.

was significantly greater (P < 0.0005) than the similarly
determined Lp across cortical collecting tubules from
adrenalectomized rabbits after ADH, which had a value
of 48±+ 5 cm/s atm x 107.

Group 2. Although the in vivo administration of
either deoxycorticosterone or dexamethasone cor-
rected the concentrating defect in adrenalectomized
rabbits, the blunted hydroosmotic response across
cortical collecting tubules from these rabbits could be
the result of some secondary systemic consequence of
adrenal insufficiency or the result of a direct effect of
steroids on the epithelium of the collecting duct. To
examine whether adrenal steroids had a direct effect
on the hydroosmotic response of the epithelium of
the collecting duct to ADH, cortical collecting tubules
from adrenalectomized rabbits were exposed in vitro to
either aldosterone, dexamethasone, or progesterone,
each at a final concentration of 50 pM, and the net
osmotic water permeability measured before and after
the addition of ADH. As shown in Table I (group 2,
J, before) before the addition of ADH, the exposure of

Lp
cm/s atm

250r
xo07

2001-

1501

100l

50-

ADX ADX

ALDO
(n39) (n-6)

ADX ADX

DEX PROGEST
(n-6) (nu4)

FIGURE 3 The effect of the in vitro addition of a single
steroid on the hydroosmotic response across cortical collect-
ing tubules from adrenalectomized (ADX) rabbits to ADH.
Either aldosterone alone (ALDO), dexamethasone alone
(DEX), or progesterone alone (PROGEST) was added to the
perfusate at a final concentration of 50 pM; the Lp after
200 ,uU/ml ADHwas measured. ADXvs. ALDO, P < 0.001;
ADX vs. DEX, P < 0.005; ADX vs. PROGEST, P = NS;
ALDOvs. DEX, P = NS.
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of the relevant biochemical steps). The analog alone
was added to the solution that bathed cortical collect-
ing tubules from normal and adrenalectomized rabbits,
and the resultant hydroosmotic response was deter-
mined. These experiments are presented in Table I
(group 3) and Fig. 4, where it can be seen that 8-bromo
cyclic AMPincreased the Lp across cortical collecting
tubules from normal rabbits to 286+29 cm/s atm
X 107, a value similar to that seen after the addition of
200 ,tU/ml ADHto tubules from normal rabbits. Under
the same experimental conditions, 8-bromo cyclic
AMPincreased the Lp across cortical collecting tubules
from adrenalectomized rabbits to 268+50 cm/s atm
X 107, a value virtually identical to that obtained from
tubules of normal rabbits.

Group 4. The results of the experiments of group 3
suggest that the blunted hydroosmotic response of
tubules from adrenalectomized rabbits to ADH in-
volves a diminished rate of intracellular cyclic AMP
accumulation. To further investigate the possibility that
adrenal steroids act to increase the rate of intracellular
cyclic AMPaccumulation, cortical collecting tubules
from normal and adrenalectomized rabbits were per-
fused in the continual presence of a potent phospho-
diesterase inhibitor, MIX, and the hydroosmotic re-

Lp
cm/s atm

350r

300-

x j07

T TI
250-

200-
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1001
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200 p&U/mi
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(n-9)

8-8romo-
cAMP
(n5)

NORMAL NORMAL
+ +

200 tU/ml 8-Bromo-
ADH cAMP

(n=7) (n-5)

FIGURE 4 The hydroosmotic response across cortical collect-
ing tubules from normal and adrenalectomized (ADX) rab-
bits after a cyclic AMPanalog. 8-bromo cyclic AMPwas added
to the solution that bathed cortical collecting tubules from
normal and ADXrabbits, and the Lp was measured.

sponse to a submaximal concentration of ADH was
determined. As shown in Table I (group 4) and Fig. 5,
cortical collecting tubules from normal rabbits, when
exposed to 2 ,uU/ml of ADHwithout MIX, responded
with a Lp of 175±32 cm/s atm x 107. The addition
of MIX plus 2 uU/ml ADH to tubules from normal
rabbits resulted in a significantly greater Lp, 467±76
cm/s atm x 107 (P < 0.05). When cortical collect-
ing tubules from adrenalectomized rabbits were ex-
posed to MIX plus 2 ,uU/ml ADH, the resultant Lp was
503±133 cm/s atm x 107, a value that did not differ
from that obtained from tubules of normal rabbits
identically treated (P = NS).

