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Abstract

We tested the hypothesis that endothelin (ET) respon-

siveness in the renal medulla is modulated by ambient osmo-
larity. Cultured renal medullary interstitial cells (RMICs)
were incubated from 3 to 24 h in isosmolar culture medium
(300 mOsm/kg H20) or media rendered hyperosmolar (600
mOsm/kg H20) by the addition of urea. Under hyperosmo-
lar conditions, the peak of ET-evoked Ca2+ transient was

blunted by 45-58% (P < 0.02) and PGE2 accumulation
decreased from 16- to 2-fold above basal values (P < 0.001).
To explore whether hyperosmolar conditions blunt intracel-
lular signaling via modulation of receptor number or ex-

pression, kinetics of ET binding and Northern blot analysis
of ETA receptor mRNA was performed. Under hyperosmo-
lar conditions, ETA receptor density was reduced by 84%
versus isosmolar conditions (238±12 vs. 1450±184 fmol/
mg) (P < 0.01). In contrast to the ligand binding studies,
ETA receptor nmRNA was increased by 58% (P < 0.05) in
cells grown under hyperosmolar versus isosmolar media.
These observations indicate that in the hyperosmolar set-
ting, ET-evoked intracellular signaling is blunted in RMICs
due to ET receptor downregulation. Since ETA receptor
mRNA is increased under hyperosmolar conditions, we con-

clude that ET receptor downregulation is the consequence

of either decreased translation of message, increased degra-
dation of receptor peptide, or increased internalization of
specific receptor sites. (J. Clin. Invest. 1995. 96:183-191.)
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Introduction

Endothelin-l (ET)' is a 21-amino acid peptide with diverse
actions. In the kidney the major sites of production are the
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different elements within the glomerulus and inner medullary
collecting duct cells ( 1-3 ). ET has been shown to act on blood
vessels, glomeruli, inner medullary collecting duct epithelium,
and medullary interstitial cells. Although the most widely ap-
preciated physiologic renal effect of ET is its potent and pro-
longed vasoconstrictor action, the peptide also has an important
role in modulating distal nephron function (4-6). Nonconstric-
tor doses of ET have been shown to increase salt and water
excretion in rabbits (5) and increase water excretion in rats
(6). Indeed, ET has been shown to have a direct effect on
modulating sodium transport (7, 8) and vasopressin-stimulated
water permeability (9).

The renal medulla provides a unique environment where
ambient osmolarity varies with the state of the concentrating
mechanism. During antidiuresis, renal medullary osmolarity in-
creases from 300 to > 1200 mOsm/kg H20 primarily due to
increases in urea and sodium concentration (10). Recently, in-
creased osmolarity has been shown to reduce ET production in
cultured renal epithelial cells (11 ) and inner medullary collect-
ing duct cells (8, 12). However, the effect of increased osmolar-
ity on cellular responses to ET has not been studied.

The current experiments tested the hypothesis that ET re-
sponsiveness is modulated by ambient osmolarity. Cultured re-
nal medullary interstitial cells (RMICs) were studied since these
cells normally reside in the renal medulla, and respond to ET
by acting on the ETA receptor subtype to transiently increase
intracellular calcium, prostaglandin release, and phosphotidyl-
inositol hydrolysis ( 13). Ligand binding and Northern blot anal-
ysis were used to test the hypothesis that increased osmolarity
modulates ET signaling in RMICs due to changes in the expres-
sion of specific surface receptors.

Methods

Cell culture
RMICs were used in all experiments. Previous work from several labora-
tories has established that these cells are a target for endothelin-1 action
( 13-16). Cell cultures were maintained in a complete growth medium
composed of RPMI 1640 supplemented with 10% heat-inactivated new-
born calf serum to which 2.5 mg insulin, 2.5 mg transferrin, 2.5 'sg
sodium selenite, 100 U/ml penicillin, and 50 jg/ml streptomycin were
added. The osmolarity of the culture medium was verified to be 280-
300 mOsm/kg H20 by the freezing point depression method utilizing a
Micro-Osmometer (Advanced Instruments, Norwood, MA). Cells were
grown either on sterile 25-mm diam glass coverslips (microfluorome-
try), six-well culture dishes (prostaglandin determination), or 75-cm2
plastic flasks (receptor binding). Cultures were maintained in a humidi-
fied incubator at 37°C in 95% air-5% CO2 (culture medium pH 7.3)
and fed at intervals of 48 h. In selected experiments, hyperosmolarity
of the medium was achieved by the addition of urea, sodium chloride
plus urea, or mannitol, and verified by direct measurements. Cell viabil-
ity was assessed by trypan blue exclusion with studies performed when
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viabilities were > 85%. Endothelin-1 binding in cultured RMICs was
stable through at least 80 passages; passages 18-74 were studied in
these experiments.

Endothelin-J radioreceptor measurements
Tissue preparation. RMICs grown to confluence in 75-cm2 flasks were
harvested by the brief addition of trypsin-EDTA (0.05% trypsin + 0.53
mM EDTA * 4Na) to the culture flask. Cells were pelleted, washed twice
with Dulbecco's phosphate buffered saline (dPBS), and resuspended
in sucrose buffer for homogenization (Polytron PTA 10S [Brinkman
Instruments Inc., Westbury, NY], setting 7, 30 s). The homogenate
was centrifuged at 1000 g for 5 min (4TC), the resultant supernatant
centrifuged at 44,000 g for 65 min, and the resulting pellet resuspended
in sucrose buffer and frozen at -70TC. On the day of the binding studies,
the tissue was slowly thawed at room temperature. Protein content was
determined by the method of Lowry using BSA as the standard (17).

