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Abstract

Vasopressin increases both the urea permeability and osmotic
water permeability in the terminal part of the renal inner med-
ullary collecting duct (terminal IMCD). To identify the second
messengers that mediate these responses, we measured urea
permeability, osmotic water permeability, intracellular cal-
cium concentration, and cyclic AMPaccumulation in isolated
terminal IMCDs. After addition of vasopressin, a transient rise
in intracellular calcium occurred that was coincident with in-
creases in cyclic AMPaccumulation and urea permeability.
Half-maximal increases in urea permeability and osmotic
water permeability occurred with 0.01 nM vasopressin. The
threshold concentration for a measurable increase in cyclic
AMPaccumulation was - 0.01 nM, while measurable in-
creases in intracellular calcium required much higher vaso-
pressin concentrations (> 0.1 nM). Exogenous cyclic AMP(1
mM8-Br-cAMP) mimicked the effect of vasopressin on urea
permeability but did not produce a measurable change in in-
tracellular calcium concentration. Conclusions: (a) Cyclic
AMPis the second messenger that mediates the urea perme-
ability response to vasopressin in the rat terminal IMCD. (b)
Vasopressin increases the intracellular calcium concentration
in the rat terminal IMCD, but the physiological role of this
response is not yet known.

Introduction

Vasopressin increases both the urea permeability and the os-
motic water permeability in the terminal part of the rat inner
medullary collecting duct (terminal IMCD)' (1-3). A urea per-
meability response to vasopressin does not occur in earlier
portions of the collecting duct system including the cortical
collecting duct (4) and initial part of the inner medullary col-
lecting duct (3). Thus, the action of vasopressin to increase
urea permeability appears to be uniquely associated with the
terminal IMCD. Urea reabsorption from the terminal collect-
ing duct supplies most of the urea that accumulates in the
inner medulla (5, 6). Consequently, urea transport across the
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terminal collecting duct epithelium and its regulation by vaso-
pressin are important components of the urinary concentrat-
ing mechanism.

It is generally accepted that the water permeability re-
sponse in collecting ducts results from occupation of specific
vasopressin receptors coupled to the activation of adenylate
cyclase and generation of cyclic adenosine monophosphate
(cyclic AMP) in the cells. In contrast, the second messenger or
second messengers involved in the urea permeability response
of the terminal collecting duct have not been determined. It is
reasonable to propose, based on prior studies of vasopressin-
mediated stimulation of water permeability, that cyclic AMP
mediates the vasopressin-induced increase in urea permeabil-
ity in the terminal collecting duct. However, recent studies
have demonstrated that another second messenger system, the
phosphoinositide-calcium pathway, mediates vasopressin ef-
fects in several cell types including hepatocytes (7, 8), vascular
smooth muscle cells (9), and renal glomerular mesangial cells
(10). In this pathway, as discussed in detail in several recent
reviews (8, 10-13), calcium acts as an intracellular messenger
in concert with two organic second messengers, inositol tris-
phosphate and diacylglycerol.

The chief objective of the present investigation was to de-
termine whether either cyclic AMPor intracellular calcium act
as second messengers in the vasopressin-dependent stimula-
tion of urea permeability in the terminal IMCD. Toward this
end, we have carried out measurements of urea permeability,
osmotic water permeability, intracellular calcium concentra-
tion, and cyclic AMPaccumulation in isolated terminal col-
lecting ducts from rats.

Methods

Solutions. The compositions of solutions used are shown in Table I.
Solutions containing bicarbonate were equilibrated continuously with
94% 02 and 6% CO2. Hepes-buffered solutions were gassed with
100% 02.

Chemicals were obtained from the following sources: synthetic
atrial natriuretic factor (rat ANF 1-28; Peninsula Laboratories, Bel-
mont, MA); BSA (Armour Pharmaceutical Co., Kankakee, IL); 1-de-
amino-8-D-arginine vasopressin (dDAVP; gift of Dr. Lewis Kinter,
Smith Kline & French Laboratories, Philadelphia, PA); ionomycin
(Calbiochem-Behring, La Jolla, CA); INDO-1 and INDO-lAM (Mo-
lecular Probes, Junction City, OR). Arginine vasopressin (AVP), bra-
dykinin, collagenase (type 1), dimethylsulphoxide (DMSO), EGTA,
HEPES, 3-isobutyl-1-methylxanthine (IBMX), 3-[N-Morpholino]-
propanesulfonic acid (MOPS), TCA were obtained from Sigma (St.
Louis, MO).

Tubule microperfusion studies. IMCD from the kidneys of patho-
gen-free Sprague-Dawley rats (Small Animal Breeding Facility, Na-
tional Institutes of Health) were isolated and perfused in vitro using
previously-described procedures (6). The tubule segments were dis-
sected from the middle third of the inner medulla. When perfused,
these tubules had a morphologic appearance consistent with that pre-
viously observed in the urea-permeable part of the inner medullary
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collecting duct (terminal IMCD) (6). The tubule dissections were car-
ried out at 15C in solution 1, 3, or 5 (Table I) chosen to match the
initial perfusate solution. The dissected tubules were mounted on con-
centric pipets for in vitro microperfusion at 370C using method of
Burg (14). The length and diameter of the perfused tubules were mea-
sured with an eyepiece micrometer.