DISCUSSION

The present study demonstrates that the rabbit, like
man (4), dog (13), and rat (14), is unable to generate a
maximally concentrated urine when rendered adre-
nally insufficient. Previous studies have revealed a
diminished medullary tonicity associated with adrenal
insufficiency (13, 14), and have suggested that the in-

Lp
cm/s atm

650_
600_
550_
500_
450_
400_
350_
300_
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50

x 107

T

T

ADX ADX NORMAL NORMAL
+ +

MIX MIX
(n=9) (n-5) (n-5) (n=7)

FIGURE 5 The effect of the addition of a phosphodiesterase
inhibitor on the hydroosmotic response to a subinaximal
concentration of ADH. Cortical collecting tubules from
normal or adrenalectomized (ADX) rabbits were exposed to
0.1 mMMIX in the bathing solution, and the Lp after the addi-
tion of 2 AU/ml ADH to the bath was measured. Cortical
collecting tubules from normal rabbits exposed only to 2 ,LU/ml
ADH, or from ADX rabbits exposed to 200 ,uU/ml ADH, are
shown for comparison. ADX vs. ADX+ MIX, P < 0.001;
NORMALvs. NORMAL+ MIX, P < 0.05; NORMALvs. ADX,
P < 0.0005; ADX+ MIX vs. NORMAL+ MIX, P = NS.
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ability to concentrate maximally was the result of a
diminished driving force for water reabsorption sec-
ondary to a steroid-dependent decrease in solute trans-
port by the thick ascending limb of Henle. Whether in
fact the thick ascending limb of Henle is physio-
logically responsive to adrenal steroids is unclear at
this time. Using the activity of the tricarboxylic acid
cycle enzyme, citrate synthase, as a marker for the ac-
tion of aldosterone (15), we have recently demon-
strated that the activity of the enzyme in the cortical
thick ascending limb of Henle is unchanged by
adrenalectomy or the addition of exogenous al-
dosterone, whereas in the cortical collecting tubule,
adrenalectomy is associated with a diminution of citrate
synthase activity, and aldosterone treatment with a
significant increase in activity (16).

The present study reveals that cortical collecting
tubules from adrenalectomized rabbits are not os-
motically "leaky" before the addition of ADH(Table
I). Thus, we find no evidence to support the concept
suggested from in vivo micropuncture studies (17) that
the inability of adrenalectomized animals to excrete
excess water is the result of a steroid-dependent loss of
the basal impermeability of the distal nephron. The
principal difference between these earlier studies and
the present work is that the present study was con-
ducted in vitro, where a direct examination of the in-
trinsic function of the tubular epithelium, isolated
from all systemic influences, is possible.

The present study does reveal that cortical collect-
ing tubules from adrenalectomized rabbits demonstrate
a markedly blunted hydroosmotic response to ADH
(Fig. 2). This diminution in the hydroosmotic effec-
tiveness of ADH across the collecting duct could
partly account for the inability to generate a maximally
concentrated urine in adrenal insufficiency. When
adrenalectomized rabbits were given either deoxy-
corticosterone or dexamethasone in vivo they were
able to increase significantly the maximum osmolality
of their urine after exogenous ADH (Fig. 1). When
cortical collecting tubules isolated from adrenalec-
tomized rabbits were exposed to either aldosterone or
dexamethasone, but not progesterone, they were able
to respond to ADHwith a significant increase in water
reabsorption (Fig. 3). None of the steroids alone had
any effect on the intrinsic water permeability of collect-
ing ducts from adrenalectomized rabbits (Table I,
group 2, J, before) in that the net water movement be-
fore the addition of ADHwas zero. Thus, as originally
defined by Ingle (18), these effects of adrenal steroids
are permissive in that they have no effect themselves
on the water permeability of the collecting duct but
act to augment the response to a second hormone,
ADH. This permissive effect of adrenal steroids was
expressed after 90 min of exposure and at a concentra-
tion of 50 pM, suggesting that it represents a physio-