Radioligand receptor binding assay. Binding studies were per-
formed in a total volume of 250 Ml containing: plasma membranes (5
,ug of membrane protein in 25 pl of sucrose buffer), and 225 pl of
binding buffer comprised of the following (in mM): 50 Tris, 154 NaCl,
1 EDTA, 25 MnCl2, 1 N-acetyl-DL-methionine, and 2.5% BSA (RIA
grade), buffered to pH 7.5. The N-acetyl-DL-methionine was added to
preserve the integrity of the sulfhydryl bridges in ET. Assay tubes were
incubated at 250C in a Dubnoff shaking water bath at 60 cycles/min
with varying amounts of ET for 4 h as previously described (13). The
binding reaction was interrupted by addition of 3 ml of ice-cold TRIS-
isosaline, pH 7.5 (50 mM TRIS in 0.154 M NaCl) to the reaction tube,
and bound counts separated from free by rapid filtration through glass-
fiber filters (no. 30; Schleicher & Schuell, Keene, NH). The test tube
and the trapped membrane fragments were washed with three 3-ml vol
of ice-cold buffer. The filters were analyzed for 1251 using a gamma
radiation detector (LKB 1277; GammaMaster, Turku, Finland). ET (0.1
jtM) caused maximal displacement of the ligand and defined the level of
nonspecific binding. Specific binding was determined as the difference
between the amount of ['25I]-ET bound in the absence and presence of
0.1 sM ET.

Equilibrium binding studies were performed at 25°C. Eight concen-
trations of [125I]-ET (4-500 pM) were studied in the presence and
absence of 0.1 ttM unlabeled ET, yielding total and nonspecific binding
isotherms. Specific binding, calculated as the difference between total
and nonspecific binding, was analyzed using nonlinear regression curve
fitting analysis of the untransformed data and by linear regression analy-
sis according to Scatchard (18) to yield estimates of receptor density
(Bma.) and apparent dissociation constants (Kd). In some experiments,
the binding of a single concentration of [1251]-ET (25 pM) to RMIC
membranes was examined in the presence and absence of unlabeled ET
(0.1 sM).

Monitoring of changes in cytosolic free Ca2"
concentration
Changes in cytosolic free Ca2+ concentration, [Ca2+]i, were monitored
microfluorometrically using the Ca2+-sensitive indicator FURA-2AM
as previously described (13, 19-21). Briefly, cells grown on 25-mm
diam glass coverslips were incubated with 5 pM FURA-2AM in a
humidified incubator at 37°C in 95% air-5% CO2 (15-20 min). Loaded
monolayers were rinsed (3x) and assayed in a buffer comprised of the
following: 135 mM NaCl, 5 mM KC1, 1.5 mM CaCl2, 1 mM MgCl2,
2 mM NaH2PO4, 5 mM glucose; and 5 mM N-2-hydroxyethyl-pipera-
zine-N'-2-ethanesulfonic acid (Hepes) titrated to pH 7.4 at 37°C and
bubbled with oxygen. The final osmolarity of all solutions used was
300 mOsm/kg H20. A Nikon Diaphot inverted microscope (Nikon Inc.,
Garden City, NY) equipped with a 40x CF fluor objective and coupled
to a dual excitation spectrofluorometer system (PTI; Delta San, S.
Brunswick, NJ), equipped with a chopper and operated via a desk top
computer was employed. Excitation wavelengths were set at 340/380
nm (3-nm slit widths). A 400-nm dichroic mirror and 510-nm barrier
filter allowed for collection of emitted light at the appropriate wave-

length. Ratio 340/380 was converted to [Ca2+ IJ according to the formula
described by Grynkiewicz et al. (19).

Figures presented are data from typical representative experiments
or pooled data from at least three experiments as detailed in the individ-
ual figure legends.

Prostaglandin E2 determination
Prostaglandin E2 (PGE2) production by RMICs was measured using a
standard radioimmunoassay (22). Briefly, confluent monolayers grown
in six-well culture dishes were washed with dPBS, and incubated for 3
h at 370C in either isosmolar RPMI or in RPMI made hyperosmolar
(600 mOsm/kg H20) by addition of urea. To initiate an experiment,
monolayers were placed in fresh media to which ET (10-8M) or vehicle
was added, and incubation proceeded at 370C for 10 min. Media was
collected and frozen at -20'C before quantitation of PGE2. Duplicate
50-Id aliquots were subjected to radioimmunoassay as previously de-
scribed (22). All experiments were performed at least three times, each
on a separate cell passage.

In preliminary studies, it was determined that exposure to hyperos-
molarity for 3 h was without effect on basal PGE2 accumulation, but
exposure for 24 h caused a 15-fold stimulation. Therefore, the relation-
ship between hyperosmolarity and ET-induced PGE2 accumulation was
measured at 3 h.

