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Abstract

The inner medullary collecting duct (IMCD) has been pro-
posed to be a site of atrial natriuretic factor (ANF) action. We
carried out experiments in isolated perfused terminal IMCDs
to determine whether ANF (rat ANF 1-28) affects either os-
motic water permeability (Pf) or urea permeability. In the pres-
ence of a submaximally stimulating concentration of vasopres-
sin (10-"1 M), ANF (100 nM) significantly reduced Pf by an
average of 46%. Lower concentrations of ANF also signifi-
cantly inhibited vasopressin-stimulated Pf by the following
percentages: 0.01 nM ANF, 18%; 0.1 nM, 46%; 1 nM, 48%.
Addition of exogenous cyclic GMP(0.1 mM) mimicked the
effect of ANF, decreasing Pf by an average of 48%. ANFalso
inhibited cyclic AMP-stimulated Pf by an average of 31%.
ANF did not affect urea permeability, nor did it alter vaso-
pressin-stimulated cyclic AMPaccumulation. Weconclude
that ANFat physiological concentrations causes a large inhibi-
tion of vasopressin-stimulated Pf in the rat terminal IMCD,
and that cyclic GMPis the second messenger mediating the
effect. ANFappears to act at a site distal to cyclic AMPgener-
ation in the chain of events linking vasopressin receptor bind-
ing to an increase in osmotic water permeability.

Introduction

It is now generally accepted that atrial natriuretic factor
(ANF)' is a circulating hormone involved in the regulation of
extracellular fluid volume and blood pressure. Several end-
organ responses have been identified. As detailed in recent
reviews (1-3), ANF relaxes vascular smooth muscle, inhibits
renin secretion, inhibits aldosterone production by the adrenal
cortex, and increases renal NaCl and water excretion. Several

Portions of this manuscript were presented at the 19th and 20th An-
nual Meetings of the American Society of Nephrology, Washington,
DC, December 1986 and December 1987, and have been published in
abstract form (1987. Kidney Int. 31:450; and 1988. Kidney Int.
33:278).

Dr. Nonoguchi's current address is Second Department of Internal
Medicine, Tokyo Medical and Dental University, 5-45, Yushima 1-
Chome, Bunkyo-Ku, Tokyo 113, Japan.

Dr. Sands' current address is Renal Division, Emory University
School of Medicine, 1364 Clifton Road, NE, Atlanta, GA30322.

Address reprint requests to Dr. Knepper, NIH, Bldg. 10, Room
6N-307, Bethesda, MD20892.

Receivedfor publication 4 December 1987 and in revisedform 10
May 1988.

1. Abbreviations used in this paper: ANF, atrial natriuretic factor;
AVP, arginine vasopressin; IBMX, 3-isobutyl-1-methylxanthine;
IMCD, inner medullary collecting duct; Pf, osmotic water perme-
ability.

The Journal of Clinical Investigation, Inc.
Volume 82, October 1988, 1383-1390

renal actions of ANFhave been identified which can contrib-
ute to the increase in NaCl and water excretion. These actions
include increases in glomerular filtration rate and in filtration
fraction, inhibition of tubular-glomerular feedback, increases
in inner medullary blood flow, and direct effects on renal tu-
bular transport ( 1-3).

The evidence for direct tubular actions of ANFhas been
steadily increasing, with the collecting duct appearing to be a
major site of action. Briggs et al. (4) showed that low concen-
trations of atrial extracts induced natriuresis and diuresis in
the absence of a measurable increase in GFR, a result which
has been confirmed using low-dose infusion of synthetic ANF
(5-8). Briggs et al. (4) found no evidence for an effect of ANF
on NaCl transport in either the proximal tubule or the loop of
Henle. Thus they concluded that there must be an effect of
ANFbeyond the distal convoluted tubule, i.e., in the collecting
duct system. Similar studies by Sonnenberg et al. (9) also sup-
ported the view that ANF inhibits NaCl reabsorption in the
medullary collecting duct. Other evidence points to the inner
medullary collecting duct as a likely site of ANFaction. Non-
oguchi et al. (10) have demonstrated that ANFcauses a large
increase in cyclic GMPproduction in the terminal part of the
inner medullary collecting duct (terminal IMCD). Binding
studies using autoradiography have shown high-affinity bind-
ing sites for ANF in the inner medulla (1 1-13) thought to be
associated with the vasa recta and/or inner medullary collect-
ing ducts. Furthermore, there is evidence from in vivo studies
in rats that ANF inhibits NaCl and water absorption in the
inner medullary collecting duct (14, 15). Finally, Zeidel et al.
(16) have shown that ouabain-inhibitable oxygen consump-
tion, an indirect measure of NaCl transport, is decreased by
ANF in suspensions of rabbit collecting duct cells isolated
from the inner medulla. Thus, there is considerable evidence
pointing to the IMCD as a likely site of ANFaction.

