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Abstract

In vivo data on the factors controlling angiotensin II (AII) cell
surface binding are conflicting. Westudied the specific effects
of All on All binding in rat mesenteric artery vascular smooth
muscle cells in culture. Incubation with unlabeled AII at 21°C
resulted in time- and concentration-dependent decreases in All
surface binding at 4°C, with a 30% reduction after exposure to
300 nMAII for 15 min. Reductions in cell surface binding were
due to decrements in receptor number rather than changes in
binding affinity. Loss of surface receptors was mediated by
receptor internalization as maneuvers that blocked ligand in-
ternalization (cold temperature and phenylarsine oxide [PAOI)
attenuated AII-induced loss of surface receptors. After re-
moval of AII, recovery of surface binding was rapid (t1/2 = 15
min) and was mediated by reinsertion of a preexisting pool of
receptors into the surface membrane rather than by new re-
ceptor synthesis. To determine the role of receptor cycling on
AII-induced surface receptor loss, cells were incubated with
the endosomal inhibitor chloroquine during exposure to AII at
21 °C. Incubation with All plus chloroquine resulted in a 70%
greater loss of surface binding than after incubation with AII
alone. To determine the role of receptor cycling on uptake of
ligand, cells were incubated with PAOor endosomal inhibitors
during exposure to AII at 4 and 21°C. Compared with buffer
these agents did not alter All uptake at 40C, but decreased
uptake by 12-50% at 21°C. These results indicate that after
binding All receptors cycle and that receptor cycling attenu-
ates All-induced losses of surface receptors and enhances li-
gand uptake by providing a continuous source of receptors to
the cell surface.

Introduction

Angiotensin II (AII)' is a potent vasoconstrictor hormone. In-
creased circulating concentrations of All have been implicated
in the pathogenesis of some forms of hypertension and in the
support of systemic vascular resistance during intravascular
volume depletion. The cellular action of AII in vascular tissue
is initiated by hormone binding to cell surface receptors. This
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hormone-receptor complex, possibly in association with a spe-
cific guanine nucleotide-binding protein (1, 2), activates a
phospholipase in the plasma membrane (3). The subsequent
hydrolysis of phosphatidyl inositol bisphosphate and phos-
phatidyl inositol results in the activation of inositol trisphos-
phate and diacylglycerol intracellular signals (4-7).

Although there is information on the postbinding cellular
events mediating the action of AII, less is known about the fate
of All and its surface receptor after binding. Translocation of
All to the cell interior (internalization) has been described in
the adrenal gland in vivo (8), in cultured adrenocortical cells
(9), and in cultured vascular smooth muscle cells (10). Little is
known about the disposition of All receptors. In other hor-
mone systems the fate of receptors varies after binding and
ligand-receptor internalization. Once inside cells receptors
may be degraded (e.g., epidermal growth factor) (11), rein-
serted into the cell surface (e.g., LDL) (12), or extruded from
cells (e.g., transferrin during erythrocyte maturation) (13).
Moreover, either receptor redistribution or net loss of total
receptor protein may occur in the same cell, depending on the
duration of ligand exposure (e.g., insulin) (14).

To date, most studies on the control of vascular All surface
receptors have been performed in membrane preparations of
blood vessels from intact animals. The specific effects of AII on
All surface receptor availability and binding properties are
difficult to ascertain from these studies because in addition to
All other systemic factors appeared to alter the expression of
All receptors. These modulating factors included potassium
(15), aldosterone (16), and sex hormones (17). Moreover, re-
ceptor trafficking cannot be assessed in isolated membranes
because these preparations lack intracellular organs, such as
endosomes, that contribute to intracellular receptor move-
ment.

Our aims were to determine (a) the specific effect of
changes in All concentration on the cellular distribution of AII
receptors in an isolated system, rat vascular smooth muscle
cells in culture; and (b) the cellular pathways for AII receptor
translocation after exposure to All.