Osmolar control of receptor transcription
Total cellular RNA was extracted from cells by the acid guanidinium
thiocyanate-phenol-chloroform method (RNAzol; Biotex Lab, Houston,
TX) based on the method of Chomczynski and Sacchi (23). RNA (30
Mg) was fractionated on a formaldehyde/1% agarose gel at 30V for 16
h and transferred to a nylon membrane (GIBCO BRL, Gaithersburg,
MD). RNAs were immobilized on the membrane by baking in a vacuum
oven for 2 h at 80°C. The membrane was prehybridized in a solution
containing 7% SDS, 20 mM sodium phosphate (pH 7.0), lOx Den-
hardt's solution, 5x SSC buffer and 1 mg/ml Salmon Sperm DNA for
2 h at 65°C. Hybridization proceeded for 16 h with an ET-specific
oligomer, which was 32p labeled by using T4 kinase (GIBCO BRL),
in the same solution with 10% dextran added. After hybridization, the
membrane was washed twice with 1 x SSC buffer and 1% SDS at room
temperature, one time at 50°C, air dried, and autoradiographed with an
intensifying screen for 24-72 h at -80°C. A synthetic oligonucleotide
probe complementary to published sequences (24, 25) of rat ETA recep-
tor subtype (5'TATCTCTCAGCATTGTCAGCGATTGCG 3') was
synthesized at North Shore University Hospital with a DNA synthesizer
(model 8700; MilliGen/Biosearch, Burlington, MA) using the 13-cya-
noethyl phosphoramidite chemistry. The oligonucleotide was purified
by HPLC and 5' end-labeled with polynucleotide kinase and y 32P ATP
as described (26).

The blot was subsequently stripped by boiling in lx SSC buffer for
5 min and reprobed with a P-actin cDNA fragment which was 32p
labeled using a commercial random priming kit (GIBCO BRL). The
prehybridization solution contained 50% formamide, 5X SSCPE (2.4
M NaCl, 0.3 M sodium citrate, 0.2 M KPO4, 0.02M EDTA), 5x Den-
hardt's solution and 500 ,ug/ml Salmon Sperm DNA. The hybridization
solution contained 50% formamide, Sx SSCPE, lx Denhardt's solution,
100 Ag/ml Salmon Sperm DNA and 10% dextran sulfate. After hybrid-
ization, the blot was washed thrice with 2x saline sodium citrate buffer,
0.1% SDS at 56°C for 15 min and then autoradiographed.

Three or four samples of RNA from 108 cells from experimental
and control groups were run on a single gel for comparison by densitom-
etry. The autoradiographs were scanned with a laser densitometer (UI-
troscan XL; LKB) and individual lanes were analyzed for the area in
each peak using GelScan XL software on an IBM AT computer. The
expression of mRNA for ETA receptor subtype was estimated as the
ratio of the peak area for ETA divided by the peak area of 6-actin which
was used as a measure of total loaded RNA.

Statistics
Data are presented as the mean-standard error as the index of disper-
sion. All experiments were performed at least three times, each on a
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different cell passage. Where appropriate, analysis of variance and re-
peated measures ANOVA were applied using the SAS program on an
IBM AT computer. The null hypothesis was rejected when the P < 0.05.

Materials
The RPMI and penicillin-streptomycin solutions were purchased from
GIBCO BRL and newborn calf serum from Sigma Immunochemicals
(St. Louis, MO). Endothelin-l (endothelin 1-21 [human, porcine]) was
purchased from Peptide International (Louisville, KY). [l1I]-Endo-
thelin-l (2,200 Ci/mmol), [3H]-PGE2 (200 Ci/mmol), [3H]-SQ29548
and [3H] -dihydroalprenolol were obtained from Dupont-NEN (Boston,
MA). All other vasoactive compounds used in the radioligand competi-
tion experiments were purchased from Sigma. FURA-2/AM was ob-
tained from Molecular Probes (Eugene, OR) and EGTA from Fluka
Chemical (Ronkonkoma, NY). AGl-x2 (100-200 mesh) formate anion
exchange resin was purchased from Bio-Rad Labs. (Richmond, CA)
and PGE2 anti-serum from Advanced Magnetics (Boston, MA). H-7
( 1- [5-isoquinolinylsulfonyl] -2-methyl-piperazine) was purchased from
Sigma. All standard chemicals used were purchased at the highest com-
mercial grade available.

Protocols
The first protocol examined the effects of increased osmolarity on ET
signaling in cells incubated in RPMI made hyperosmolar by the addition
of urea (600 mOsm/kg H20). Two signaling pathways were examined
in response to ET (10-8M): agonist induced calcium transients and
PGE2 accumulation.

The second protocol tested the effect of increasing osmolarity on
the ET binding reaction. Cell membranes from RMICs grown under
isosmotic conditions were incubated with 25 pM of ['lI]-endothelin-
1 in Tris-HCl-MnCl2-BSA buffer (150 mOsm/kg H20) with the addition
of urea to a final osmolarity of 300 or 600 mOsmlkg H20.

The third protocol examined the relationship between various os-
motic agents and ET receptor expression. The effects of hyperosmolarity
(600 mOsm/kg H20, 24 h) by urea alone, urea plus sodium chloride,
and mannitol on ET receptor affinity and density were studied. The
combination of urea plus NaCl was selected to mimic medullary osmo-
lytes (10).

