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Abstract

Studies were performed to determine the mechanism under-
lying deficient arginine vasopressin (AVP) -stimulated ade-
nylyl cyclase activity in chronic renal failure (CRF). As
compared to control, principal cells cultured from the inner
medullary collecting tubule of rats previously made uremic
by 5/6 nephrectomy fail to accumulate cAMPwhen stimu-
lated with AVP. CRFcells do respond normally to forskolin
or cholera toxin and the defect in AVPresponsiveness is not
prevented by treatment with pertussis toxin, by cyclooxy-
genase inhibition, or by inhibition or down-regulation of
protein kinase C. In contrast to their lack of responsiveness
to AVP, CRF cells respond normally to other agonists of
adenylyl cyclase such as isoproterenol or prostaglandin E2.
Plasma membranes prepared from the inner medullae of
CRFrats exhibit a marked decrease in apparent AVPrecep-
tor number but no change in the apparent number of beta
adrenergic receptors. Reverse transcriptase PCR of total
RNAfrom the inner medullae of CRFanimals reveals vir-
tual absence of V 2 receptor mRNA;mRNAfor a, is present
in normal abundance. These studies indicate that AVPresis-
tance in CRF is due, at least in part, to selective down-
regulation of the V 2 receptor as a consequence of decreased
V 2 receptor mRNA.(J. Clin. Invest. 1995.96:378-385.) Key
words: down-regulation (physiology) * adenyl cyclase
urine concentrating ability * kidney tubules, collecting * va-
sopressin receptor

Introduction

One of the earliest clinical manifestations of chronic renal fail-
ure (CRF)' is a defect in urinary concentrating ability (1, 2).
The pathogenesis of this defect is not well understood. The
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1. Abbreviations used in this paper: AC, adenylyl cyclase; AVP, argi-
nine vasopressin; CCT, cortical medullary collecting tubule; CRF,
chronic renal failure; CT, cholera toxin; IMCD, inner medullary collect-
ing duct; IMCT, inner medullary collecting tubule; PKC, protein kinase
C; PM, plasma membrane; PT, pertussis toxin; RT, reverse transcription;
V2R, V2 receptor.

urinary concentrating defect in uremia is not due to deficient
arginine vasopressin (AVP) secretion from the pituitary gland
as both the neurophysin for AVP (3) and AVP itself (4) are
found in increased quantity in the sera of patients with CRF.
Furthermore, Tannen et al. have demonstrated persistent excre-
tion of hypotonic urine by patients with CRFdespite the admin-
istration of exogenous AVP (5) suggesting that the concentrat-
ing defect is at least in part due to impaired AVPresponsiveness
of the collecting duct. This has in fact been corroborated in
vitro. Fine et al. examined the ability of AVP to increase the
hydraulic conductivity of isolated perfused cortical collecting
tubules (CCT) dissected from the remnant kidney of uremic
rabbits. As compared to CCTs from normal rabbits, CCTs ob-
tained from uremic animals exhibited markedly decreased re-
sponsiveness to either AVPor exogenous 8-bromo-cAMP (6).
Similarly, CCTs from uremic rabbits exhibited impaired AVP-
stimulated adenylyl cyclase (AC) activity. It is clear, therefore,
that uremia causes AVP resistance at both pre and post cAMP
sites, The studies described herein were aimed at elucidating
the nature of the biochemical defect responsible for the impair-
ment in AVP-stimulated cAMPgeneration in CRF.

Methods

Model of chronic renal failure. The model of CRFemployed was that
of the 5/6 nephrectomized rat. As previously reported (7, 8) male
Sprague-Dawley rats were anesthetized with pentobarbital and subjected
to right nephrectomy and ligation of the arterial supply to -2/3 of the
left kidney. Rats were allowed ad lib. access to standard rat chow and
water until their death - 3-6 wk later. Only animals with serum creati-
nine 2 1.0 mg/dl (normal < 0.4) were studied. Of these, randomly
selected animals were subjected to 24 h of dehydration. The mean
maximal urinary concentration in these CRF animals (n = 10) was
904±52 mOsm/kg H20. Unoperated male Sprague-Dawley rats of com-
parable age to the CRFrats (at the time of death) were used as controls;
maximal urinary concentration in these animals routinely measured

2,500 mOsm/kg H20.
Inner medullary collecting tubule cell culture. Inner medullary col-

lecting tubule (IMCT) cells from control and CRFanimals were cultured
as previously described (9, 10). Male Sprague-Dawley rats are exsan-
guinated, their kidneys immediately removed using sterile technique and
placed in ice-cold KRB (composition [mM]: NaCl 128, KCl 5, CaCl2
1, MgSO41.2, NaCH3COO10, NaH2PO42, glucose 10, Tris 10), pH
7.4, containing 100 U/ml penicillin and 100 ,g/ml streptomycin base.
The kidneys are then bisected and the inner medullae removed; infarcted
tissue from CRF rats was discarded. Inner medullae from 4 to 12 rats
are pooled, finely minced with a sterile razor blade, and incubated in 5
ml of 0.05-0.1% collagenase (Worthington Biochemical Corp., Free-
hold, NJ) in KRB for 60-90 min at 37'C under a 5%CO2atmosphere.
The tissue is gently agitated at 15-20-min intervals. After incubation,
2 vol sterile distilled water is added to lyse cells other than collecting
tubule cells. The tissue is pelleted by centrifugation for 3 min in a
tabletop clinical centrifuge, resuspended in 10% BSA (fraction V; Miles
Laboratories Inc., Elkhart, IN), and centrifuged again. The remaining
cell pellet is resuspended in 90%HamF- 12 10%Liebovitz L-15 medium
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containing 10% FBS, 1%antibiotic, and hormonal supplements. Tissue
is seeded into 24-well ( 16 mmdiameter) replicate culture dishes (Falcon
Labware; Becton Dickinson & Co., Lincoln Park, NJ) and then kept
under a 5%CO2 atmosphere at 370C. After 24 h the cells are fed with
the same medium that contains, however, only 1% FBS.