In the present study, to examine more closely the possibil-
ity that ANF can directly affect transport in the IMCD, we
have employed the isolated perfused tubule technique. Specifi-
cally, we have tested the effects of ANFon vasopressin-stimu-
lated osmotic water permeability and urea permeability of iso-
lated perfused inner medullary collecting ducts.

Previous studies have shown that vasopressin stimulates
both osmotic water permeability and urea permeability in the
rat terminal IMCD (17-19). The studies presented here, in
isolated perfused tubules from the terminal part of the IMCD,
show that physiological concentrations of ANF significantly
inhibit vasopressin-stimulated osmotic water permeability
without affecting urea permeability. The effect on osmotic
water permeability is large and, if present in vivo, is predictive
of a major effect on renal water excretion. The results also
show that exogenous cyclic GMPmimics the inhibitory action
of ANF suggesting that cyclic GMPis the second messenger,
and that the ANFeffect is not dependent on a change in cyclic
AMPmetabolism.
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Methods

Tissue preparation. Terminal inner medullary collecting duct seg-
ments were dissected from the kidneys of pathogen-free male Sprague-
Dawley rats weighing 65-140 g (Small Animal Breeding Facility, Na-
tional Institutes of Health, Bethesda, MD) using methods described
previously (20). 20 min before death by decapitation, the animals were
injected with furosemide (5 mg/100 g of body wt i.p.) to create a brisk
diuresis and presumably wash out the medullary osmolality gradi-
ent (20).

The kidneys were removed and placed in chilled isotonic dissection
medium (described below). Coronal slices were cut from the kidneys
and transferred to a dissection dish containing chilled (17'C) dissec-
tion solution for isolation of terminal IMCDs. The dissection medium
contained (in millimolar): NaCl, 118; NaHCO3, 25; CaCI2, 2;
K2HPO4, 2.5; MgSO4, 1.2; glucose, 5.5; creatinine, 4; raffinose, 5; and
urea, 5. It was gassed continuously with 95% air and 5% CO2before
and during the dissection.

Terminal IMCDs were dissected from carefully localized positions
along the inner medullary axis as previously described (20). Terminal
IMCDs are defined as those collecting ducts whose proximal-most end
originated in the two-thirds of the inner medulla closest to the papillary
tip (17). The tubules were mounted on concentric pipettes as described
previously (21) and were studied at 370C.

Osmotic water permeability. Osmotic water permeability was de-
termined by measuring the water flux resulting from an imposed os-
motic gradient. For these experiments, the perfusion and bath solu-
tions were identical to the dissection medium (described above) except
that an additional 106 mMNaCI was added to the bath. This created a
200 mosmol/kg H20 bath-to-lumen osmolality gradient. The osmo-
lalities of the perfusate and bath were measured by vapor pressure
osmometry (Wescor, Inc., Logan, UT) before the start of each experi-
ment allowing the calculation of the actual osmolality gradient.

Creatinine was used as the volume marker for the measurement of
osmotic water permeability (Pf). Wehave previously shown that the
creatinine permeability in terminal IMCDs is low and that the error in
measuring Pf due to creatinine fluxes, under the conditions of our
study, is < 4% (17, 20). To calculate osmotic water permeability, the
perfusion rate (V0) was first calculated from the collection rate (VL)
using: V0 = VL* (Xd/XO), where XL and X0 are, respectively, the col-
lected and perfused concentrations of creatinine. Then the Pf was
calculated using the equation of Al-Zahid et al. (22):

P V=CO cCO-CL + I In (CL -Cb)CO
A V,.. C0CbCL (Cb) (C0 - Cb)CLJ

where C0 and Cb are the osmolalities of the perfusate and bath, respec-
tively, A is the luminal surface area, V, is the partial molar volume of
water, and CL is the calculated collected fluid osmolality, defined as: CL
= C0o (Vo/VL). The luminal surface area, A, was calculated asA = rDL
from the measured tubule length (L) and diameter (D) determined
from Polaroid photographs of the perfused tubule. Wehave previously
shown (17) that NaCl fluxes in the terminal IMCD, under the condi-
tions of this study, are low enough to allow use of the equation of
Al-Zahid et al. (22).