The fourth protocol examined the time course of changes in ET
receptors by increased osmolarity (urea, 600 mOsm/kg H20).

The fifth protocol studied the concentration dependence of increased
osmolarity and changes in ET receptors in RMICs. RMICs were incu-
bated with various amounts of urea to achieve osmolarities of 450, 500,
550, 600, and 750 mOsm/kg H20. Membranes were isolated and the
binding of 25 pM of ['25I]-ET was measured.

The sixth protocol studied the specificity of the effects of hyperos-
molarity on ET receptors by measuring an unrelated receptor, the /3-
adrenergic receptor. RMICs were incubated in isosmolar RPMI or hy-
perosmolar RPMI (urea, 600 mOsmlkg H20, 24 h). Membranes were
isolated and the binding of 25 pM [ "2I] -ET or 0.7 nM [3H] -dihydroal-
prenolol was measured. To determine whether the effects of hyperosmo-
larity can occur in cells that reside in the renal cortex and are not
normally subject to wide variations in ambient osmolarity, we measured
the binding of 25 pM [ "I]-ET to freshly isolated membranes from
glomerular mesangial cells (passages 11-18) exposed for 24 h to either
isosmolar or hyperosmolar (600 mOsm/kg H20 with urea) media.

The seventh protocol examined the role of protein kinase C (PKC).
Since downregulation of many hormone receptors is mediated by PKC
activation, we tested the effects of a PKC inhibitor, H-7, on the changes
in ET receptors induced by hyperosmolarity (urea, 600 mOsmlkg H20,
24 h). Confluent monolayers of RMICs were incubated in isosmotic or
hyperosmotic RPMI in the absence and presence of H-7 (10-6M) for
24 h, and the binding of 25 pM [1nI]-ET to cell membranes was
measured.

The eighth protocol examined the effects of hyperosmolarity (urea,
600 mOsm/kg H20, 24 h) on the expression of mRNA for the ETA
receptor subtype.

To test the potential role of protein synthesis on reduced endothelin-
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Figure 1. Effects of increased osmolarity on endothelin-induced intracel-
lular calcium translocation in cultured rat RMICs. Confluent monolayers
of cells were incubated for 3 h (top) or 24 h (bottom) in either isosmolar
RPMI medium or in RPMI medium made hyperosmolar (600 mOsm/
kg H20) by the addition of urea. Cells were loaded with fura-2 and
mounted onto the stage of a Nikon Diaphot microscope as detailed
under Methods. Endothelin-I-elicited ( 10-8 M) intracellular Ca2+ mobi-
lization was blunted in cells incubated in hyperosmolar medium com-

pared with cells incubated in isosmolar medium. The results were virtu-
ally identical when cells were exposed to increased osmolarity for either
3 or 24 h. Each tracing is a representative study.

1 receptor expression by hyperosmolarity, the ninth protocol studied the
effects of protein synthesis inhibition on endothelin receptor expression.
Cultured RMICs in isosmotic medium were preincubated with or with-
out cycloheximide (25 ,ug/ml) for 30 min at 37TC. The dose of cyclohex-
imide was selected on the basis of published studies demonstrating that
at the dose used cycloheximide inhibited the incorporation of [3H] -

leucine by 50% (27). At the end of the preincubation, the osmolarity
of the medium was either kept at 300 mOsm/kg H20 or was increased
to 600 mOsm/kg H20 by the addition of urea. Endothelin receptors
were measured at 24 h.

Results

Effects of increased culture medium osmolarity on Ca2" signal-
ing and PGE2 production. A representative tracing of the effect
of increased culture medium osmolarity on ET-induced [Ca2+ ]i
signaling in cultured RMICs is depicted in Fig. 1. At 3 h expo-

sure to ET (10-8M), the ET-elicited [Ca2+], increment was

blunted in cells incubated in hyperosmolar medium (600
mOsm/kg H20 by the addition of urea) compared to cells incu-
bated in isosmolar medium (Fig. 1, top). Almost identical re-

sults were obtained when cells were exposed to the hyperos-
motic medium for 24 h (Fig. 1, bottom). A summary of the
data obtained in 4-6 experiments is shown in Fig. 2. Under
steady state conditions, intracellular calcium in the isosmolar
and hyperosmolar groups was similar (C). In contrast, the peak
of the ET-evoked calcium transients was decreased by 58% in
cells incubated in the hyperosmolar medium for 3 h (439±88
vs. 186±38 nM; P < 0.02) (Fig. 2, top) and decreased by 45%
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Figure 2. Effects of increased osmolarity on peak endothelin-induced
intracellular calcium translocation in cultured rat RMICs. Confluent
monolayers of cells were incubated overnight in either isosmolar RPMI
medium or in RPMI medium made hyperosmolar (600 mOsm/kg H20)
by the addition of urea as described in Fig. 1. Unstimulated intracellular
calcium was similar in the isosmolar and hyperosmolar groups (C), but
peak endothelin ( 10-8M) responses were decreased by 58 and 45% in
the cells incubated in hyperosmolar medium at 3 h (top) and 24 h
(bottom), respectively. The numbers in the bars indicate the number of
individual experiments.

in the cells incubated in hyperosmolar medium at 24 h (470±67
vs. 260±9 nM; P < 0.02) (bottom).