Studies on cAMP accumulation. Studies on cAMP accumulation
were performed 72-96 h after initial culture while the cells were subcon-
fluent. As previously reported from this laboratory (9, 10) these studies
were performed in KRB at 300 mOsm/kg H20, pH 7.4, containing
0.5 mMisobutyl methylxanthine (IBMX) to inhibit phosphodiesterase.
Media is aspirated from cells and replaced with 0.5 ml buffer, containing
the desired effector substance(s). Incubations are done in an Isotemp
dry bath at 37°( (Fisher Scientific Co., Pittsburgh, PA). As intracellular
cAMP has been demonstrated to peak after a 5-10-min exposure to
AVP, all incubations for cAMP measurements are performed for 7.2
min. At the end of this time the incubation is terminated by aspiration
of the effector and the immediate addition of 0.3 ml of 0.01 N HCOto
lyse the cells and liberate cellular cAMP. After 20 min, a 100-,ul aliquot
of acid is taken and immediately frozen for subsequent determination
of cAMP content. cAMP is determined by radioimmunoassay (New
England Nuclear, Boston, MA) with standards similarly dissolved in
0.01 N HCl. As treatment of the cells with HCO causes membrane
fragmentation and loss of protein into the acid, a second 100-sid aliquot
of the acid from each sample is taken for protein determination. The
residual acid is aspirated off and the remaining tissue solubilized in 1%
SDS. A 100-,1O aliquot of the SDSis added to the second 100-Id aliquot
of HCOand the combined protein content is determined by the method
of Lowry ( 11 ). Studies on CRFand control tissues were performed in
parallel after the same duration of culture using identical reagents and
assay conditions. Values obtained in triplicate wells were meaned for an
"n" of one. Results are expressed as femtomoles cAMPper microgram
protein.

Scanning electron microscopy. Monolayers of control and CRFcells
grown on glass coverslips were fixed with 2.5% glutaraldehyde in 0.1
MNa phosphate, pH 7.2 for 30 min at room temperature. They were
then rinsed with 0.1 MNa phosphate, pH 7.2 and postfixed with 1%
osmium tetroxide in 0.1 MNa phosphate, pH 7.2. The cells were then
rinsed in water and dehydrated in ethanol (25-95%). They were then
subjected to critical point drying in a critical point drier (Samdri: PVPs;
Tousimis Research Corp., Rockville, MD), sputtercoated with chro-
mium using an evaporator (502-A; Denton Vacuum Inc., Cherry Hill,
NJ), and scanned with a scanning electron microscope (250 MK3;
Cambridge Research & Instruments, Cambridge, MA).

Immunoblotting. Monolayers of control and CRF cells were lysed
on ice in a buffer composed of 50 mMHepes, pH 7.4, 150 mMNaCl,
10% glycerol, 10 mMNa4P207, 100 mMNaF, 1 mMEDTA, 0.2 mM
Na3VO4, 1 mMPMSF, 1.5 mMMgCl2, 10 Ag/ml aprotinin, 10 Ag/ml
leupeptin, and 1% Triton. The lysates were clarified by centrifugation
and frozen at -70°C overnight. Each lysate (87 jig) was subjected to
SDS-PAGEaccording to the method of Laemmli (12) and then trans-
ferred to nitrocellulose. The samples were then immunoblotted with a
polyclonal rabbit antibody directed against mouse erythrocyte carbonic
anhydrase II (CA-2; a generous gift from Dr. Paul Linser, Univerity of
Florida, Gainesville, FL) (13) which has previously been shown to
recognize CA-2 in intercalated cells of the rat inner medullary collecting
duct (IMCD) (14). The signal was then detected with an alkaline
phosphatase-conjugated goat anti-rabbit antibody.

Preparation of inner medullary plasma membranes. Inner medullary
plasma membranes (PMs) from control and CRF rats were prepared
from freshly isolated inner medullary collecting tubules according to
the method of Stokes et al. (15). Inner medullae of 6-12 rats are
minced finely and incubated at 370C in 10 ml of a buffer consisting of
(mM) 130 NaCl, 25 Hepes, 14 glucose, 3.2 KCl, 2.5 CaCl2, 1.8 MgSO4,
1.8 KH2PO4, pH 7.4, containing 0.2% collagenase and 0.2% hyaluroni-
dase. After 45 min, 0.001% DNase is added and incubation continues
for another 30-45 min; during this time the cells are aspirated through
a Pasteur pipette 10-12 times every 15 min. The resulting suspension
is spun at 28 g for 2 min. The supernate is discarded, the pellet resus-

pended in the same buffer, and the procedure repeated twice. The pellet
is then resuspended in a tissue buffer consisting of 20 mMHepes, 25
mMsucrose, 0.1 mMEGTA, 0.05% BSA, pH 7.4, containing protease
inhibitors (1 mMPMSF, 5 Mg/ml leupeptin and 2 pg/ml pepstatin A) .
The cells are gently homogenized with 20-30 strokes of a loosely-
fitting Dounce, spun at 800 g for 20 min, resuspended and spun twice
more, then aliquoted in the same buffer and stored at -70oC until use.

Receptor binding assays. Maximum specific AVPbinding was esti-
mated in a buffer consisting of 50 mMTris, 5 mMMgCl2, 1 mM
EGTA, and 0.2% BSA. Assays contained 10 Id [3H]AVP (sp act =
74.3 Ci/mmol; New England Nuclear) and 10 concentrations of cold
AVP ranging from 1-40 nM. Binding in the presence of 10 MMcold
AVPwas determined to be nonspecific. In preliminary studies we deter-
mined that binding was time-dependent, saturable, and dissociable. Each
assay tube contained 50 jig inner medullary PMs in a final volume of
100 Id; assays were performed in triplicate. The assays were incubated
at 300C for 30 min. Incubations were terminated by adding 0.5 ml ice-
cold 2.5% BSA in 100 mMTris followed by rapid vacuum filtration
through glass fiber filters (GF/F; Whatman Laboratory Products Inc.,
Clifton, NJ). The filters were washed with 10% sucrose in 100 mMTris
at room temperature. Radioactivity trapped on the filters was quantitated
using liquid scintillation counting.