The creatinine concentrations in perfusate, bath, and collected
fluid were measured using a continuous flow ultramicrocolorimeter as
previously described (23). The reagents were purchased as a kit (Kit
555-A, Sigma Chemical Co., St. Louis, MO). The method is linear up
to 150 pmol creatinine and is capable of resolving differences of 3%
between samples in the size range 50-150 pmol.

In a previous study (17), we performed time-control experiments
which demonstrated that the basal osmotic water permeability re-
mained at a steady level between 40 and 150 min. All reported mea-
surements of Pf in the absence of hormone, after addition of atrial
natriuretic factor (rat ANF 1-28, Peninsula Laboratories, Inc., Bel-
mont, CA), after addition of arginine vasopressin (Sigma Chemical

Co.), or after addition of 8-bromo-cyclic AMP(sodium salt, Sigma
Chemical Co.) were completed during this stable period between 40
and 150 min after warming the tubule to 370C.

Urea permeability. To measure urea permeability, the net flux of
urea was measured in response to an imposed 5 mMbath-to-lumen
urea concentration gradient. For these experiments, the perfusion and
bath solutions were identical to the dissection medium (described
above) except that the bath contained 5 mMurea (without raffinose)
and the perfusate contained 5 mMraffinose (without urea). The urea
transport rate (Ju) was calculated as: Ju = (c0o V0 - CL* VL)/L, where c0
is the urea concentration in the perfusate, CL is the urea concentration
in the collected fluid, V0 is the perfusion rate, and VL is the collection
rate, and L is the tubule length. The perfusate urea concentration (c0)
was zero for all experiments, thus obviating any need to measure V0.
The urea permeability (Ps) was calculated from the urea transport rate
(J.) using the equation: P, = JJ(r * D* Ac), where Ac is the mean urea
concentration difference along the tubule and D is the tubule inner
diameter measured from Polaroid photographs of the perfused tubule.

The urea concentrations in perfusate, bath, and collected fluid were
measured enzymatically using a continuous flow ultramicrofluoro-
meter (20). The reagents were purchased as a kit (Kit 65-A, Sigma
Chemical Co.). The method is linear from 0 to 60 pmol urea and is
capable of resolving differences of 4% or greater in urea content be-
tween samples in the size range used in these experiments (12-36
pmol).

In a previous study (17), we performed time-control experiments
which demonstrated that the basal urea permeability remained at a
steady level between 40 and 120 min. All reported measurements ofFP.
in the absence of hormone, after addition of ANFor after addition of
arginine vasopressin were completed during this stable period between
40 and 120 min after warming the tubule to 371C.

Cyclic AMPaccumulation studies. To test whether ANF inhibits
the vasopressin-stimulated rate of cyclic AMPproduction, terminal
IMCDs were microdissected and cyclic AMPwas measured by radio-
immunoassay as previously described (10). Two solutions were used
for the cyclic AMPstudies. Solution A was bicarbonate buffered and
consisted of(in millimolar): NaCl, 117; KCI, 5; NaH2PO4, 1; MgSO4,
1.2; CaC12, 2; glucose, 5.5; L-alanine, 6; and NaHCO3, 25. Solution B
was Hepes buffered and differed from solution A only in that the
NaHCO3was replaced by Hepes (10 mM)and the NaCi was increased
to 135 mM. (The pH was titrated to 7.4 by the addition of NaOH.)

Briefly, the left kidney was perfused with 10 ml of ice-cold solution
A and then perfused with 10 ml of solution A containing 0.1% colla-
genase. Coronal slices containing the inner medulla were torn into four
pieces and incubated in solution A containing 0.1% collagenase for 30
min at 370C. The solution was gassed with 95%air and 5%CO2. After
incubation, the slices were washed with ice-cold solution B. Terminal
IMCDs were microdissected at 17'C in solution B containing 0.05%
BSA. After measuring tubule length using an ocular micrometer, tu-
bules were transfered with 2 Al of dissection solution into 18 d1 of
solution B either with or without 0.56 mM3-isobutyl-1-methylxan-
thine (IBMX). In the experiments with IBMX, the mean tubule length
for each sample was 4.04 mm. In the experiments without IBMX, tht.
mean tubule length was 8.95 mm.