In parallel experiments, the effect of hyperosmolarity (urea)
on PGE2 accumulation was examined (Fig. 3). ET-stimulated
PGE2 production was increased 16-fold in RMICs incubated
under isosmolar conditions versus a twofold increment in cells
incubated in hyperosmolar medium (P < 0.005). This observa-
tion was valid when the data were expressed as pg/100 ,1 of
medium (top) or pg/ 106 cells (bottom).

Effects ofincreased osmolarity on endothelin receptor bind-
ing in vitro. Confluent monolayers of RMICs were grown under
isosmotic conditions. Membranes prepared from these cells
were incubated with 25 pM of [1251] -ET in either isosmolar
(300 mOsmlkg H20) or hyperosmolar assay binding buffer
(urea, 600 mOsm/kg H20). There was no effect of hyperosmo-
larity on endothelin binding (Table I). These data indicate that
binding in vitro is not affected by increased osmolarity under
the conditions of our experiment.

Effects of increased culture medium osmolarity on endo-
thelin receptor density. ET receptor density was examined in
cells exposed to 600 mOsm/kg H20 with urea for 24 h. A
representative Scatchard plot is shown in Fig. 4. There was a
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Figure 3. Effects of increased osmolarity on endothelin-induced prosta-
glandin E2 production in cultured rat RMICs. Confluent monolayers of
cells were incubated for 3 h in either isosmolar RPMI medium or in
RPMI medium made hyperosmolar (600 mOsm/kg H20) by the addition
of urea. At the beginning of the experiment the cells were placed in
fresh media in the absence or presence of endothelin (10-8M) and
incubated at 370C for 10 min. Prostaglandin E2 was quantitated by
radioimmunoassay. Data are presented as concentration of prostaglandin
E2 (pg/100 II) (top) or prostaglandin E2 per 106 cells (bottom). Each
bar is the mean of duplicate measurements performed in three individual
experiments.

striking reduction in the number of ET receptor sites in the
cells incubated under hyperosmolar conditions versus isosmolar
conditions as indicated by a leftward shift in the x-intercept.
The equilibrium dissociation constants (Kd) were not different
between the two groups as shown by the parallel slopes. The
values for B,n, and Kd are shown in Fig. 5. The number of
specific ET receptors in RMICs fell by 84% (1450±184 vs.
238±12 fmol/mg; P < 0.01) after 24 h of incubation at 600
mOsm/kg H20. Increased osmolarity with urea was without

Table l. Effects of Increased Osmolarity on the Endothelin
Binding Reaction In Vitro

Group Specific ET bound

fmnoL/mg

300 mOsm/kg H20 (6) 108±19
600 mOsm/kg H20 (6) 116±19

RMICs were grown under isosmotic conditions. Membranes prepared
from these cells were incubated with 25 pM of [1"I]-endothelin-l in
isosmotic (300 mOsm/kg H20) or hyperosmolar (600 mOsm/kg H20
by the addition of urea) binding assay buffer.

186 Vernace et al.

40 r-



0.3

0.2

0.1

0

100r

0)
C

w
I X

0 200 400 600 800 1000
Bound (fmol/mg)

Figure 4. Representative Scatchard plot of endothelin binding ('25I-ET)
in RMIC membranes prepared from cells incubated for 24 h at 300
mOsm/kg H20 or 600 mOsm/kg H20. Endothelin binding sites were

measured at equilibrium (4 h) at 250C in membranes prepared from
renal medullary interstitial cells grown in isosmolar medium (300
mOsm/kg H20) or hyperosmolar medium (600 mOsm/kg H20). Spe-
cific binding was calculated as the difference between total and nonspe-

cific binding. Points are means of triplicate measurements in a represen-

tative experiment. B, specific bound endothelin-1; F, unbound endo-
thelin-1.
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Figure 5. Effects of hyperosmolarity on endothelin receptor sites in
RMICs. Renal medullary interstitial cells grown to confluence were

incubated in isosmolar medium (300 mOsm/kg H20) or in medium
made hyperosmolar (600 mOsm/kg H20) by the addition of urea. At
24 h, cells exposed to hyperosmolar conditions had a 84% reduction in
the number of specific endothelin receptor sites using Scatchard analyses
(top), whereas receptor affinity (Kd) was unchanged (bottom). The
numbers in the bars indicate the number of experiments.

501-

0'

_p <o.Woo

_s ~6
C U

p .02

U+S

C U+S C M

Figure 6. Effects of hyperosmolarity induced by urea, mannitol, or urea
plus sodium chloride on endothelin receptor sites in RMICs. RMICs
grown to confluence were incubated in isosmolar medium (C), or in
media made hyperosmolar to 600 mOsm/kg H20 by the addition of
urea alone (U), mannitol (M), or urea plus sodium chloride (150 mOsm
urea plus 150 mOsm NaCl) (U + S) for 24 h. Endothelin binding sites
were measured at equilibrium (4 h) at 25°C in prepared RMIC mem-

branes. Results are reported as the percent binding compared with con-
trols. Each experiment was performed in triplicate. The numbers in the
bars indicate the number of individual experiments.

effect on Kd (control vs. hyperosmolar, 99±12 vs. 83±21 pM;
P = NS).