Maximum specific beta adrenergic receptor binding was estimated
in a buffer consisting of 20 mMHepes, 1 mMMgCl2, and 154 mM
NaCl (buffer A) as described by Zahniser et al (16). Assays contained
50 "1125I-cyanopindolol (sp act = 2,200 Ci/mmol; New England Nu-
clear) and 11 concentrations of cold isoproterenol ranging from 0.5-
100 nM. Binding in the presence of 1 IM cold 1-propranolol was
determined to be nonspecific. Each assay tube contained 50 jig inner
medullary PMs in a final volume of 250 ,d; assays were performed in
triplicate. The assays were incubated at 370C for 36 min. Incubations
were terminated by adding 3 ml ice-cold buffer A followed by rapid
vacuum filtration through glass fiber filters (Whatman Laboratory Prod-
ucts Inc.). The filters were washed with 10 ml buffer A at room tempera-
ture. Radioactivity trapped on the filters was quantitated using gamma
counting. For both AVPand cyanopindolol binding was saturable, disso-
ciable, and only one class of receptor was identified by Scatchard trans-
formation (17) of the binding data. Maximum uptake of the ligand is
expressed as pmol/mg protein.

Relative quantitation of mRNAlevels. Inner medullae of individual
control and CRFanimals were homogenized in liquid nitrogen and total
RNAextraction was carried out by the method of Chomczynski and
Sacchi (18). Total RNAwas measured by spectrophotometry (OD260).
1.0 sg total RNAwas dissolved in 4 Id pyrocarbonicaciddiethyl ester
(DEPC)-treated water and 16.0 Id of a reverse transcriptase (RT) mas-
ter mix was added to each sample. The master mix contained 0.01 M
dithiothreitol (Sigma Chemical Co., St. Louis, MO), 1 x PCRbuffer
(Perkin-Elmer Cetus Corp., Norwalk, CT), 1.0 mMdeoxynucleotides
(Perkin-Elmer Cetus Corp.), 5.0 mMMgCl2, 50 U of Moloney murine
leukemia virus reverse transcriptase (Perkin-Elmer Cetus Corp.) and
0.5 jM antisense oligonucleotide for either V2 or a, (Macromolecular
Resources, Fort Collins, CO). The template in these reactions was al-
ways from the same RNA preparation. Reactions were incubated at
420C in a thermal cycler (Perkin-Elmer Cetus Corp.) for 90 min.

After reverse transcription and heat inactivation of the reverse tran-
scriptase, 8.0 Id of the RT product was combined with 82.0 Id of a
PCRmaster mix. The master mix contained 1 X PCRbuffer, 0.2 mM
deoxynucleotides, 1.5 mMMgCl2 and sense and antisense primers for
either V2 or a. in a total volume of 100 ,I. The mixture was overlaid with
100 tl of mineral oil to prevent evaporation during the high temperature
incubation. In an effort to minimize formation of primer dimers we
performed a "hot start" at 940C for 10 min before the addition of 2.5
units of Thermus aquaticus (Taq) DNA polymerase (Perkin-Elmer
Cetus Corp.) in 10 IL 1 X PCRbuffer. The PCRcycle consisted of 2
min denaturing at 940C, 2 min primer annealing at 580C, and 2 min
primer extension at 720C.

40 cycles were performed followed by a 7-min final extension at
720(. The primers used were: V2 antisense, 5'-TGAGGCATCTGT-
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Figure 1. Dose-response to AVP in control (CTRL) and CRFIMCT
cells (n = 6).

CCCAGTTGCTTCC-3'; V2 sense, 5'-ATCCGGAAGCTCCTCTGG-
AAAGACC-3' (19); G protein a., subunit antisense, 5'-CCAGCA-
AGCTTIGTRTCIRYIGCRCAIGT-3'; and a, sense, 5 '-CCAGCG-
GTACCGAYGTIGGIGSICARBG-3'(20). In these primers, R = A or
G, Y = C or T, S = G or C, and B - A or C. 10-lA aliquots were

removed after 25, 30, 35, and 40 cycles. Samples were stored at 40C
until the time of analysis.

Equal volumes (8 ,ul) of PCRproduct were electrophoresed in 1.0%
agarose (Seakem LE; FMCBioproducts, Rockland, ME) at 72 V for
2-3 h using a horizontal gel apparatus (Owl Scientific Plastics, Inc.,
Mechanicsburg, PA). Gels were stained for 20 min in 0.5 'sg ethidium
bromide/ml and then destained in deionized water. The bands were
visualized using a UV Transilluminator (UVP, Inc., San Gabriel, CA)
and the gel was then photographed. Negative controls containing 8 Il
of DEPC-treated water, 82 ql of master mix, and 10 ul of 0.1 x Taq
polymerase yielded no observable product after 40 cycles.

Statistical analysis. Comparisons between groups were by the un-
paired t test. In all circumstances P < 0.05 was considered significant.
Data are presented as mean±SEM.

Results

Response to AVP. Basal cAMPlevels were the same in cells
cultured from control and CRF animals in this (31.0±7.4 vs
25.4±4.9 fmol/,qg protein; n = 6, NS) and all other experiments
in this study. The response to AVP, however, was markedly
different. As seen in Fig. 1, control cells exhibit a dose-depen-

Figure 2. Scanning electron micrographs of control and CRFIMCT cells.
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dent response to AVP with cAMPaccumulation increasing to
1.18.5±16.8 fmol/,ug protein at I0-7 MAVP. In contrast, CRF
cells exhibit no response to AVP as cAMP accumulation re-

mains at 30.6±6.4 fmol/psg protein at 10-' MAVP (n - 6; P
< .005 vs control).