Methods

Vascular smooth muscle cell isolation and maintenance. The tech-
niques for mesentric artery vascular smooth muscle cell isolation and
culture were modifications of those described by Ives et al. (18) and
Gunther et al. ( 19), and have been previously described in detail by us
(20). After isolation, cells from mesenteric arteries of male Sprague-
Dawley rats were maintained in 25-cm2 tissue culture flasks at 370C in
a humidified 5%C02/95% air incubator. Culture medium consisted of
MEMwith Earle's salts supplemented with 10% (vol/vol) fetal bovine
serum, 100 U/ml penicillin, 100 Ag/ml streptomycin, and nonessential
amino acids. Every 7-10 d cells were passaged by harvesting with
trypsin-EDTA and seeded at a ratio of 1:4. Medium was changed twice
weekly. Studies were performed on cells in passages 3-7.

AII binding. Vascular smooth muscle cells were passaged with a
single load of a sterile repeater pipette to a 16-mm 24-well culture
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plate. This method of cell plating reduced the variability of well protein
content to < 5%. Binding studies were done in contiguous triplicate
wells at or near confluence 4-7 d after plating by methods originally
described by-Gunther et al. (19) and Penit et al. (21). Assay buffer
consisted of 50 mMTris-HCl (pH 7.4), 100 mMNaCl, 5 mMMgC92,
0.25% BSA; and 0.5 mg/ml bacitracin. At the beginning of each exper-
iment culture medium was aspirated from the wells and cells were
washed twice with ice-cold saline. 50-100 fmol '251-AII was added to
each well with or without varying amounts of unlabeled AII (0.1-10
nM). The incubation volume was 0.3 ml. Binding studies were per-
formed at 4°C for 90 min unless otherwise indicated. The incubation
was terminated by rapid removal of the incubation medium and addi-
tion of I ml ice-cold saline. Free hormone was removed by washing the
intact attached cells five times with ice-cold saline. Cells were then
covered with 1% SDS, detached by scraping with a rubber policeman,
and transferred to a test tube. Gammaradioactivity was then counted.
Specific (receptor) binding was defined as total binding minus nonspe-
cific binding (in the presence of 1 uM unlabeled All). Nonspecific
binding was < 15% of total binding. Protein content was determined
by a minor modification of the Lowry technique (22); that is, absor-
bancy was read at 660 rather than 750 nm. Binding constants were
determined by Scatchard analysis of binding data (23) after fitting data
to a line using the least squares method (24).

Acid washing. To distinguish surface-bound radioactivity from in-
tracellular radioactivity, '25I-AII bound to cell surface receptors was
removed by the acid wash technique of Crozat et al. (9). In preliminary
experiments '25I.AMI was bound to surface sites at 4°C. Then cells were
exposed to 50 mMglycine/150 mMNaCl, pH 3, for 10 min at 4°C.
After three saline washes cell-associated radioactivity was reduced to
the level of nonspecific binding. Subsequent 1251I-AII binding could be
restored to 100% of values obtained before acid wash.

Protein synthesis inhibition. Cells in 24-well plates were incubated
in growth medium with or without cycloheximide for 30 min at 37°C.
Then 2 ,Ci of [3H]leucine was added to each well for 1 h at 37°C.
Uptake was terminated with an equal volume of 20% TCA. The pre-
cipitate was washed twice with saline before precipitate-associated ra-
dioactivity was determined.

Statistics. Results were expressed as the mean±SEM. Comparisons
were made by the paired or unpaired t test. For binding studies, n refers
to the number of groups of control (triplicate) and experimental (tripli-
cate) wells. For protein synthesis inhibition studies, n refers to the
number of pairs of control (single) and experimental (single) wells.

Materials. Materials were obtained from the following sources:
trypsin-EDTA, MEM,AII (unlabeled), ammonium chloride, aldoste-
rone, chloroquine, cycloheximide, penicillin-streptomycin, monensin,
and TCA from Sigma Chemical Co. (St. Louis, MO); fetal bovine
serum from Hyclone Laboratories (Logan, UT); '25I-AII from New
England Nuclear (Boston, MA); phenylarsine oxide from Fluka Chem-
ical (Ronkonkoma, NY); [3H]leucine from ICN K&K Laboratories
Inc. (Plainview, NY); Sprague-Dawley rats from Sasco (Omaha, NE);
and arginine vasopressin (AVP) from Bachem Inc. (Torrance, CA).