The specificity of the effects of hyperosmolarity on the den-
sity of ET receptors in RMICs was examined by comparing
cells incubated at 600 mOsm/kg H20 with either urea alone,
urea plus NaCl, or mannitol. In all the experimental groups the
number of receptors was reduced by at least 51% (Fig. 6).
Therefore, the fall in ET receptor density by hyperosmolarity
was independent of the osmotic agent used.

To test whether the effects of osmolarity on ET receptors
was specific for RMICs, we studied the effects of increasing
osmolarity with urea on ET receptor expression in glomerular
mesangial cells. The binding of 25 pM ['"I]-ET to mesangial
cells was reduced from an isosmolar control of 21.8±5.9 to
16.0±4.8 fmol/mg (29.1±9.6% reduction, P < 0.05).

Additional experiments were performed to determine the
time course and concentration dependence of changes in ET
receptors in response to hyperosmolarity. 20 min after challenge
with hyperosmolar medium (urea, 600 mOsm/kg H20) the
binding of 25 pM ['"I]-endothelin-1 to RMIC membranes was

not changed (-2.0±4.7%, N = 7, P = NS). However, three
hours following the establishment of a hyperosmolar stimulus
with urea (600 mOsm/kg H20), the.number of specific ET
receptor sites (Scatchard analysis) was reduced from a control
level of 1450±184 fmol/mg to 532±82 fmol/mg (P < 0.05)
(Fig. 7). At 24 h, the receptor number was further reduced to
238±12 fmol/mg (P < 0.01 vs. isosmolar controls; P < 0.01
vs. 3 h group).

The effect of incremental changes in osmolarity with urea

on the specific binding of ET was measured at 24 h. Increases
in osmolarity from 450-750 mOsm/kg H20 caused a dose-
,related reduction in specific ET binding whether expressed in
fmol/mg (Fig. 8, top) or percent change from control values
(Fig. 8, bottom). This dose-related decrease reached statistical
significance when compared to the isosmolar control at hyperos-
molar stimuli above 500 mOsm/kg H20. These results indicate
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Figure 9. Effects of hyperosmolarity on endothelin and dihydroalpreno-
lol receptor sites in RMICs. RMICs grown to confluence were incubated
in isosmolar medium (300 mOsm/kg H20), or in media made hyperos-
molar (600 mOsm/kg H20) by the addition of urea. Specific binding
of 25 pM of [125I] -endothelin-l or 0.7 nM of [3H] -dihydroalprenolol
were measured on membranes prepared from cells incubated for 24 h.
Hyperosmolarity (600 mOsm/kg H20) caused a decrease in specific
endothelin binding (P < 0.01 ) but did not have an effect on dihydroal-
prenolol binding (P = NS). Each experiment was performed with tripli-
cate measurements. The numbers in the bars indicate the number of
experiments.

that ET binding is decreased by hyperosmolarity in a dose-
dependent manner and may require an "osmolar threshold."

To determine whether the reduction in receptor number in-
duced by hyperosmolarity was specific for ET or part of a more
generalized effect, the effect of hyperosmolarity with urea on
the binding of dihydroalprenolol, a nonselective P-adrenergic
receptor antagonist, was studied. Specific binding ofET or dihy-
droalprenolol was measured on membranes prepared from cells
incubated for 24 h in isosmolar or hyperosmolar (600 mOsm/
kg H20) media. Hyperosmolarity decreased specific ET binding
by 70% (161±19 fmol/mg, isosmolar group vs. 49±3 fmol/
mg, hyperosmolar group; P < 0.01), but was without effect on
dihydroalprenolol binding (17±4 fmol/mg, isosmolar group vs.
17±2 fmol/mg, hyperosmolar group; P = NS) (Fig. 9). Angio-
tensin II and thromboxane binding were also explored, but no
specific binding on RMIC membranes was detected.

Potential role of protein kinase C in endothelin receptor
signaling. The potential role of PKC in down-regulating ET
receptors under conditions of hyperosmolarity was studied using
the PKC inhibitor, H-7 (Fig. 10). H-7 was without effect on
ET binding (108±15%) in cells grown at 300 mOsm/kg H20.
When cells were exposed to hyperosmolarity with urea (600
mOsm/kg H20) for 24 h, there was a 69±7% reduction in the
ET binding (P < 0.01). H-7 did not mitigate the reduction in
ET binding under hyperosmolar conditions (66±9% reduction,
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Figure 10. Effects of protein kinase C inhibition on the reduction in
specific endothelin binding induced by hyperosmolarity. RMICs were

grown to confluence in RPMI medium. On the day of the experiment
cells were exposed to fresh RPMI medium (300 mOsm/kg H20) or

RPMI medium made hyperosmolar by the addition of urea (600 mOsm/
kg H20) for 24 h in the presence or absence of the protein kinase C
inhibitor, H7 (10-6M). Specific endothelin-1 binding was measured at
the dose below the dissociation constant, Kd (25 pmol) as detailed in
Methods. Each experiment was performed in triplicate and the numbers
in the bars indicate the number of individual experiments.