Urea permeability measurements. The urea permeability of inner
medullary collecting ducts was determined by measuring the flux of
urea resulting from an imposed 5 mMbath-to-lumen urea gradient.
Tubules were dissected in solution 1 (Table I), perfused with solution 1,
and peritubular bath contained solution 2. The urea concentrations in
collected fluid, perfusate and bath solutions were measured fluoromet-
rically using a continuous flow ultramicrofluorometer (6). The method
is linear within the range of sample sizes used in these experiments
(0-100 pmol). In this range of sample sizes, the method can resolve
differences in urea content of 4%or greater.

The urea permeability (Pu) was calculated as: Pu = (CoVo - CLVL)/
(irDAC), where C0 is the urea concentration in the perfusate, CL is the
urea concentration in the collected fluid, V0 is the perfusion rate per
unit tubule length, VL is the collection rate per unit tubule length, ACis
the mean urea concentration difference along the tubule, and D is the
diameter of the perfused tubule. The perfusate urea concentration was
zero for all experiments, thus obviating any need to measure VO. The
collection rate was determined by measuring the length of time needed
to fill a calibrated volumetric pipette. In all experiments, the collection
rate was increased to a level high enough (usually > 50
nl * min-' * mm-') to avoid dissipation of > 50% of the imposed urea
concentration gradient. For each experimental condition, a mean
value for tubule flow rate, collected urea concentration, net flux, and
permeability was calculated from the results of two or three collections.

In the absence of vasopressin, the urea permeability of the terminal
IMCD falls to a stable level within 40-50 min after the temperature is
raised to 370C and this level is maintained for up to 120 min in the
absence of added hormones (3). Consequently, in this study we chose
to make all measurements of urea permeability between 45 and 170
min after warming the tubules. When tubules were exposed to two
different concentrations of AVPor dDAVP, an additional equilibra-
tion period of 30-40 min was allowed before measurements at the
second concentration.

In experiments in which the temporal response to AVPwas mea-
sured, the bath exchange to the vasopressin-containing solution was
90% complete within 15 s. Bath solutions were preheated to 37°C to
avoid changes in temperature or pH in the bath chamber during the
exchange.

Water permeability measurements. The osmotic water permeabil-
ity of inner medullary collecting ducts was determined by measuring
the rate of water absorption resulting from an imposed osmotic gra-
dient (100 mMbath-to-lumen NaCl gradient). Tubules were dissected
in solution 3 (Table I), perfused with solution 3, and the peritubular
bath contained solution 4. The osmolalities of the perfusate and bath
were measured by vapor pressure osmometry (Wescor, Logan, UT)
before the start of each experiment.

Creatinine was used as a volume marker. Previous studies have
demonstrated that creatinine is a valid volume marker in the rat IMCD
(3, 6). The creatinine concentrations in collected fluid, perfusate, and
bath solutions were measured using a continuous flow colorimeter
using the alkaline picrate method (15). The method is linear in the
range of sample sizes used in these experiments (0-150 pmol) and can
resolve differences between samples of 3%or greater. The NaCl perme-
ability of this segment is low and is not affected by vasopressin (3).
Consequently, dissipation of the transepithelial osmolality gradient by
passive NaCl entry is negligible.

The perfusion rate V0 was calculated using the equation VO
= VL(XLJXO) where VL is the collection rate, XL is the collected creati-
nine concentration and X0 is the perfusate creatinine concentration.
The osmotic water permeability (Pf) was calculated using the equation
of AI -Zahid et al. (16):

Pf VOCOCo-CL + I In (CL -Cb)CO
AVW CoCbCL (Cb) (CO - Cb)CLJ

where C0 and Cb are the osmolalities of the perfusate and bath, A is the
luminal surface area, CL is the collected fluid osmolality (calculated as
CL = CO*XO/XL), and Vw is the partial molal volume of water. The
luminal surface area was calculated as A = wDL from the measured
length (L) and diameter (D) of the perfused tubule.

In the absence of vasopressin, the osmotic water permeability of the
terminal IMCD falls to a stable level within 40-50 min after the tem-
perature is raised to 370C and this level is maintained for up to 120
min in the absence of added hormones (3). Consequently, in this study
we chose to make all measurements of osmotic water permeability
between 45 and 170 min after warming the tubules.