logically significant effect. Although this data does not
indicate whether the in vivo administration of either
adrenal steroid acted solely on the collecting duct in
vivo, it does suggest that at least part of the concen-
trating defect seen in adrenalectomized animals is re-
ferable to an inability of the collecting duct to reabsorb
water under the influence of ADH.

In an effort to explore the mechanism(s) involved in
the permissive effect of adrenal steroids on the hydro-
osmotic response to ADH, cortical collecting tubules
from normal and adrenalectomized rabbits were ex-
posed to 0.1 mM8-bromo cyclic AMPin vitro and the
resultant Lp determined (Fig. 4). This concentration of
the cyclic AMPanalog has been shown previously to
induce maximal water reabsorption across cortical col-
lecting tubules from normal rabbits studied under con-
ditions similar to those used in the present study (8).
In the present study, 8-bromo cyclic AMPinduced a
Lp across tubules from normal rabbits, comparable with
that induced by a maximum concentration of ADH.
When cortical collecting tubules from adrenalec-
tomized rabbits were exposed to the same concentra-
tion of 8-bromo cyclic AMP, the resultant Lp was
virtually identical to that observed across tubules from
normal rabbits. This suggests that the inability of col-
lecting ducts to respond to ADH in the absence of
adrenal steroids is the result of a diminished rate of
intracellular cyclic AMPaccumulation rather than a
defect at some site distal to cyclic AMP(Fig. 6).

To further explore the mechanism(s) of the permis-
sive effect of adrenal steroids on the action of ADH,
the effect of the addition of 0.1 mMof a potent phos-
phodiesterase inhibitor, MIX, on the hydroosmotic

Blood Collecting Duct I Lumen

FIGURE 6 A summary of our current understanding of the
hormonal control of the hydroosmotic response to ADHin the
mammalian collecting duct.
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response to a submaximal (2 ,uU/ml) concentration of
ADHwas determined (Fig. 5). This concentration of
MIX has been shown to maximally inhibit rabbit renal
medullary phosphodiesterase (19). As reported by
others (19), the present study demonstrates that the
addition of MIX increased the hydroosmotic response
of cortical-collecting tubules from normal rabbits to a
submaximal concentration of ADH (Fig. 5, right), a
finding consistent with phosphodiesterase inhibition.
When cortical collecting tubules from adrenalec-
tomized rabbits were perfused under identical
conditions, MIX plus 2 ,uU/ml ADH, the resulting
hydroosmotic response was not different from that ob-
served across tubules of normal rabbits (Fig. 5, left).

The results of the present study are comparable with
those reported previously in the toad urinary bladder,
an epithelium often studied as a model of the mam-
malian collecting duct. Whenthe toad urinary bladder
was rendered steroid-deplete, it became hydroos-
motically unresponsive to ADH(20). The addition of
very low concentrations of either a mineralo- or
glucocorticoid hormone in vitro restored the hydro-
osmotic responsiveness to ADH. As in the present
study, mineralo- and glucocorticoid steroid hormones
were essentially equipotent in their permissive effects.
The addition of a phosphodiesterase inhibitor to the
steroid-depleted toad urinary bladder restored the
hydroosmotic responsiveness to ADH, and when the
actual activity of phosphodiesterase was measured in
cells scraped from steroid-depleted toad urinary blad-
ders, it was elevated (21). The addition of either al-
dosterone or dexamethasone to the toad urinary bladder
was associated with a diminution in phosphodiesterase
activity, and the permissive effect of adrenal steroids
was dependent on RNA transcription and protein
synthesis.