Histological and immunochemical characterization. The
IMCD is composed of two cell types, principal cells and interca-
lated cells. Only the principal cells produce cAMPin response

to AVP. Therefore, the failure of CRFcells to respond to AVP
could be due to selection of intercalated rather than principal
cells in the culture process. To eliminate this possibility we

examined the control and CRFcells by scanning electron mi-
croscopy. As seen in Fig. 2 the two cultures are identical in
appearance demonstrating ciliated cells with apical microvilli
characteristic of principal cells from the early portion of the
IMCD (21). It should be noted that this appearance is similar
to that previously reported in cultured rat IMCT cells by Yagil
et al. (22).

To further characterize these cells as principal rather than
intercalated cells we immunoblotted for the presence of car-

bonic anhydrase type II (CA-2) which is expressed by interca-
lated cells but not principal cells (21). A 29.5-kD band corre-

sponding to CA-2 was detected in the Ml cell line, a heteroge-
neous population of cortical collecting duct cells containing
10-20% intercalated cells, but was not seen in either control
or CRFIMCT cells (data not shown). Several other bands were

detected in IMCT cells, none of which was more prominent in
CRFcells as compared to control. These findings indicate that
the failure of CRF cultures to respond to AVP is not due to
selective enrichment of CRFcultures with intercalated cells.

Role of the catalytic unit (C). To determine whether the
decrease in AVP-stimulated cAMPaccumulation in CRFcells
is due to impaired function of C, we examined the response to
forskolin a plant product that directly stimulates C (23). As seen

in the top of Fig. 3, forskolin-stimulated cAMPaccumulation is
identical in control and CRFcells (319.5±76.2 vs 318.7±71.7
fmol/,Og protein; n = 4, NS) indicating that catalytic unit func-
tion in CRFcells is intact.

Role of the stimulatory guanine nucleotide-binding protein,
G3. To determine whether the decrease in AVP-stimulated
cAMPaccumulation in CRFcells is due to deficient G, activity
we examined the response to cholera toxin (CT). CT catalyzes
ADPribosylation of an arginine residue in the region of the a

chain of G, responsible for its GTPase activity. ADPribosyla-
tion of this residue markedly reduces GTPase activity, leaving
the G protein in its GTP-bound or activated state which then
stimulates C (24). Therefore, decreased responsiveness to CT
would suggest either a quantitative deficiency of or a functional
defect in G.. However, as seen in the bottom of Fig. 3, CT-
stimulated cAMPaccumulation is identical in control and CRF
cells (479.0±126.8 vs 486.7±81.6 fmol/pg protein; n = 3, NS)
indicating that G. function in CRFcells is intact.

Role of the inhibitory guanine nucleotide-binding protein,
Gi. To determine whether the decrease in AVP-stimulated
cAMPaccumulation in CRFcells is due to enhanced activity
of Gi we examined the response to pertussis toxin (PT). PT
catalyzes ADP-ribosylation of a cystine residue in the a chain
of Gi; ADP-ribosylation prevents inhibitory input to C (24).
Therefore, if pretreatment of CRF-cells with PT were to result
in restoration of the response to AVPa Gi-mediated mechanism
would be invoked. However, as seen in Fig. 4, pretreatment
with PT in a fashion that does reverse Gi-mediated effects in
cultured rat IMCT cells (10) did not increase the response to
AVP in CRFcells (29.4+9.7 vs 27.3±6.7 fmol/tig protein; n

= 5, NS).
Role of prostaglandins. Studies by several investigators

have suggested that PGs, particularly PGE2, may inhibit the
hydroosmotic response to AVP (25, 26). It is well recognized
that subjects with renal failure often depend on increased levels
of vasodilatory PGs (e.g., PGE2) to maintain glomerular filtra-
tion rate (27). Though studies on the cultured normal rat IMCD
do not support inhibition of AVP-stimulated cAMPgeneration
by PGE2 (28), we considered the possibility that excess PG
production may be responsible for the lack of AVP-respon-
siveness in CRF. Therefore, we examined the response of CRF
cells to AVP in the background of cyclooxygenase inhibition
with 5 uM flurbiprofen which we have previously shown to
decrease ionophore-stimulated PGE2 production by > 97%
(29). However, as seen in Fig. 5, cyclooxygenase inhibition
did not increase the response to AVPin CRFcells (29.0±10.5
vs 34.0±9.9 fmol/tyg protein; n = 3, NS).

Specificity ofAVP defect. In addition to responding to AVP,
rat IMCT cells also produce cAMP in response to PGE2 (28)
or isoproterenol (10). To determine whether deficient cAMP
accumulation in CRF is specific to the AVP receptor or is
common to all cyclase-linked receptors we examined the re-

sponse of CRFIMCT cells to these agonists as well. As seen
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in Fig. 6, CRF cells respond normally to both PGE2
(181.0±58.6 vs 167.4±45.6 fmol/Ag protein; n = 4, NS) and
isoproterenol (97.8±22.7 vs 101.7±19.1 fmol/,ug protein; n