Intracellular calcium measurements. The intracellular calcium
concentration was measured in isolated perfused terminal inner med-
ullary collecting ducts with the trapped intracellular calcium probe
INDO- I (17). Tubules were dissected at a higher temperature (21 0C)
than in other experiments to facilitate loading of the dye. The dissec-
tion solution was the same as the solution used to perfuse the tubule
(solution 1, 3, or 5; Table I), except that the pH was reduced to 7.0.
After several 0.3 to 0.5 mmtubules were dissected, tubules were loaded
with INDO-lAM while in the dissection dish. INDO-lAM, a mem-
brane permeant derivative of INDO- 1, enters cells and is cleaved to the
relatively impermeant compound INDO- 1 by esterases normally
present in the cells (17). Initial attempts to load INDO-lAM were
unsuccessful because INDO-lAM forms dye micelles in aqueous solu-
tions and the resulting dye concentration in free solution is probably
very low. Dye loading was enhanced by first injecting 10 ,l of 20 mM
INDO-lAM (dissolved in DMSO) into 360 Ml of a concentrated
aqueous solution of bovine serum albumin (30 mg/ml dissolved with
minimal shaking in 150 mMNaCl). Then, 15 Ml of INDO- lAM/albu-
min solution was carefully injected into the dissection dish directly
above the tubules (final concentration of INDO-lAM 0.8 ,uM; final
dilution of DMSO1:25,000 [vol/vol]). The tubules were exposed to
INDO- l AMfor 30 to 150 min at pH 7.0 and 21 'C. Adequate loading
was generally achieved within 45 to 60 min. INDO-1AM micelles
adherent to the tubule were washed off before the tubules were trans-
ferred to the microscope spectrofluorometer.

The fluorescence emission spectra of intracellular INDO- 1 were
measured at 37°C in isolated perfused tubules with a specially designed
epifluorescence microscope spectrofluorometer (18, 19), permitting
simultaneous tubule perfusion and fluorescence spectroscopy. Light
from a mercury arc lamp (Nikon, Inc.) was passed through a 366-nm
interference filter (Corion, Holliston, MA), was reflected by a custom
dichroic mirror (transmission > 400 nm; Andover Corp., Andover,
MA), and then was focused to a 100-150 Mmspot by a 63X objective
(N.A. 1.25; Zeiss, Thornwood, NJ). The emitted light passed through
the dichroic mirror, and was spread out onto the face of a silicon
intensified vidicon camera by a monochromator (Instruments SA Inc.,
Metuchen, NJ). Since the excitation light was not detected by the
camera, a barrier filter was not required. Emission spectra were ob-
tained by averaging 5-10 readings over 0.5 to 1 s. Background autoflu-
orescence of the tubule was < 5% of the INDO-1 fluorescence
throughout the measured spectrum from 400 to 550 nm, precluding
the need to subtract the autofluorescence spectrum from the spectrum
of INDO- l. Furthermore, 1O-8 MAVPadded to the bath solution did
not change background autofluorescence. A continuous flow bath ex-
change system prevented dye that may have leaked out of the cell from
contributing to the measured fluorescence.

The calcium dependent shift in the emission spectrum of INDO-1
was quantitated using an intensity ratio method (17). The two wave-
lengths used for emission intensity measurements were 409 nm and
480 nm. These wavelengths were chosen to maximize the sensitivity of
the measurements. These wavelengths were identified by subtracting
the emission spectrum of INDO- I in the presence of calcium from the
emission spectrum in the absence of calcium and identifying the mini-
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Table I. Composition of Solutions

Solution No.

1 2 3 4 5 6 7 8

NaCl 118 118 118 237 133 117 135 133
NaHCO3 25 25 25 25 25
K2HPO4 2.5 2.5 2.5 2.5 2 2
KCI 5
NaH2PO4 1 1
NaHepes 10 10 10
HCI 6 6 6
CaC12 1 1 1 1 1 1 1
EGTA 2
Creatinine 4 4
Raffinose 5
Urea 5 5 5

Solutions also contained (in mM)glucose (5.5) and MgSO4(1.2). Solutions containing bicarbonate were bubbled with 6%C02/94% 02. Bicar-
bonate-free solutions were bubbled with 100% 02.

mumand maximum (20). The [Ca2"] was calculated from the ratio (R)
of the intensities measured simultaneously at the two wavelengths
using (17):

[Ca2+] = Kd * (S/SO) *(R. - R)/(R - Rmin) (1)

where Kd is the dissociation constant of INDO-l (250 nM [17]), Rm.
and Rmin are the emission intensity ratios obtained in the presence and
absence of calcium; the remaining two terms are the emission intensi-
ties of INDO-l at 480 nm in the absence (sn) and presence (sb2) of
calcium.

Calibration to determine Rmin, Rmax, and sf'Jsb2 in the cells was
done in isolated perfused inner medullary collecting ducts by altering
extracellular calcium in the presence of the calcium ionophore iono-
mycin. (Calibration was done in the cells because preliminary experi-
ments showed that the intracellular environment alters the spectral
properties of INDO-1 as is true for other trapped intracellular probes.)
Tubules were dissected in Ca-free EGTAsolution (solution 8, Table I).
They were loaded with INDO- 1, and perfused using solution 8 in both
the peritubular bath and luminal perfusate. The bath solution con-
tained 5-10 gM ionomycin. Emission spectra were collected every
10-20 min until the intensity ratio reached a stable value. The bath
solution was exchanged to solution 5 containing calcium and 5-10 AM
ionomycin. Emission spectra were taken frequently until the intensity
ratio reached a stable value. Fig. 1 shows the emission spectra of intra-
cellular INDO-1 at low and high bath calcium concentrations. Rmin
was 0.372, Rm.,, was 1.047, and 21/4b2 was 1.624.