During the subsequent incubations, ANF, if present, was used at a
final concentration of 100 nM; and vasopressin, if present, was used at
a final concentration of 10-" M. Tubules were preincubated for 10
min at 37°C at 50 oscillations/min in a shaking water bath. Next, 20 AI
of solution B containing ANF or vehicle, with or without 0.5 mM
IBMX, was added. After incubation for 3 min, 20 Al of solution B
containing vasopressin, with or without 0.5 mMIBMX, was added. All
of the solutions were prewarmed at 37°C. In the experiments with
IBMX, incubation after the addition of vasopressin was continued for
5 min. In the experiments without IBMX, incubation after the addi-
tion of vasopressin was continued for 10 min. The reaction was
stopped by the addition of 70 Al of 10% trichloroacetic acid and the
sample tubes were vortexed immediately. Each tube was centrifuged
and 1 5 ul of supernatant was stored in a glass test tube at -20'C until
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assayed. Blank samples for standards were prepared in a similar
fashion.

In order to perform the cyclic AMPassay, the samples were thawed
and the trichloroacetic acid was extracted by water-saturated ether.
After evaporation of the ether, the remaining aqueous phase was dried
in a speed vacuum concentrator. Next, 100 Ml of 50 mMsodium
acetate buffer (pH 6.2) was added to each sample. (100 Al of 50 mM
sodium acetate buffer with the appropriate cyclic AMPstandard was
added to each blank sample.) Previously, we have shown that the
recovery of added cyclic AMPusing this method was 99.0±5.2%
(n = I 1) (10). Cyclic AMPcontent was measured by radioimmunoas-
say (Kit NEK-033, New England Nuclear, Boston, MA). Using this
RIA kit, 50% of the tracer was displaced at 84.9±1.6 fmol of cyclic
AMP(n = 4).

Statistics. Two to four measurements of each variable were aver-
aged to obtain a single value for each experimental condition in each
tubule. These average values were used in the statistical analysis of the
results. Testing of statistical significance employed a Student's t-test,
either paired or unpaired, as appropriate, with P < 0.05 indicating
statistical significance.

Results
ANF effect on vasopressin-stimulated osmotic water perme-
ability. In these experiments (Fig. 1), vasopressin (10-" M)
was present in the bath throughout, and either ANF(100 nM)
or vehicle was added to the bath after control measurements
were made. ANF significantly inhibited Pf by 46.5±11.0%
(Fig. 1, left panel). When vehicle alone was added, there was
no significant change in Pf (Fig. 1, right panel). An effect of
ANFwas seen within 20 min after adding ANFto the bath.

ANF dose response. Plasma ANF concentrations in rats
have been reported to range from 0.01 nMunder basal condi-
tions to 0.1 nMunder conditions which stimulate ANFrelease
(24). Wetested whether concentrations of ANFin the physio-
logic range would inhibit vasopressin-stimulated Pf. The peri-
tubular bath contained 10-11 Mvasopressin throughout and
ANFwas added after control measurements. As described in
detail in Table I (series 1-4) and summarized in Fig. 2, 0.1 nM
ANF, 1 nMANF, and 100 nMANF all caused large inhibi-
tions of vasopressin-stimulated Pf, decreasing Pf by
45.5±6.2%, 48.0±7.5%, and 46.5±11.0%, respectively. 0.01
nMANFcaused a smaller, but significant, inhibition of vaso-
pressin-stimulated Pf, decreasing Pf by 18.2±8.7%. Without
ANFaddition there was no significant change in Pf. Thus, the
dose-response data are compatible with an inhibition by ANF
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of vasopressin-stimulated Pf at physiological ANFconcentra-
tions.

Response to cyclic GMPand 8-bromo-cyclic GMP. Cyclic
GMPis the second messenger responsible for many of the
actions of ANFin various tissues (25-29). In the present stud-
ies, 0.1 mMcyclic GMPadded to the peritubular bath inhib-
ited vasopressin-stimulated osmotic water permeability by
48.0±5.4% (Fig. 3). This result is compatible with the conclu-
sion that cyclic GMPis the second messenger that mediates
the inhibition of Pf by ANF.