= 4, NS). Therefore, the defect in CRFIMCT cells is unique

to AVP.
Role of protein kinase C. The remnant kidney of animals

subjected to 5/6 nephrectomy undergoes compensatory renal
hypertrophy which has been shown to be associated with an

increase in protein kinase C (PKC) activity (30). We have
previously demonstrated that activation of PKC inhibits AVP-
stimulated cAMP accumulation in rat IMCT cells without af-
fecting the responses to PGE2or isoproterenol (31 ). We, there-
fore, sought to determine whether impaired AVP-stimulated
cAMPaccumulation in CRF is due to enhanced PKC activity.
Weexamined the response of CRF cells to AVP when PKC
was inhibited acutely by a 5-min preincubation with H7 [1-(5-
isoquinolinysulfony)-2-methylpiparazine; Calbiochem-Behring
Corp., Sun Valley, CA] (29, 32) and when it was chronically
down-regulated by overnight treatment with PMA(33, 34). As
seen in Fig. 7, neither acute inhibition of PKC with H7
(18.5±3.5 fmol/,ug protein; n = 3, NS) nor its chronic down-
regulation with PMA(18.3±2.4 fmol/ptg protein; n = 3, NS)
enhanced the response to AVP in CRF cells (21.2+9.4 fmol/
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Figure 7. Effects of acute inhibition (50 gMH7 x 15 min) or chronic
down-regulation (1 MtM PMAX 24 h) of PKCon AVP responsiveness
in CRF IMCT cells (n = 3).

jug protein) indicating that AVP resistance in these cells is not
due to enhanced activation of PKC. Furthermore, since the abil-
ity of PKC to inhibit AVP-stimulated cAMPaccumulation in
rat IMCT cells is itself mediated by Gi (31) the failure of PT
to enhance AVP responsiveness in CRFcells (see above; Fig.
4) also argues against a role for PKC in the resistance to AVP.

Receptor binding studies. The observation that CRF cells
display an impaired response to AVP with normal respon-

siveness to isoproterenol or PGE2 (see above; Fig. 6) suggests
the possibility of selective down-regulation of the AVPreceptor
in CRF cells. Therefore, we estimated binding characteristics
of the AVP and beta adrenergic receptors in CRFtissues. We
have been unable to prepare plasma membranes from cultured
rat IMCT cells without destroying the AVP receptor in the
process; to our knowledge no other investigators have had suc-

cess in this endeavor either. Therefore, these studies were per-

formed in plasma membranes prepared from freshly isolated
IMCT as described previously (31 ). Weperformed preliminary
studies aimed at demonstrating that the PMsfrom CRFanimals
exhibit the same pattern of AC activation as do the cultured
CRF cells. As seen in Table I, inner medullary plasma mem-

branes from CRFrats exhibit a modest and statistically nonsig-
nificant decrease in basal AC activity. Forskolin elicits a 12-
fold response in control tissues and 14-fold in CRF tissues; in
contrast, the response to AVP is 11 -fold in control membranes
but only 4-fold in CRFtissues. Thus, inner medullary plasma
membranes from CRFrats exhibit an impaired response to AVP
but respond normally to forskolin. [3H] AVPbinding was exam-

ined in these same inner medullary plasma membrane prepara-

tions.
As seen in Table II, inner medullary PMsfrom CRFanimals

exhibit no significant change in binding affinity for [3H]AVP
(19.5+4.0 vs 10.0±1.0 nM; n = 3, NS); this modest decrease

Table L Adenylyl Cyclase Activity in Inner Medullary Plasma
Membranes from Control and CRFRats

Basal AVP Forskolin

Control 17.6±4.2 188.7±19.2 219.7±20.5
CRF 11.7±7.2 46.8±12.2 166.0±14.2
P NS < 0.005 NS

pmol/mg protein per 10 min; n = 3.
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Table II. Binding Characteristics of Inner Medullary PMsfrom
Control and CRFAnimals

[3H]AVP '25I-cyanopindolol

Control CRF Control CRF

*Kd (nM) 19.5±4.0 10.0±1.0* 10.4±3.5 10.0±1.6*
Maximum uptake

(pmol/mg protein) 4.70±0.62 1.36t0.66k 1.06±0.35 0.89±0.13*

*NS; t P < 0.025; n = 3.

Control CRF

603 _
310 .- V2R

603 -
310 = s

Number of cycles 25 30 35 40 25 30 35 40

Figure 8. RT-PCR products (25-40 cycles) for V2R (top) and a, (bot-
tom) from total RNAof control and CRFinner medullae. This result
is representative of two experiments.

in Kd would, if anything, be expected to augment the response
to AVP. Inner medullary PMsfrom CRFanimals do, however,
exhibit a marked decrease in maximumAVPuptake (4.70±0.62
vs 1.36±0.66 pmol/mg protein; n = 3, P < 0.025). In contrast
to the impaired [3H] AVP binding, CRF cells exhibit normal
'"I-cyanopindolol binding characteristics with no change in ei-
ther affinity (10.4±3.5 vs 10.0±1.6 nM; n = 3, NS) or maxi-
mumuptake (1.06±0.35 vs 0.89±0.13 pmol/mg protein; n = 3,
NS). Therefore, the decrease in maximum uptake for the AVP
receptor is not simply a consequence of cellular hypertrophy in
the presence of CRF. Thus, CRF is associated with selective
down-regulation of the AVPreceptor in the IMCD.

Relative quantitation of V2 receptor (V2R) mRNA. Having
demonstrated a marked decrease in apparent AVPreceptor num-
ber in CRF tissues we next examined the relative levels of V2
receptor mRNAin inner medullae from control and CRFani-
mals using RT-PCR. As an internal standard we measured the
levels of a, mRNAin the same samples. The use of an endoge-
nous internal standard controls for possible degradation in the
RNApreparation. Wechose this particlar mRNAas our control
for two reasons: (a) the previous finding that CT-stimulated
cAMPaccumulation is the same in control and CRFcells (Fig.
3, bottom) suggests that the a, protein, and presumably its
message, are present in equal amounts in the two tissues, and
(b) the cDNA for a. yields an amplification product similar in
length to the V2R amplification product so that differences in
efficiency of the PCRare minimized. Fig. 8 shows the PCR
products for V2R and as from the inner medullae of control and
CRF rats after 25, 30, 35, and 40 cycles. In control lanimals
V2R message of the expected size (449 bases; the identity of
the PCRproduct has subsequently been verified by sequence
analysis) is detectable after only 25 cycles of PCR. There is no
detectable V2R signal in the CRFsamples even after 40 cycles.
In contrast, using the same RNApreparations, mRNAfor a,
was amplified to a similar degree from control and CRFtissues.
This suggests that the down-regulation of V2R observed in CRF
takes place at the level of transcription.