P = NS vs. hyperosmolarity alone). The Kd also was not af-
fected by H-7.

Evaluation of the role of hyperosmolarity on endothelin
receptor mRNA. To determine whether hyperosmolarity reduced
ET receptor expression at the transcriptional level, Northern
blot analysis was performed using an ETA receptor specific
cDNA oligomer. As illustrated in Fig. 11, ETA receptor subtype
mRNA was significantly increased by exposure of monolayers
to hyperosmolar culture medium (P < 0.05).

Effects ofprotein synthesis inhibition on hyperosmolarity-
induced down-regulation ofendothelin receptors. The effects of
protein synthesis inhibition on hyperosmolarity-induced down-
regulation of endothelin receptors was studied by measuring the
binding of 25 pM [25I1 -endothelin 1 in the presence and ab-
sence of cycloheximide (Fig. 12). Increasing osmolarity to 600
mOsm/kg H20 with urea reduced endothelin binding by
68.2±9.1% (N = 5, P < 0.01). Protein synthesis inhibition
with cycloheximide in the absence of a hyperosmolar challenge
reduced endothelin binding by 65.4±7.8% (N = 5, P < 0.01).
When RMICs pretreated with cycloheximide were challenged
with hyperosmolarity, endothelin binding was reduced by
80.6±4.2% (N = 5, P < 0.01 vs. control; P = NS vs. cyclohexi-
mide or urea groups).

Discussion

These experiments tested the hypothesis that responsiveness of
RMICs to ET is modulated by changes in ambient osmolarity.
The peak calcium transient in response to ET was blunted by
45-58% in cells exposed to the hyperosmolar medium, and
PGE2 production was significantly blunted. These findings
raised the question of abnormal receptor expression. An 84%
reduction in ET receptor density was observed in cells cultured

mOsm/kg H20

Figure 11. Effects of hyperosmolarity on the expression of endothelin-
1 receptor subtype A mRNA. mRNA was isolated from confluent
RMICs exposed to either isosmolar medium, or medium made hyperos-
molar by the addition of urea to achieve a final osmolarity of 600 mOsm/
kg H20 for 24 h. Northern analysis on a single gel with comparison by
densitometry indicated that the message for the ETA receptor subtype
was increased by a hyperosmolar stimulus of 600 mOsm/kg H20 at 24
h (P < 0.05) when expressed as ET/f3-actin. The expression of mRNA
for ETA receptor subtype was estimated as the ratio of the peak area

for ETA divided by the peak area of /3-actin which was used as a measure

of total loaded RNA. Each experiment was repeated three or four times
using mRNA isolated from individual flasks containing - 108 cells.

in hyperosmolar medium compared with cells grown under isos-
molar conditions while Kd was unaffected. The reduction in ET
binding was not specific for a single osmotic agent since similar
reductions occurred when the osmolarity of the culture media
was increased by the addition of urea, urea plus sodium chloride
or mannitol. However, the effect of increased osmolarity on

receptor number was specific for ET receptors since hyperosmo-
larity was without effect on the binding of the unrelated ligand,
dihydroalprenolol. Whereas the effects of hyperosmolarity on

cell function are likely to be most pronounced in the renal
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Figure 12. Effects of protein synthesis inhibition on endothelin-l recep-

tor expression. RMICs were incubated for 30 min at 37°C in the presence
or absence of cycloheximide (25 jig/ 100 ml) and incubations continued
for 24 h in the presence or absence of a hyperosmolar challenge by the
addition of urea to the media (final osmolarity 600 mOsm/kg H20).
The specific binding of 25 pM of ["2I] -endothelin-l was compared in
membranes isolated from the RMICs. C, control (no cycloheximide,
medium 300 mOsm/kg H20; U, urea; Cy, cycloheximide; U + Cy,
urea plus cycloheximide. P values represent differences from C. There
were no differences between U, Cy, or U + Cy groups.
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medulla where osmolarities exceeding 1200 mOsm/kg H20 are
found in states of water deprivation, our studies demonstrate
that cells that reside outside the renal medulla (i.e., glomerular
mesangial cells) can also downregulate the expression of ET
receptors when challenged by hyperosmolarity. However, the
ET receptor downregulation by hyperosmolarity was less pro-
nounced in glomerular mesangial cells than in RMICs.

The role of medullary osmolarity on modulating the produc-
tion of ET peptide by inner medullary collecting duct cells
has been previously investigated. ET production was decreased
when the media was made hyperosmolar with mannitol (8).
Urea either had no effect (8) or inhibited (12) ET production.
The effect of hyperosmolarity induced by sodium on ET produc-
tion was reported by one group to be reduced (8), and by
another group to be stimulated (12). The reasons for these
discrepant findings is not immediately apparent, but it appears
that changes in the osmolarity bathing inner medullary collect-
ing duct cells can clearly modify ET production. The action of
ET is dependent on both the amount produced and the ability
of cells to respond. In the present study, we demonstrate that
increases in osmolarity induced by either impermeable or freely
permeable osmolytes significantly reduced the expression of ET
receptors in cultured RMICs.