Wealso tested the effect of a cyclic GMPanalogue 8-
bromo-cyclic GMPon vasopressin-stimulated Pf. In contrast
to cyclic GMP, 8-bromo-cyclic GMP(0.1 mM) addition did
not affect vasopressin-stimulated Pf (Fig. 4). Thus, 8-bromo-
cyclic GMPhad a much different effect than did the natural
form of cyclic GMP.

Vasopressin dose dependence. ANFdid not affect Pf in the
absence of vasopressin (left bars, Fig. 5) or in the presence of a
very high concentration of vasopressin (10-8 M, Fig. 5, right
bars). These results contrast with the previous observation that
ANFinhibited osmotic water permeability in the presence of a
submaximally stimulating concentration of vasopressin (10-"
M), repeated as the middle bars in Fig. 5 for comparison. A
detailed summary of these experiments is presented in Table I
(series 4-6).

Urea permeability. ANF(100 nM) had no significant effect
on either the basal urea permeability (Fig. 6, left bars) or the
urea permeability in the presence of 10- " Mvasopressin (Fig.
6, right bars). A detailed summary of these experiments is
presented in Table II.

Cyclic AMPaccumulation. To test whether ANFinhibits
the production of cyclic AMPin the presence of 10" M
vasopressin, cyclic AMPaccumulation was measured in mi-
crodissected unperfused terminal IMCDs. ANF(100 nM) had
no effect on the vasopressin-stimulated rate of cyclic AMP
formation, either in the presence of IBMX (0.5 mM, Fig. 7, left
panel) or in the absence of IBMX (Fig. 7, right panel).

ANFeffect on cyclic AMP-stimulated osmotic water perme-
ability. In further experiments, we tested the ability of ANFto
inhibit cyclic AMP-stimulated Pf. The cyclic AMPanalogue,
8-bromo-cyclic AMP(l0-3 M), was added to the peritubular
bath throughout each experiment. ANF(10 nM) significantly
inhibited 8-bromo-cyclic AMP-stimulated osmotic water per-

NS

Figure 1. The effect of 100 nMANF(left) and vehi-
cle (right) on vasopressin-stimulated osmotic water
permeability (Pf). Vasopressin was present through-
out each experiment at a concentration of 10-" I M.

___ Each line represents the result in one tubule.
VEHICLE Mean±SE is shown at right side of each panel.
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Table L Osmotic Water Permeability

[Creatininel
Length Diameter [AVP] [ANF] Coll. rate coll./perf. f

Am Aim M M nl/min 'Um/s

Series 1 (n = 6):
690±90 32±2 10-t 0 9.24±1.70 1.24±0.05 193.8±64.7

10-I 0 8.41±1.80 1.26±0.06 191.6±68.2
Series 2 (n = 6):
590±60 30±1 10-" 0 6.67±0.40 1.33±0.07 285.5±82.5

10"1 10" 6.30±0.59 1.27±0.07 196.4*+50.9
10-" 10-10 6.41±0.55 1.22±0.06 151.7*+50.5

Series 3 (n= 5):
500±60 28±1 10-" 0 4.91±0.48 1.32±0.08 220.0±58.3

10" 10-9 4.79±0.92 1.18±0.04 96.2*+18.5
Series 4 (n = 6):
540±50 30±2 10-" 0 6.39±0.39 1.23±0.04 161.4±23.1

10-" 10-7 5.99±0.34 1.14±0.03 89.3*+24.3
Series 5 (n = 5):
490±40 28±1 0 0 5.29±0.77 1.07±0.02 41.6±15.4

0 10-7 5.29±0.75 1.07±0.02 41.7±10.3
Series 6 (n = 5):
420±20 33±2 10-8 0 5.28±0.65 1.39±0.03 316.9±54.0

10-8 10-7 4.42±0.25 1.40±0.04 309.3±61.5

* Pf significantly different from value in the absence of ANF, by paired t test.
All data are presented as mean±SE. Diameter is tubule inner diameter.
Pf, osmotic water permeability coefficient; Coll., collection; Perf., perfusate;
[AVP], vasopressin concentration; [ANFI, ANFconcentration; n, number of
tubules.

meability by 30.9±4.8% (n = 5), decreasing Pf from
455.0±93.0 to 297.2±41.8 (n = 5, P < 0.04). In time control
experiments in which vehicle alone was added, no significant
change occurred in Pf (from 393.9±84.0 to 399.9±82.3, n = 5).
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20-
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0 0.01 M 0.1 nM I reM

ANF CONCENTRATION
100 nM

Figure 2. Relation between ANFdose and Pf inhibition. Vasopressin
was present throughout each experiment at a concentration of 10-"
M. Bars show mean at each dose. Responses to all non-zero concen-

trations of ANFwere statistically significant (P < 0.05). The 100 nM
ANFdata is the same as that in Fig. 1. In two additional tubules (not
shown), the Pf increased by 32.2% and 65.5%, respectively, when 0.1
nMANFwas washed out of the bath.