Discussion

In cortical collecting ducts microdissected from uremic rabbits,
Fine et al. observed impaired AC activity in response to AVP
but normal stimulation by NaF (6). These data suggested a
defect at the level of the AVP receptor. In contrast, Bonilla-
Felix et al. (35) found no defect in the AVP responsiveness of
cortical collecting tubules isolated from rabbits that had under-
gone 75% renal ablation. It should be noted, however, that
in that study both the severity and duration of uremia were

substantially less than in the study by Fine et al. The experimen-
tal conditions in the present study were comparable to those of
Fine et al. and our findings of severely blunted AVP respon-
siveness in both inner medullary PMs and cultured IMCT cells
from CRFanimals are consistent with theirs. Weextended these
observations by undertaking a systematic examination of each
component of the receptor-enzyme complex aimed at defini-
tively identifying the site responsible for AVPunresponsiveness
in CRF. Wehave demonstrated that the lack of AVP respon-
siveness in CRFcells is not due to an alteration in the function of
the catalytic unit of ACor of either the stimulatory or inhibitory
guanine nucleotide-binding regulatory proteins. AVPresistance
is not mediated by a cyclooxygenase product as preincubation
with flurbiprofen fails to restore the response to AVP.

The rat IMCD has been reported to express VIa receptor
mRNAthe level of which, in contrast to that of V2 receptor
mRNA, is not decreased when plasma AVP increases during
dehydration (36). VIa receptor occupancy might promote phos-
phoinositide hydrolysis with subsequent stimulation of PKC
which has been shown by us and others to impair the hydroos-
motic response to AVP (32, 37, 38). This does not appear to
be the case, however, as neither acute inhibition nor chronic
down-regulation of PKCrestored the response to AVP in CRF
cells.

Binding studies with [3H] AVP reveal a > 70% decrease in
maximum uptake for the AVP receptor in inner medullary
plasma membranes from CRF rats with no decrease in maxi-
mumuptake for beta adrenergic receptors in the same PMs.
The lack of change in beta adrenergic receptor uptake indicates
that the decrease in maximumuptake for the AVPreceptor is not
simply a consequence of cellular hypertrophy in the presence of
CRFbut is, indeed, specific to AVP. In support of this observa-
tion, RT-PCR shows that, in contrast to mRNAfor a. which is
present at normal abundance, message for the V2 receptor is
nearly absent in CRFPMs (in a second experiment not pictured
in this manuscript a very faint band of V2 receptor product was
detected after 35 cycles of PCR from a CRF animal). The
persistence of some [3H] AVPbinding despite near elimination
of V2 receptor mRNAmay reflect the presence of Via receptors
in these plasma membranes (see above). Taken together, the
binding and RT-PCRdata indicate that the site of the pre-cAMP
defect in CRF is the V2 receptor which is selectively down-
regulated in CRF. It should be noted that the near total elimina-
tion of V2R complicates the interpretation of the experiments
aimed at examining downstream components of the signal trans-
duction pathway; a defect in one of these components might be
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obscured by the lack of stimulatory input from the receptor.
The persistence of normal signaling in response to both PGE2
and isoproterenol makes this unlikely but we cannot unequivo-
cally rule out a role for other factors in addition to the decreased
receptor number in vivo.

This study did not address the mechanism(s) responsible
for the decreases in V2 receptor mRNAand apparent number.
The available data does not allow us to exclude the possibility
of decreased stability of V2 receptor mRNA.Decreased stability
of message might explain the apparent further loss of V2 recep-
tor function in cultured CRF cells (Fig. 1) compared to inner
medullary PMs from CRFanimals (Table I). Alternatively, the
observed changes in V2 receptor message and apparent number
may be due to decreased transcription. One may speculate that
this is a process of homologous desensitization consequent to
retained solutes and elevated levels of plasma AVP. This hy-
pothesis is consistent with data in the study of Terada et al. in
which rats subjected to 72 h of dehydration had increased
plasma AVP levels and V2 receptor mRNAin the IMCD was
decreased by > 50% (36). Studies will be undertaken to define
the molecular mechanisms underlying these phenomena; defin-
itive studies on the regulation of V2 receptor transcription must
await identification of the promoter for the V2 receptor gene.

It is interesting that IMCT cells cultured from CRFanimals
appear to exhibit "memory," i.e., they display the same selec-
tive defect in AVP responsiveness as do the original IMCT.
This property facilitated the performance of experiments exam-
ining the roles of guanine nucleotide-binding proteins using
bacterial toxins which could not readily be done in plasma
membranes. Though memory is best recognized as a characteris-
tic of immune cells (39) it has been found in other tissues as
well. For example, it is known that adult mice bearing a myosin
light chain-chloramphenicol acetyltransferase (CAT) transgene
exhibit a rostrocaudal gradient in the expression of CAT with
more caudal muscles expressing higher levels of the enzyme
(40). It has recently beenshown that the level of expression
of CAT by muscle cells cultured from adult mice reflects the
rostrocaudal position of the muscles from which the cells are
derived (41). Cultured IMCT cells have also been previously
shown to exhibit memory. Kohan et al. demonstrated differ-
ences in endothelin production by isolated IMCD of spontane-
ously hypertensive or Wistar-Kyoto rats. IMCT cells cultured
from-these rats produce endothelin in proportion to the level of
production observed in the parental strain in vivo (42). The
molecular mechanism(s) underlying this process of memory
remains to be determined. One possibility is that of a methyla-
tion-dependent decrease in DNAtranscription which has been
linked to a number of processes associated with alterations in the
efficiency of gene transcription. These include X-inactivation,
chromosomal imprinting, and some tissue-specific patterns of
gene expression (43). Our understanding of the mechanism
responsible for the memory observed in the IMCT of CRF
animals will have to await elucidation of the molecular mecha-
nisms underlying decreased V2 receptor transcription in this
state.