The course of a typical experiment in which intracellular calcium
was measured is as follows. After mounting the tubule on the perfusion
pipets and warming it to 37°C, a continuous bath exchange was estab-
lished at 7-10 cm3/min fed from a heated bath exchange reservoir
mounted above the perfusion apparatus. After a 30-40 min equilibra-
tion period, the basal intracellular calcium concentration was deter-
mined as the mean of two or more measurements. Then, agent or
vehicle was added to the bath exchange reservior with vigorous mixing.
Because of the dead space between the bath exchange reservoir and the
perfusion chamber, there is a 25-s lag between addition of agent to bath
exchange reservoir and complete exchange of the peritubular bath.
(This method of changing the peritubular bathing solution is utilized to
avoid motion of the tubule or changes in bath temperature which may
influence the intracellular calcium measurement.) Timed measure-
ments of intracellular calcium were made for 10 min after each change
of the peritubular bath solution. At the end of each experiment, suffi-

cient AVPor dDAVPto form a 10-8 Msolution was added to the bath
exchange reservoir and additional measurements were made to pro-
vide a positive control for each tubule studied. The peak intracellular
calcium value is defined as the maximum reading in the first 5 min
following addition of agent or vehicle. These values were corrected for
variability in the measurement method by subtracting the maximum
deviation from the mean during the pre- and postpeak periods. For the
57 observations described in Table II, the average maximal deviation
was 11.0 nM. This value approximates the minimum peak height
detectable with the method. The steady state intracellular calcium
value was defined as the average value in the period between 5 and 10
min after addition of agent or vehicle. Since bleaching of the dye
limited the number of measurements, the results of preliminary studies
were used to guide selection of measurement times.

For intracellular calcium measurements, the tubules were generally
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Figure 1. Emission spectra of intracellular INDO- 1. Spectra were de-
termined in the presence of the calcium ionophore ionomycin (5-10
,uM) in the nominal absence of extracellular calcium (Zero Ca2"; so-
lution 8 [Table I]) and in the presence of 1 mMextracellular calcium
(Excess Ca2"; solution 5 [Table I]).
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Table II. Measurements of Intracellular Calcium Concentration

Intracellular calcium concentration

Agent (No. of tubules) Concentration Baseline Peak Steady state

M nM nM nM

Vehicle (11) 137±9 137±10 127±8
AVP (20) lo-8 131±10 263±14* 140±13
AVP (7) 10-'° 116±16 131±21 134±20
dDAVP(7) l0-, 130±9 221±17* 138±9
8-Br-cAMP (4) 10V 77±20 82±22 80±21
ANF(4) 5 X 108, 10-' 141±11 142±10 133±11
Bradykinin (4) 10-6 130±22 130±20 132± 13

* P < 0.05 vs. baseline value.
Data expressed as mean±SE. The peak value was taken as the maxi-
mumreading in the first 5 min following addition of agent or vehicle
corrected for variability in the measurement method as indicated in
the text (see Methods). The steady state value was taken as the aver-
age value in the period between 5 and 10 min after addition of agent
or vehicle. Experiments in Hepes-buffered and bicarbonate-buffered
solutions were pooled. The numbers of tubules studied in bicarbon-
ate buffered solutions were: AVP 10-0 M, 4; AVP lo-' M, 7; 8-Br-
cAMP, 2; bradykinin, 1. The responses were virtually identical with
the two buffers.

perfused and bathed with a HEPES-buffered solution (solution 5;
Table I). Additional intracellular calcium measurements were made in
tubules perfused using the same bicarbonate-buffered solutions as the
urea permeability protocol (solutions I and 2, Table I).

Cyclic AMPaccumulation studies. Cyclic AMPaccumulation in
microdissected nonperfused segments of rat inner medullary collecting
duct was determined as described previously (21). A brief summary of
the experimental approach follows. Pathogen-free Sprague-Dawley
rats (85-150 g body wt) were decapitated and the left kidney was
perfused with 10 ml of an ice-cold solution (solution 6, Table I) con-
taining 1 mg/ml collagenase. The middle third of the inner medulla
was isolated, dissected into four strips, and incubated in solution 6
containing collagenase for 30 min at 370C. Segments of inner medul-
lary collecting ducts were microdissected at 17'C in solution 7 con-
taining 0.05% BSA. After measuring the tubule lengths with an ocular
micrometer, tubule segments were transferred in 2 gl of dissection
solution to 18,Ml of solution 7 containing 0.56 mMIBMX at 4VC. The
microdissected IMCDs were then equilibrated for 10 min at 37°C in a
shaking water bath. 20 Ml of prewarmed solution 7 containing AVPor
vehicle and 0.5 mMIBMX was then added, and the incubation was
continued at 37°C. The incubation time after addition of AVP or
vehicle was 2 min in the dose-response experiments and was varied
between 0 and 10 min in the time course experiments. The reaction
was stopped by adding 50 gl of 10% TCA followed by immediate
vortexing. After centrifugation, the supernatant was frozen at -20°C
overnight. In each experiment, blank samples (containing medium
and TCAwithout tubules) were processed.