Discussion

Since the observation by DeBold et al. (30) that atrial extracts
induce natriuresis and diuresis, considerable progress has been
made in understanding the physiology of ANF action (1-3).
Despite this progress, the precise physiological mechanism of
ANFaction in the kidney remains to be fully elucidated. It was
our goal in this study to determine whether ANFdirectly af-
fects osmotic water permeability or urea permeability in the
rat terminal IMCD.

ANFinhibits vasopressin-stimulated osmotic water perme-
ability. The chief new finding in this study is that ANFinhibits
vasopressin-stimulated osmotic water permeability in the rat
terminal IMCD. ANF, at concentrations of 0.1 nMor higher,
caused nearly a 50% decrease in osmotic water permeability.
At 0.01 nM, ANFcaused a smaller decrease in osmotic water
permeability (18%). Plasma levels of ANF in rats have been
reported in a number of studies, and while not all investigators
agree, most of the studies have reported a basal plasma ANF
concentration in rats of - 0.01 nM. For example, Ballermann
(31) reported that the basal fasting plasma ANFconcentration
was 0.034 nM, and the plasma ANF concentration doubled
postprandially. Ogawaet al. (32) reported a similar basal value
(0.020-0.027 nM). Lang et al. (24) reported that the basal
plasma ANFwas 0.018 nM, increasing to 0.1 1 nM after vol-
umeexpansion. The dose-response data reported in this article
(Fig. 2) indicate that changes in ANF concentration in the
physiologic range can alter vasopressin-stimulated osmotic
water permeability of terminal IMCDs.

Dillingham and Anderson (33) have also reported that
ANF inhibits vasopressin-stimulated osmotic water perme-
ability in rabbit cortical collecting ducts, although 2 nMANF
was required for a significant effect; and Samson and Vanetta
(34) have reported that ANFinhibits vasotocin-induced water
reabsorption in the toad urinary bladder.

Role of cyclic GMP. Cyclic GMPis believed to be the sec-
ond messenger responsible for many of the actions of ANF
(25-29). Previously, Nonoguchi et al. (10) demonstrated that
ANF causes a large increase in cyclic GMPaccumulation in
the rat terminal IMCD. Zeidel et al. (16) have shown that
cyclic GMPcan mimic the effects of ANFto inhibit ouabain-
inhibitable sodium-dependent oxygen consumption in rabbit
IMCD cell suspensions, and Gunning et al. (35) have shown
that these cells possess a high-affinity ANF receptor which is
apparently coupled to guanylate cyclase. In the present studies,
0.1 mMcyclic GMPmimicked the effect of ANF to inhibit
vasopressin-stimulated osmotic water permeability. These re-
sults are therefore compatible with the conclusion that cyclic
GMPis the second messenger that mediates the inhibition of
osmotic water permeability in response to ANF.

In contrast to the natural form of cyclic GMP, the 8-bromo
analogue, 8-bromo-cyclic GMP(0.1 mM) did not affect os-
motic water permeability. The 8-bromo modification proba-
bly results in much higher intracellular concentrations than
with unmodified cyclic GMP. Because of its high concentra-
tion, 8-bromo-cyclic GMPmay have nonspecific effects on
intracellular metabolism that counter the physiological effect
of cyclic GMP. For example, 8-bromo-cyclic GMPat high
concentrations may mimic cyclic AMPby stimulating protein
kinase A, thus negating any inhibitory effect it might otherwise
have had. Consistent with this possibility, previous studies by
Dillingham and Anderson (36) have demonstrated that 0.1

1386 Nonoguchi et al.

z
0
F
m

z
LAJ-



Figure 3. The effect of 0.1 mMcyclic GMP
on Pf. Vasopressin was present throughout
each experiment at a concentration of 10-"
M. Bars show mean±SE for six tubules. *P
< 0.002 by paired t test. Tubule length
550±60 Mm; tubule inner diameter 32±2 Mlm;
collection rate 6.26±0.86 nl/min (control),
6.11±0.64 nl/min (cyclic GMP).