Finally, it is appropriate that we consider the relevance of
our findings to the urinary concentrating defect in uremic man.
Patients with CRF exhibit a high filtered load of solute per
remaining functioning nephron (44); this solute diuresis is a
major cause of the inability to maximally concentrate urine.
Disruption of the medullary architecture due to interstitial fi-
brosis and scarring may also contribute to the lack of maximal

antidiuresis by preventing the generation of a hypertonic medul-
lary interstitium. Neither of these defects, however, would result
in the elaboration of urine that is hypotonic relative to plasma
were the collecting duct appropriately responsive to vasopres-
sin. It is the occurrence of hyposthenuria despite adequate circu-
lating vasopressin that is explained by the present findings.

In summary, the studies reported herein demonstrate selec-
tive decreases in V2 receptor message and protein product in
the inner medullae of rats with CRF. The decrease in V2 receptor
number appears to be responsible for AVP resistance in this
disease state. Further studies will be needed to determine
whether CRFalso affects post-cAMP components of the hydro-
osmotic response to AVP such as the water channel.

Acknowledgments

The authors would like to thank Linda M. Benson for secretarial assis-
tance and Dr. Tom Giddings, Mr. Douglas Wray, and Ms. Stacy
Scheunemann for assistance with scanning electron microscopy.

This work was supported primarily by funding from the Baxter
Extramural Grant Program. Additional funds were obtained from the
National Kidney Foundation of Colorado and from National Institutes
of Health DK43697.

References

1. Bricker, N. S., R. R. Dewey, H. Lubowitz, J. Stokes, and T. Kirkensgaard.
1959. Observations on the concentrating and diluting mechanisms of the diseased
kidney. J. Clin. Invest. 38:516-523.

2. Fine, L. G., and S. Salehmoghaddam. 1984. Water homeostasis in acute
and chronic renal failure. Semin. Nephrol. 4:289-294.

3. Amico, J. A., M. R. Silver, F. M. Finn, and A. G. Robinson. 1987. High-
performance liquid chromatographic characterization of neurophysins in chronic
renal failure. J. Lab. Clin. Med. 110:439-447.

4. Jawadi, M. H., L. S. Ho, D. Dipet'e, and D. L. Ross. 1986. Regulation of
plasma arginine vasopressin in patients with chronic renal failure maintained on
hemodialysis. Am. J. Nephrol. 6:175-181.

5. Tannen, R. L., E. M. Regal, M. J. Dunn, and R. W. Schrier. 1969. Vasopres-
sin-resistant hyposthenuria in advanced chronic renal disease. N. Engl. J. Med.
280:1135-1141.

6. Fine, L. G., D. Schlondorff, W. Trizna, R. M. Gilbert, and N. S. Bricker.
1978. Functional profile of the isolated uremic nephron. Impaired water permeabil-
ity and adenylate cyclase responsiveness of the cortical collecting tubule to vaso-
pressin. J. Clin. Invest. 61:1519-1527.

7. Harris, D. C. H., W. S. Hammond, T. J. Burke, and R. W. Schrier. 1987.
Verapamil protects against progression of experimental chronic renal failure. Kid-
ney Int. 31:41-46.

8. Lumlertgul, D., T. J. Burke, D. M. Gillum, A. C. Alfrey, D. C. H. Harris,
W. S. Hammond, and R. W. Schrier. 1986. Phosphate depletion arrests progression
of chronic renal failure independent of protein intake. Kidney Int. 29:658-666.

9. Teitelbaum, I., and T. Berl. 1986. Effects of calcium on vasopressin-medi-
ated cyclic adenosine monophosphate formation in cultured rat inner medullary
collecting tubule cells. Evidence for the role of intracellular calcium. J. Clin.
Invest. 77:1574-1583.

10. Teitelbaum, I., A. Strasheim, and T. Berl. 1989. Adrenergic control of
cAMP generation in rat inner medullary collecting tubule cells. Kidney Int.
35:647-653.

11. Lowry, 0. H., N. H. Rosebrough, A. L. Farr, and R. J. Randall. 1951.
Protein determination with the Folin phenol reagent. J. Biol. Chem. 193:265-
275.

12. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly
of the head of bacteriophage T4. Nature (Lond.). 227:680-685.

13. Linser, P. J., M. S. Perkins, F. W. Fitch, and A. A. Moscona. 1984.
Comparative characterization of monoclonal antibodies to carbonic anhydrase.
Biochem. Biophys. Res. Commun. 125:690-697.

14. Kim, J., C. C. Tisher, K. M. Madsen, and P. J. Linser 1990. Ultrastructural
localization of carbonic anhydrase H in subpopulations of intercalated cells of the
rat kidney. J. Am. Soc. Nephrol. 1:245-256.

15. Stokes, J. B., C. Grupp, and R. K. H. Kinne. 1987. Purification of rat
papillary collecting duct cells: functional and metabolic assessment. Am. J. Phys-
iol. 253:F251-F262.

16. Zahniser, N. R., D. C. Parker, C. M. Bier-Laning, J. A. Miller, J. G. Gerber,
and A. S. Nies. 1988. Comparison between the effects of aging on antagonist and

384 I. Teitelbaum and S. McGuinness



agonist interactions with beta-adrenergic receptors on human mononuclear and
polymorphonuclear leukocyte membranes. J. Gerontol. Med. Sci. 43:M151-
M157.

17. Scatchard, G. 1949. The attraction of proteins for small molecules and
ions. Ann. NYAcad. Sci. 51:660-666.

18. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNAisola-
tion by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156-159.