The mechanism whereby hyperosmolarity might modulate
ET receptor expression was further explored. One possible
mechanism could be homologous down-regulation by increased
local production of the ET peptide. This is unlikely since RMICs
have not been shown to produce ET in vivo (28) or in vitro
(Wilkes, unpublished observations). Also, homologous down-
regulation of receptors generally occurs within 20 min and is
associated with reduced, not increased, expression of receptor
mRNA (29). ET receptors did not down-regulate when chal-
lenged with hyperosmolarity for 20 min. A second mechanism
may involve induction of PKC which, in turn, can mediate
down-regulation of ET receptors (30-33). This is also unlikely
since H-7, a PKC inhibitor, was without effect on the reduction
in ET receptors following incubation with 600 mOsm/kg urea.

Endothelin receptor expression may also be regulated at the
level of transcription. Previous experiments in our laboratories
have demonstrated that RMICs express the ETA, but not ETB
receptor subtype ( 13). Therefore, to test this hypothesis, mRNA
was isolated from confluent RMICs exposed to either isosmolar
or hyperosmolar medium. Northern analysis indicated that the
message for the ETA receptor subtype was increased by the
hyperosmolar stimulus. These data support the conclusion that
the reduction in the number of ET receptors was not a result
of homologous downregulation. Thus, ET receptor down-regu-
lation by hyperosmolarity in the face of a significant increase
in receptor mRNA expression strongly suggests a posttranscrip-
tional mechanism.

An additional experiment was performed to test the hypothe-
sis that osmolarity regulated ET receptor expression at the level
of protein synthesis. When RMICs were incubated with the
protein synthesis inhibitor cycloheximide for 24 h, there was a
greater than 65% reduction in ET binding which was similar to
the reduction in ET binding that occurred in RMICs challenged
with hyperosmolarity alone or protein synthesis inhibition plus
hyperosmolarity. These data raise the interesting possibility that
the mechanism by which hyperosmolarity reduces the ET recep-
tor expression is by inhibiting the production of new receptors
to replace receptors being internalized or degraded. ET receptors
may normally act as a feedback inhibitor of transcription of its

own mRNA, which may explain why ETA receptor mRNA was
increased by hyperosmolarity. This new hypothesis and other
possible explanations need to be studied.

Further insights into the mechanisms underlying reduced
ET receptor expression may be found in studies pertaining to
other ligand-receptor systems. Ambient osmolarity may have
profound effects on hormone signaling pathways in a variety
of cell types by fundamental changes in the cellular production,
distribution, configuration and function of receptors. Osmolarity
has been implicated in the modulation of the function of two
distinct receptors in polymorphonuclear (PMN) leukocytes
(34) and hepatocytes (35). In PMN leukocytes, hyperosmolar
medium inhibited receptor-mediated uptake of the chemotactic
peptide, N-formylnorleucyl-leucylphenylalanine. The inhibition
was independent of the solute used to increase osmolarity
(NaCl, sucrose or lactose) and had little effect on saturable
peptide binding. However, it did prevent clustering of surface
molecules as indicated by the inhibition of capping of fluores-
cent concanavalin A. Interestingly, hyperosmolar medium pre-
vented the peptide-stimulated increase in intracellular calcium
concentration which paralleled the inhibition of receptor-medi-
ated uptake. Hyperosmolarity reduced the rate of endocytosis
without affecting the number of saturable receptor sites. A simi-
lar finding was observed by Oka et al. (35) who studied galacto-
syl receptor-mediated uptake in isolated rat hepatocytes. In con-
trast with these findings, our studies demonstrated that hyperos-
molarity reduces both the number of specific ET receptors and
receptor signaling in RMICs.

Changes in renal medullary osmolarity, ET receptor activity
and the renal response to dehydration are likely to be closely
linked. Whereas increased interstitial fluid osmolarity generally
leads to cell dysfunction due to intracellular dehydration, in-
creased osmolarity of the renal medulla and its local effects on
cell function may be essential for maximally preserving fluid
and electrolyte balance during states of severe water depriva-
tion. The ways in which cells of the renal medulla adapt to
hyperosmolar stress are not well understood, but the mechanism
appears to involve changes in the way cells respond to hormones
and autacoids (36). The current study demonstrates that the
response of RMICs to ET is blunted in hyperosmolar states.
Since RMICs are a rich source of PGE2 which is released in
response to ET (13), it is possible that blunting of the ET
response may impede PGE2 production that may be required to
maintain renal blood flow. Reductions of renal blood flow in
hyperosmolar states favor maximal water reabsorption by pre-
venting washout of the medullary hyperosmolarity needed to
maximally conserve water. Other adaptive mechanisms induced
by hyperosmolarity contribute to body fluid homeostasis during
hyperosmolar stress. For example, hyperosmolarity has been
shown to increase the cAMP response to antidiuretic hormone
in inner medullary collecting duct cells that favors water reab-
sorption by the distal nephron segments (36).

In summary, this study demonstrates osmolar regulation of
ET receptor expression and signaling by renal medullary inter-
stitial cells. Since ET acts in the renal medulla to induce a water
diuresis, we hypothesize that the blunting of ET action during
states of volume depletion (high medullary osmolarity) may
favor the conservation of water and restoration of volume status.
The current observations provide yet another mechanism by
which increased osmolarity may regulate the ET autacrine sys-
tem in the renal medulla.
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