mM8-bromo-cyclic GMPincreases Pf in the absence of vaso-

pressin in rabbit cortical collecting duct.
Another possibility is that cyclic GMPdoes not act through

protein kinase G but through the activation of cyclic GMP-
stimulated cyclic AMPphosphodiesterase (37). Cyclic GMP,
but not 8-bromo-cyclic GMP,activates the cyclic GMP-stimu-
lated cyclic AMPphosphodiesterase (38), a pattern consistent
with that observed in the present study (Figs. 3 and 4). If
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stimulation of the cyclic AMPphosphodiesterase were the
mechanism of control of osmotic water permeability by ANF,
then ANF should cause a decrease in the accumulation of
cyclic AMPin the absence of IBMX. However, as discussed in
the next section, inhibition of cyclic AMPaccumulation by
ANFwas not observed.

Role of cyclic AMP. Dunn et al. (39) have reported that rat
plasma vasopressin levels average 0.2 X 10-11 Mduring water

Figure 4. The effect of 0.1 mM8-bromo-cyclic
GMPon Pf. Vasopressin was present through-
out each experiment at a concentration of
I10-" M. Bars show mean±SE for five tubules.
8-bromo-cyclic GMPhad no significant effect
on vasopressin-stimulated osmotic water per-
meability. Tubule length 500±60 Mm; tubule
inner diameter 28±1 Am; collection rate
4.91±0.48 nl/min (control), 6.12±0.46 nl/min

IP (8-bromo-cyclic GMP).
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Figure 5. The effect of 100 nMANFon Pf in the absence of vaso-
pressin (left bars), in the presence of 10-11 Mvasopressin (center
bars), and in the presence of 10-8 Mvasopressin (right bars). ANF
inhibited Pf only in the presence of 1011 Mvasopressin. ANFhad
no significant effect in the absence of vasopressin or in the presence
of 10-8 Mvasopressin. *P < 0.02 by paired t test.

diuresis and 2.3 X 10-' Mduring water deprivation. In the
present studies, when the peritubular bath contained a physio-
logic concentration of vasopressin (10-" M), ANF inhibited
osmotic water permeability. In contrast, ANFhad no effect on
osmotic water permeability either in the absence of vasopres-
sin, or in the presence of a supraphysiologic concentration of
vasopressin (10-8 M). It could be argued that the dependence
of ANMinhibition of Pf on the bath vasopressin concentration
could be explained if ANFworked by inhibiting vasopressin-
stimulated cyclic AMPproduction. Because much more cyclic

125-
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0
x 75

2 50-

D 25-

o-
NOAVP 10-11 MAVP

(n=4) (n=4)
Figure 6. The effect of 100 nMANFon urea permeability in the ab-
sence of vasopressin (left bars) and in the presence of 10-" Mvaso-
pressin (right bars). ANFhad no effect on urea permeability either in
the absence or the presence of vasopressin.

AMPis produced at 10-8 Mvasopressin than is required for a
maximal Pf response (40), inhibition of cyclic AMPaccumu-
lation would not necessarily reduce the Pf in the presence of
1o-8 Mvasopressin. Three lines of evidence, however, suggest
that ANF does not exert its effect by inhibiting vasopressin-
stimulated production of cyclic AMP.

First, cyclic AMPaccumulation was not affected by ANF
in microdissected nonperfused terminal IMCDs. Previously,
Nonoguchi et al. (10) showed that ANFdid not inhibit cyclic
AMPaccumulation in IMCDs exposed to 10-10 Mvasopres-
sin. In the current study, we found no tendency of ANF to
inhibit cyclic AMPaccumulation in tubules in the presence of
10-" Mvasopressin. There was no inhibition regardless of the
presence or absence of the phosphodiesterase inhibitor IBMX.
The negative result in the absence of IBMX suggests that the
effect of ANFon osmotic water permeability is not likely to be
due to stimulation of the cyclic AMPphosphodiesterase, as
discussed above.

Second, ANF did not inhibit vasopressin-stimulated urea
permeability (Fig. 6). Studies by Star et al. (40) have shown
that the urea permeability response to vasopressin in rat termi-
nal IMCDs is mediated by cyclic AMP. If the inhibitory effect
of ANFon Pf were due to an inhibition of cyclic AMPproduc-
tion, ANFshould also inhibit the urea permeability, contrary
to our results.