The TCAwas removed by extraction with 0.75 ml water-saturated
ether. The aqueous phase was dried, then 100 ul of 50 mMsodium
acetate buffer (pH 6.2) was added to each sample. The cAMPcontent
was measured by radioimmunoassay (New England Nuclear, Boston,
MA) as described previously (21). Appropriate cAMPstandards were
carried through the entire assay procedure for determination of stan-
dard curves. 50%of the tracer displacement occurred at 99.8±4.8 fmol
(n = 2).

To measure the time course of the response to vasopressin, IMCDs
with a total length of - 1 mmwere used for each determination of

cAMPaccumulation. For the dose-response experiments, the tubule
lengths used for each determination were 1.5 mm(control and 10- 2 M
AVP), 1.0 mm(10-" MAVP), 0.5 mm(10-10 MAVP), and 0.25 mm
(10-9 AVPand greater).

Statistics. All results are reported as mean± I SE. Statistical signifi-
cance was determined using t tests (paired and unpaired). P < 0.05
indicated statistical significance.

Results

Time-course of response to AVP
Urea permeability. Fig. 2 shows the time-course of urea perme-
ability changes in response to 10- Mand Io-8 Mof AVP.
The responses were normalized to express the percent maxi-
mal change, facilitating comparisons among tubules. An in-
crease in the urea permeability was detected within 2 min. By 5
min, the urea permeability increased to - 60% of the full
response. After the initial rapid rise in permeability which oc-
curred within 5-10 min, there was a slower increase that was
complete within 30 min after addition of AVP. The mean
unstimulated urea permeability in these four tubules was 25±9
X lo-5 cm/s. The urea permeability rose to an average of
79±17 X I0- cm/s within 40 min of AVPaddition in the four
tubules.

cAMP accumulation. Fig. 3 shows the time course of
cAMPaccumulation in microdissected nonperfused segments
of the rat IMCD after addition of AVP (5 X 10-10 M) and in
tubules not exposed to AVP. 0.5 mMIBMX was present in
both groups. In the presence of AVP, an increase in cAMP
accumulation was detected at 1 min. cAMPaccumulation in-
creased steadily over 10 min in both control and AVP-stimu-
lated tubules.

Intracellular calcium. Fig. 4 shows the time course, in one
tubule, of intracellular calcium concentration following addi-
tion of vehicle, then 10-8 MAVP. The results from all tubules
are shown in Table II. The mean intracellular calcium con-
centration did not change significantly when vehicle (either
water or 160 mMNaCl) was added to the bath (Table II).
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Figure 2. Time course of vasopressin-stimulated urea permeability
response in isolated perfused inner medullary collecting ducts from
rats. Vasopressin was added at zero time. ADH, antidiuretic hor-
mone (arginine vasopressin).
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Figure 3. Time course of vasopressin-stimulated increase in cAMP
accumulation by isolated nonperfused rat inner medullary collecting
ducts.

However, 1o-8 MAVPsignificantly increased the intracellular
calcium concentration. The peak response occurred 87±10
seconds (n = 20) after AVPwas delivered to the peritubular
bath chamber. In general, the response lasted 2-3 min, with
return to near baseline values by 4-5 min. A rise in intracellu-
lar calcium concentration was seen in response to 10-8 AVPin
solutions buffered by either Hepes (solution 5) or bicarbonate
(solutions 1 and 2).

AVPdose-response relationships
Urea permeability. Both 10- ' M(series A, Table III) and 1010
M(series B, Table III) AVPincreased the urea permeability of
the rat IMCD. The increase with 10-1 Mwas 55% of the
maximal response (defined as the response to 10-8 MAVP).
The increase with 10`1 MAVPwas 79% of maximal. Thus,
the concentration of AVPthat caused a half maximal increase
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0
> 250
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g 150-
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4 100-

_ VEHICLE 10-8 M
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in urea permeability was about 10-11 M. The mean results are
plotted on Fig. 5, expressed as percent maximal change. In
additional experiments (Table III), 10-8 MdDAVP, a selective
V2 receptor agonist, significantly increased the urea permeabil-
ity by about twofold.

Osmotic water permeability. 10-" MAVP increased the
osmotic water permeability of the rat IMCD (Table IV). This
increase was 44% of the maximal response (defined as the
response to 10-8 MAVP). 10-10 Mhad about the same effect
as 10-8 MAVP in two tubules (data not shown). Based on
these limited data, the dose-response relationship for osmotic
water permeability appears to be similar to that for urea per-
meability (Fig. 5).

cAMPaccumulation. The dose-response relationship for
cAMP accumulation, measured in microdissected nonper-
fused segments of rat IMCD, is shown in Fig. 6. There was a
significant increase in cAMPaccumulation at 10-" MAVP.
The concentration of AVPthat caused a half maximal increase
in cAMPaccumulation was about 5 X 10-10 M.