Fig. 6 represents our present understanding of the
hormonal control of ADH-mediated water reabsorption
in the mammalian collecting duct cell.

We interpret the results depicted in Figs. 4 and 5
to be consistent with the hypothesis that steps distal
to cyclic AMPare not rate limiting in the absence of
steroids and that at least one site of action of adrenal
steroids in exerting their permissive effects on the
hydroosmotic response to ADH involves the rate of
cyclic AMPaccumulation. Because the cyclic AMP
analog mimicked the action of ADH in tubules from
normal rabbits (Fig. 4), its efficacy in inducing water
reabsorption across cortical collecting tubules from
adrenalectomized rabbits suggests that adrenal steroids
act to increase the rate of endogenous cyclic AMP
accumulation. As shown in Fig. 6, this could involve
either an increased rate of generation by adenyl
cyclase or a diminution in the rate of cyclic AMP
degradation by phosphodiesterase (or both).

It is not possible to distinguish between these two

possibilities from the data displayed in Fig. 4 in that
the cyclic AMPanalog not only acts to bypass those
steps involved in endogenous cyclic AMPgeneration
but, because the analog is resistant to hydrolysis by
phosphodiesterase (22), could as well suggest an in-
creased activity of endogenous cyclic AMPdegradation
in the absence of adrenal steroids. The experiments
of Fig. 5 show that the addition of a phosphodiesterase
inhibitor restored to normal the hydroosmotic response
of tubules from adrenalectomized rabbits, a finding
consistent with at least one effect of adrenal steroids
being the attenuation of the activity of phosphodies-
terase. Such a conclusion would require the direct
determination of cyclic AMP-dependent phospho-
diesterase activity in single segments of cortical
collecting tubule taken from normal and adrenalec-
tomized rabbits. Unfortunately such an assay is not
available for isolated tubule segments, and the next
best set of experiments were therefore performed using
the most specific inhibitor of phosphodiesterase avail-
able, MIX. It is of interest, however, that whole kidney
phosphodiesterase activity is greater in adrenalecto-
mized than normal rats, and that the in vivo administra-
tion of glucocorticoid hormone returns whole kidney
phosphodiesterase activity to normal levels (23).

In addition to a postulated effect of adrenal steroids
in modulating phosphodiesterase activity, the results
depicted in Fig. 5 are also compatible with the pos-
sibility that adrenal steroids act to increase the rate of
cyclic AMPgeneration in response to ADH. This could
be mediated, for example, by diminishing the rate of
endogenous prostaglandin E (PGE) biosynthesis. In
the toad urinary bladder, adrenal steroid depletion is
associated with an increased rate of endogenous PGE
synthesis that is restored to normal by low concentra-
tions of either aldosterone or dexamethasone (24). PGE
has been shown to inhibit the hydroosmotic action of
ADH across isolated perfused cortical collecting
tubules (25), partly by a direct inhibition of adenyl
cyclase (26). As shown in Fig. 6, ADH itself acts to
stimulate the endogenous synthesis of PGEin both the
toad urinary bladder (24) and rabbit renal medullary
interstitial cell cultures (27), and the biosynthetic en-
zyme for PGE, cyclooxygenase, has been identified in
cortical collecting duct cells (28, 29). A direct demon-
stration of PGE synthesis by the cortical collecting
duct has not been reported, and whether the collecting
duct, like the toad bladder, responds to steroid deple-
tion with an increase in the rate of PGE synthesis
is unknown.

Whereas the physiologic and clinical significance of
the present studies is conjectural, the following con-
clusions seem warranted: the isosthenuria of Addison's
disease is the result of derangement of many physio-
logical regulatory processes; the inability to concen-
trate the urine maximally in Addison's disease is partly
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the result of an inability of the collecting duct to
respond to ADHwith an increase in water reabsorp-
tion; this loss of responsiveness is the result of a direct
effect of adrenal steroids on the epithelium of the col-
lecting duct and partly involves a diminished rate of
cyclic AMPaccumulation.
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