19. DiGiovanni, S. R., S. J. Lolait, and M. A. Knepper. 1993. Expression of
vasopressin receptor subtype mRNAin rat collecting ducts. J. Am. Soc. NephroL
4:852a. (Abstr.)

20. Senkfor, S. I., G. L. Johnson, and T. Berl. 1993. A molecular map of G
protein a chains in microdissected rat nephron segments. J. Clin. Invest. 92:786-
790.

21. Clapp, W. L., K. M. Madsen, J. W. Verlander, and C. C. Tisher. 1989.
Morphologic heterogeneity along the rat inner medullary collecting duct. Lab.
Invest. 60:219-230.

22. Yagil, Y. 1990. Interaction of adenosine with vasopressin in the inner
medullary collecting duct. Am. J. Physiol. 259:F679-F687.

23. Seamon, K. B., W. Padgett, and J. W. Daly. 1981. Forskolin: unique
diterpene activator of adenylate cyclase in membranes and in intact cells. Proc.
Natl. Acad. Sci. USA. 78:3363-3367.

24. Gilman, A. G. 1987. Gproteins: transducers of receptor-generated signals.
Annu. Rev. Biochem. 56:615-649.

25. Anderson, R. J., T. Berl, K. M. McDonald, and R. W. Schrier. 1975.
Evidence for an in vivo antagonism between vasopressin and prostaglandin in the
mammalian kidney. J. Clin. Invest. 56:420-426.

26. Nadler, S. P., S. C. Hebert, and B. M. Brenner. 1986. PGE2, forskolin,
and cholera toxin interactions in rabbit cortical collecting tubule. Am. J. Physiol.
250:F127-F135.

27. Dunn, M. J. 1983. Renal prostaglandins. In Renal Endocrinology. M. J.
Dunn, editor. Williams & Wilkins, Baltimore, MD. 1-74.

28. Sato, M., and M. J. Dunn. 1984. Interactions of vasopressin, prostaglan-
dins, and cAMP in rat renal papillary collecting tubule cells in culture. Am. J.
Physiol. 247:F423-F433.

29. Teitelbaum, I., A. Strasheim, and T. Berl. 1990. Epidermal growth factor-
stimulated phosphoinositide hydrolysis in cultured rat inner medullary collecting
tubule cells. Regulation by G protein, calcium, and protein kinase C. J. Clin.
Invest. 85:1044-1050.

30. Caramelo, C., P. Tsai, K. Okada, and R. W. Schrier. 1988. Protein kinase

C activity in compensatory kidney growth. Biochem. Biophys. Res. Commun.
152:315-321.

31. Teitelbaum, I. 1993. Protein kinase C inhibits arginine vasopressin-stimu-
lated cAMP accumulation via a GO-dependent mechanism. Am. J. Physiol.
264:F216-F220.

32. Teitelbaum, I. 1990. Cyclic adenosine monophosphate and diacylglycerol:
mutually inhibitory second messengers in cultured rat inner medullary collecting
duct cells. J. Clin. Invest. 86:46-51.

33. Ishizuka, T., D. R. Cooper, T. Arnold, H. Hernandez, and R. V. Farese.
1991. Down-regulation of protein kinase C and insulin-stimulated 2-deoxyglucose
uptake in rat adipocytes by phorbol esters, glucose, and insulin. Diabetes.
40:1274-1281.

34. Wilson, S. P. 1990. Regulation of chromaffin cell secretion and protein
kinase C activity by chronic phorbol ester treatment. J. Biol. Chem 265:648-
651.

35. Bonilla-Felix, M., L. L. Hamm, J. Herndon, and V. M. Vehaskari. 1992.
Response of cortical collecting ducts from remnant kidneys to arginine vasopres-
sin. Kidney Int. 41:1150-1154.

36. Terada, Y., K. Tomita, H. Nonoguchi, T. Yang, and F. Marumo. 1993.
Different localization and regulation of two types of vasopressin receptor messen-
ger RNA in microdissected rat nephron segments using reverse transcription
polymerase chain reaction. J. Clin. Invest. 92:2339-2345.

37. Ando, Y., K. Tabei, and Y. Asano. 1991. Luminal vasopressin modulates
transport in the rabbit cortical collecting duct. J. Clin. Invest. 88:952-959.

38. Burnatowska-Hledin, M. A., and W. S. Spielman. 1989. Vasopressin V,
receptors on the principal cells of the rabbit cortical collecting tubule. Stimulation
of cytosolic free calcium and inositol phosphate production via coupling to a
Pertussis toxin substrate. J. Clin. Invest. 83:84-89.

39. Vitetta, E. S., M. T. Berton, C. Burger M. Kepron, W. T. Lee, and X-M.
Liu. 1991. Memory B and T cells. Annu. Rev. Immunol. 9:193-217.

40. Donoghue, M. J., J. P. Merlie, N. Rosenthal, and J. R. Sanes. 1991. A
rostrocaudal gradient of transgene expression in adult skeletal muscle. Proc. Nati.
Acad. Sci. USA. 88:5847-5851.

41. Donoghue, M. J., R. Morris-Valero, Y. R. Johnson, J. P. Merlie, and J. R.
Sanes. 1992. Mammalian muscle cells bear a cell-autonomous, heritable memory
of their rostrocaudal position. Cell. 69:67-77.

42. Hughes, A. K., R. C. Cline, and D. E. Kohan. 1992. Alterations in renal
endothelin-l production in the spontaneously hypertensive rat. Hypertension (Dal-
las). 20:666-673.

43. Holliday, R., M. Monk, and J. E. Pugh. 1990. DNAmethylation and gene
regulation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 326:173-338.

44. Jamison, R. L., and R. E. Oliver. 1982. Disorders of urinary concentration
and dilution. Am. J. Med. 72:308-322.

Vasopressin Resistance in Chronic Renal Failure 385