Intracellular calcium. Fig. 7 shows the time course of in-
tracellular calcium concentration in response to 10-0 and
10-8 AVP. The results for all experiments are summarized in
Table II. At 10-'° M, AVPdid not significantly alter the intra-
cellular calcium concentration, despite the fact that this con-
centration caused nearly maximal increases in urea permeabil-
ity and osmotic water permeability.

Response to exogenous cAMP
The cyclic AMPanalogue 8-Br-cAMP (1 mMadded to the
peritubular bath) reversibly increased the urea permeability of
rat inner medullary collecting ducts (Table III). However, 1
mM8-Br-cAMP did not significantly alter the apparent intra-
cellular calcium concentration (Fig. 8; Table II).

Effect of INDO-J on urea permeability response
It might be argued that 10`0 MAVP normally increases in-
tracellular calcium, but did not do so in these experiments
because intracellular INDO- 1 acted as a calcium buffer. If this
were true and if calcium normally mediates the urea perme-

-5 0 5 10
TIME, min

Figure 4. Effects of vehicle and 10-8 MAVPon in-
15 20 25 tracellular calcium conientration in an isolated per-

fused rat IMCD.
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Table III. Urea permeability response to AVP,
dDAVP, and 8Br-cAMP

Percent of
Collection Collected Urea maximal

rate concentration permeability response

ni/mini
mm mM XJ(F5 cm/s

A AVPdose-response series A (n =5)
Control 43±4 0.70±0.22 11±4
10-" AVP 55±11 1.22±0.19 29±8* 55±14*
10-8 AVP 71±11 1.39±0.34 46±18*

B AVPdose-response series B (n = 5)
Control 87±17 1.24±0.30 49±12
10-'° AVP 110±26 1.94±0.40 107±24* 79±4*
10-8 AVP 130±29 1.82±0.24 121±26*

C dDAVP(n =4)
Control 86±17 0.67±0.08 21±6
10-8 dDAVP 112±6 1.00±0.10 43±6*

D 8 Bromo-cAMP (n = 4)
Control 51±6 0.83±0.09 19±4-
1 mM8Br-

cAMP 87±11 1.35±0.14 50±6*
Recovery 100±13 0.86±0.08 35±40

* Indicates urea permeability with agent (AVP, dDAVP, or 8Br-
cAMP) was significantly different from control values (P < 0.05).
8indicates significant reversal of 8 bromo-cAMP effect (P < 0.05).
* indicates percent maximal change was significantly different from
zero (P < 0.05).
Measured urea concentrations in bath and perfusate were 5.0
mM±0.0 and 0.0±0.0, respectively. Perfusion rates were increased in
the presence of vasopressin to maintain collected urea concentration
at < 2.5 mM, i.e., to prevent dissipation of the bath-to-lumen urea
gradient. Mean tubule diameter was 27.9±0.5 Mumand did not differ
among groups. Mean tubule length was 0.45 mm.
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Table IV. Osmotic Water Permeability Response
to Arginine Vasopressin

Collected/perfused Osmotic water
Collection rate creatinine permeability

nIl/min/mm pm/s

Control 9.4±0.8 1.11±0.02 63±3
10-11 AVP 9.4± 1.3 1.26±0.04 171±38*
lo-8 AVP 11.3±1.3 1.37±0.04 310±38*

Data are reported as mean±SE (n = 5). Tubule diameter was
29.8±0.6 Am; tubule length was 0.69±0.11 mm.
* P < 0.05 vs. control.

ability response to AVP, then INDO- 1 loading should prevent
the permeability response to 10-10' MAVP. However, in two
INDO-l loaded tubules (not shown), 10-10 MAVPcaused a
2.3-fold increase in urea permeability, a response comparable
to that seen in the absence of INDO- (Table III). Therefore,
regardless of whether INDO-I substantially buffers intracellu-
lar calcium, this result adds further support to the view that
vasopressin can increase the urea permeability in the absence
of a rise in intracellular free calcium concentration.

Effect of other hormones and analogues
on intracellular calcium
dDAVP. dDAVP10-8 Madded to the peritubulat bath signifi-
cantly increased the calcium concentration (Table II). The
peak intracellular calcium concentration was similar to that
seen with 1o-8 MAVP. As shown in Figs. 9 and 10, the
time course of the increase in intracellular calcium concentra-
tion in response to 10-8 MdDAVPis similar to that seen with
10-8 MAVP.

Atrial natriuretic jactor. Atrial natriuretic factor (rat
ANF1 28, 5 X 10 or 10-' Madded to the peritubular bath) did
not have a significant effect on intracellular calcium concen-
tration (Fig. 9; Table II). Furthermore, prior exposure to ANF
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Figure 5. Comparison of dose-response relationships for effects of ar-
ginine vasopressin on urea permeability (P.,) and ostotic water
permeability (Pf) in rat inner medullary collecting ducts. See Tables
III and IV for detailed descriptions of these experiments including
standard error values. The concentration of vasopressin required for
half-maximal P.,,a and Pf responses was approximately 10" M.