Finally, ANF inhibited 8-bromo-cyclic AMP-stimulated
Pf. Thus, it appears that the effect of ANFto inhibit vasopres-
sin-stimulated Pf in the rat terminal IMCD is not due to an
effect on cyclic AMPproduction. Rather, the ANF effect is
apparently exerted at a site subsequent to cyclic AMPgenera-
tion in the chain of events that couples vasopressin receptor
binding to an increase in osmotic water permeability.

Role of ANF inhibition of Pf in the mechanism of ANF-in-
duced increases in water and solute excretion. In this article, we
have demonstrated a direct effect of ANF to inhibit Pf in the
rat terminal IMCD. The effect is large and if present in vivo is
predictive of a major effect on renal water excretion. To what
extent could the demonstrated effect on water permeability
contribute to the observed increases in renal solute excretion
in response to ANF?

Many studies have demonstrated that ANFinduces a rapid
large increase in sodium chloride excretion, followed by a
smaller sustained increase (1-3). The sustained increase is al-
most certainly associated with ANF-induced supression of al-
dosterone secretion by the adrenals, but this effect may be too
slow to account for the rapid transient response. The rapid
increase in NaCl excretion could be in part due to direct effects
of ANF on rat NaCl transport along the collecting ducts
(14-16, 41), or to effects of ANF elsewhere in the kidney
(42-44). In addition, there are two ways that inhibition of
collecting duct water permeability could contribute to the
rapid increase in NaCl excretion. First, inhibition of collecting
duct water absorption by ANFwould affect NaCl concentra-
tion gradients across the collecting duct, potentially altering
active or passive NaCl transport. (Inhibition of water absorp-
tion would decrease luminal NaCl concentration, all other
factors being equal.) Secondly, by increasing urine flow, ANF
could cause reflux of urine into the renal pelvis and fornices
allowing NaCl transfer from the medullary interstitium to the
urine via the papillary surface epithelium. Schmidt-Nielsen
(45) has shown in rats that under normal conditions pelvic
reflux does not occur, but that rising urine flow is associated
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Table II. Urea Permeability

Urea concentration

Length Diameter [AVPJ [ANF] Coll. rate Perf. Bath Coll. J. P.

Am jim M M nIl/min pmol/mm/min X105 cm/s

Series 1 (n = 4):
570±140 31±1 0 0 27.43±6.37 0.00±0.00 4.93±0.00 1.69±0.12 89.6±13.7 38.9±6.6

0 10-7 27.94±6.47 1.90±0.42 97.8±19.1 46.7±11.9

Series 2 (n = 4):
490±70 28±1 10-11 0 32.68±3.04 0.08±0.01 5.27±0.12 2.28±0.12 154.0±18.8 73.9±10.9

10-11 10-7 31.92±2.50 2.66±0.23 177.4±22.3 90.5±14.9

P, is not significantly different from control in either series, based on paired t test. All data are presented as mean±SE. Diameter is tubule inner
diameter. [AVP], vasopressin concentration; [ANF], ANFconcentration; n, number of tubules; Ju, urea flux; Pu, urea permeability coeffi-
cient; Coll., collection; Perf., perfusate.

with reflux. The high NaCi permeability of the papillary sur-
face epithelium (46) would permit NaCl efflux from the med-
ullary interstitium to the pelvic urine when reflux occurs.
Thus, ANF-induced pelvic reflux would open a pathway for
NaCl secretion into the urine not present under nondiuretic
conditions.

In conclusion, we have shown that ANFinhibits vasopres-
sin-stimulated and cyclic AMP-stimulated Pf in the rat termi-
nal IMCD. This effect is mediated by cyclic GMPand does not
appear to be due to an alteration of cyclic AMPmetabolism.
Rather, the ANF effect is apparently exerted at a site subse-
quent to cyclic AMPgeneration in the chain of events that
couples vasopressin receptor binding to an increase in Pf.
ANF-mediated inhibition of collecting duct water permeabil-
ity may account in part for the observed increases in water and
solute excretion in response to ANF.
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Figure 7. The effect of 100 nMANFon cyclic AMPaccumulation.
Vasopressin was present throughout each experiment at a concentra-
tion of 10-11 M. ANFhad no significant effect on vasopressin-stimu-
lated cyclic AMPproduction either in the presence of the phospho-
diesterase inhibitor IBMX (0.5 mM, left panel) or in the absence of
IBMX (right panel). (Unpaired t tests.)
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