0
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Figure 6. Dependence of cAMPaccumulation on concentration of
arginine vasopressin. Experiments were done in microdissected rat
inner medullary collecting ducts. Effects at and above 10"- Mwere
statistically significant.
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in the peritubular bath did not prevent the
calcium concentration in response to 1o-8

Bradykinin. Bradykinin, 10-6 Madde
bath, did not have a significant effect on in
concentration (Fig. 10; Table It). Furtherm
of the tubules to bradykinin in the peritu
prevent the rise in intracellular calcium co
sponse to 10-8 MdDAVP(Fig. 10).

Discussion

The evidence acquired in the present stud)
that the vasopressin-mediated increase in u
the terminal IMCD results from activatio
clase and generation of cyclic AMPin the

1 mM
8-Br-cAMP

II

-5 0 5 10

TIME, min

studies have also demonstrated that vasopressin causes a tran-
sient rise in intracellular calcium concentration. However, va-
sopressin-mediated increases in urea permeability and osmotic
water permeability are not dependent on a rise in intracellular
calcium. The physiologic role of the vasopressin-stimulated
increase in intracellular calcium has not yet been identified.

Wereview the basis for these conclusions and the relation-
ship of the present results to prior observations.

Physiologic role of vasopressin in the IMCD. The IMCD
consists of at least two morphologically and functionally dis-
tinct subsegments (3, 22). The initial part (initial IMCD),
found in the outer third of the inner medulla, contains two cell
types (intercalated and principal cells) and resembles the col-
lecting duct from the inner stripe of the outer medulla (23).

,___________ | The terminal IMCD, the focus of the present study, contains
only one cell type, usually termed a principal cell. The princi-
pal cell in the terminal IMCD differs from the principal cell of

ae vasopressin (AVP) the initial IMCD. It contains a specialized urea transport
lated perfused rat pathway, probably a carrier, which mediates an extremely
yen tubules, there rapid rate of passive urea transport across the terminal collect-
racellular calcium ing duct epithelium (3, 6). In the initial IMCD and more

proximal collecting duct segments, this urea transport pathway
is either absent or present in much lower activity (3). The urea
transport pathway in the terminal IMCD is important for the

rise in intracellular urinary concentrating mechanism because it supplies nearly
MdDAVP(Fig. 9). all of the urea that accumulates in the inner medullary inter-
J to the peritubular stitium (5, 6).
itracellular calcium In this study, we have established that physiologic concen-
Lore, prior exposure trations of vasopressin (i.e., 1o11 to 10`O M) can cause large
bular bath did not increases in the urea permeability of the rat terminal IMCD.
oncentration in re- This result is consistent with an important physiologic role for

vasopressin in the regulation of urea transport across the ter-
minal IMCD.

Cyclic AMPas a second messenger for vasopressin in the
IMCD. The results of the present study are consistent with the

y supports the view view that the effect of vasopressin to increase urea permeabil-
area permeability in ity in the terminal IMCD is mediated by cyclic AMP. Three
on of adenylate cy- pieces of evidence, considered together, support this conclu-

cells. The present sion. First, vasopressin increases cyclic AMPaccumulation in

0-18 M

Figure 8. Effects of 1 mM8-Br-cAMP and 10-8 M

)AVPM AVPon intracellular calcium concentration in an

isolated perfused rat IMCD. In a total of four tu-
15 20 25 bules, there was no significant effect of 1 mM8-Br-

cAMPon intracellular calcium (Table II).
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fect of ANFon intracellular calcium (Table II).

the terminal IMCD, and the rise cyclic AN
in urea permeability (compare Figs. 2 a
dose-response relationship for stimulation
cumulation by vasopressin shows a thresi
logic range of vasopressin concentrations
cyclic AMPanalogue, 8-Br-cAMP, increas
ability of isolated perfused IMCD when a
bular bath (Table III).

Cyclic AMPaccumulation increases wi
centration up to 10-' Mvasopressin (Fig.
permeability increases to a maximal or nea
response to only 10-0 Mvasopressin. TI
vasopressin can increase cyclic AMPacci
higher levels than required to elicit a maxii
ity response. At present, it is not known w
served by the generation of excess cyclic A
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Figure 10. Effects of 10-6 Mbradykinin and 1C
tracellular calcium concentration in an isolated
medullary collecting duct. In a total of four tut
nificant effect of 1o-6 Mbradykinin on intracell

It has been demonstrated in previous studies (1, 3) that
vasopressin also increases osmotic water permeability in the
terminal IMCD. The present results confirm this conclusion
(Table IV). As in other parts of the collecting duct system, the
water permeability response in the terminal IMCD is thought
to be mediated by cyclic AMP. The dose-response relationship
for stimulation of water permeability by vasopressin is consis-
tent with this conclusion. That is, the concentration of vaso-
pressin required to elicit a water permeability response is simi-
lar to that required to increase urea permeability and cyclic
AMPaccumulation.

Calcium as a putative second messenger for vasopressin in
the IMCD. This paper contains the first reported evidence that
vasopressin increases the intracellular calcium concentration
in the terminal IMCD. The increase was a transient phenome-

1,5 2'0 2 non with peak intracellular calcium concentrations occurring
60-90 s after addition of vasopressin to the peritubular bath.

DAVPon intracellu- The intracellular calcium concentration then fell to near base-
d rat inner medullary line levels within 3-5 min after vasopressin addition (Fig. 4).
was no significant ef- The time course is similar to vasopressin-mediated increases in

intracellular calcium activity seen in hepatocytes (8), cultured
renal mesangial cells (24, 25), cultured smooth muscle cells (9,

4P precedes the rise 26, 27), and cultured pig kidney cells (LLC-PKI) (28, 29). The
calcium transients in these tissues are thought to result from

ndf 3).liSecond, thae iation of the phosphoinositide cascade by vasopressin. The
ofcycldic AMPacys- rise in intracellular calcium may regulate several processes in

(Fig. 6). Third, a the cell. One important role is the activation, in concert with
Sed the urea perme- diacylglycerol (DAG), of protein kinase C.Because the intracellular calcium transients demonstrated
added to the peritu- in the terminal IMCD in the present study were similar to

those that are linked to the phosphoinositide system in other
ith vasopressin con- tissues, it is reasonable to propose that the demonstrated rise in
6). In contrast', urea intracellular calcium in the IMCD is also due to activation of
rly maximal level in the phosphoinositide system, although direct proof of this pos-

smulation to much sibility is lacking. Previous studies have demonstrated the pres-
mlal toeapermuchi- ence of a functional phosphoinositide pathway in culturedrnal urea permeabil- rabbit IMCD cells (30, 31). Further studies are needed to de-

/hat function can be termine what role the phosphoinositide pathway plays in regu-
*MP. lation of IMCD function.

Different vasopressin receptor subtypes have been impli-
cated in the activation of the phosphoinositide-calcium path-
way (VI receptors) and activation of adenylate cyclase (V2 re-
ceptors) (7). The present studies were not designed to resolve
the receptor subtype linked to the demonstrated rise in intra-
cellular calcium in the terminal IMCD. Nevertheless it is inter-
esting that the V2 selective vasopressin analogue dDAVPap-
peared to be nearly equipotent with arginine vasopressin in
stimulating a rise in intracellular calcium (Table II). This raises
the possibility that the receptor responsible for vasopressin-
mediated increases in intracellular calcium in the IMCDmay
differ from its counterpart in other tissues. One possibility is
that the rise in intracellular calcium results from the binding of
vasopressin to oxytocin receptors. Oxytocin receptors have not
been demonstrated in the IMCD, but are present in cultured
renal tubule epithelia (LLC-PKI) where they are linked to the

1S 20 25 phosphoinositide-calcium pathway (32).
Although vasopressin increases intracellular calcium in the

)-8 MdDAVPon in- rat terminal IMCD, it appears unlikely that calcium is a sec-

I perfused rat inner ond messenger involved in the vasopressin-dependent in-
)ules, there was no sig- creases in urea and water permeability. Two pieces of evidence
ular calcium (Table II). support this conclusion. First, a nearly maximal increase in
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urea permeability was observed in response to 10-' Mvaso-
pressin, a concentration that produced no measurable change
in intracellular calcium concentration.2 The permeability re-
sponse to 10-10 Mvasopressin occurred regardless of whether
or not the cells were loaded with INDO- 1. Therefore, calcium
buffering by INDO-1 (if present) did not prevent the perme-
ability response. Second, a large increase in urea permeability
was seen in response to 1 mM8-Br-cAMP despite the absence
of a measurable change in intracellular calcium activity. Thus,
it appears that large increases in urea permeability can occur
without a demonstrable change in intracellular calcium con-
centration.

If calcium is not a second messenger for stimulation of urea
and water permeability by vasopressin, then what physiologi-
cal role could a rise in intracellular calcium in response to
vasopressin play? It could be argued that the concentration of
vasopressin required to raise intracellular calcium is so high
that under physiological conditions, circulating concentrations
are unlikely to rise high enough to cause the response. Thus,
calcium-mediated responses to vasopressin may be important
only in pathological conditions, such as hemorrhage, in which
circulating vasopressin levels reach very high values. However,
we are reluctant to draw such a conclusion based on the data
obtained in the present study. Our reluctance stems from the
fact that the in vitro conditions for our studies were chosen on
the basis of a need to assure viability of the epithelium (6) and
are not representative of the environment normally experi-
enced in the inner medulla during antidiuresis. It is possible
that the dose-response relationship for mobilization of intra-
cellular calcium by vasopressin is altered by factors such as
osmolality, ionic strength, and urea concentration that may
vary in the inner medulla. Thus, we consider it reasonable to
assume that vasopressin-induced changes in intracellular cal-
cium could play some (as yet undiscovered) physiological role
in the regulation of IMCD function.
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