Results

AII binding. AII binding by vascular smooth muscle cells was
specific, time dependent, protein dependent, and saturable.
Equilibrium ligand binding was achieved by 90 min at 4°C. In
addition, under equilibrium conditions at 4°C, > 95% of li-
gand uptake was confined to the cell surface as determined by
acid washing. Scatchard transformation of the binding data
revealed a single class of receptors, with receptor density of
67±7 fmol/mg cell protein and a binding affinity of 2.14±0.12
nM at 4°C (n = 7). Binding parameters were stable in cells
studied from passages 3-7.

AII regulation of AII binding. Cells were exposed to unla-
beled All or buffer at 21 'C. After acid wash to eliminate ligand
occupancy, All binding was performed at 4°C. Fig. 1 shows
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Figure 1. Time-dependent regulation of '25I-AII binding by unla-
beled All. After aspiration of the growth medium from the wells and
two washes with saline at 21 °C, cells were incubated with buffer or
unlabeled AII for the times indicated at 21 'C. Cells were then
washed three times with ice-cold saline, and glycine-saline buffer (pH
3.0) was added to the cells for 10 min at 40C. After three washes
with ice-cold saline, '251I-AII was added to the cells at 4°C for 90 min.
Unbound tracer was removed by five washes with ice-cold saline.
Cells were then scraped from the wells and cell-associated radioactiv-
ity counted. In all experiments (unless otherwise indicated) buffer
and unlabeled All were added to cells on the same plate. Data are

expressed as '251-AII binding after exposure to unlabeled AII com-

pared with '251-AII binding after exposure to buffer.

the time course of the loss of cell surface binding. Exposure to
0.3 nM unlabeled AII resulted in a gradual decrease in All
binding, with a 20% reduction after 90 min. After exposure to
higher unlabeled AII concentrations (300 nM) there was also a
time-dependent decrease in binding with a 50%reduction after
90 min.

Fig. 2 shows the effect of increasing concentrations of un-
labeled All on the loss of surface binding. There was a con-
centration-dependent decrease in surface binding with a
threshold at 6 nMunlabeled AII and a decrease of 30% at 300
nM unlabeled AII. Fig. 3 displays kinetic parameters derived
from Scatchard transformation of AII binding curves at 4°C
after exposure to 60 nM unlabeled AII or buffer at 21 °C.
Decreases in cell surface binding after exposure to unlabeled
All resulted from decreases in receptor density, whereas bind-
ing affinity remained unchanged.

Fig. 2 also demonstrates the specificity of All receptor reg-
ulation. Specific binding sites for AVP (21) and aldosterone
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Figure 2. Dose-dependent regulation by unlabeled AII and other un-
labeled hormones of '25I-AII binding. Cells were treated and data ex-
pressed as described in the legend of Fig. 1, except that the concen-
tration of unlabeled hormone was varied. Exposure time was con-
stant at 15 min.
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Figure 3. Changes in receptor density (Bmax) and binding affinity (Kd)
after exposure to unlabeled AII. Cells were exposed to buffer or 67
nM unlabeled AII for 30 min at 21 'C. After acid wash tracer doses
(50-100 fmol) of '251-AII in increasing concentrations of unlabeled
All (0, 1,200, 2,400, 3,600, 4,800, 6,400, and 300,000 pmol) were

added to the cells at 4°C for 90 min to generate binding curves. Cells
were washed free of unbound All and the radioactivity was counted.
Values for Bmax and Kd were derived from Scatchard plots. Binding
curves after exposure to buffer and unlabeled All were generated on

separate plates, and the data were corrected for protein. Data were

analyzed by paired t test.

(25) on/in vascular smooth muscle cells in culture have been
reported. In contrast to exposure to AII, 15-min exposure to
AVPor aldosterone at 21 'C did not alter cell surface 125I-AII
binding. To confirm that AVP receptors were functional we

measured inositol phosphate responses after exposure to this
ligand. As has been reported by others (26, 27), AVP (1-100
nM, 30 s, 21 °C) stimulated concentration-dependent increases
in inositol bisphosphate and inositol trisphosphate (unpub-
lished observations). Because cellular responses to aldosterone
may require protein synthesis, we exposed cells to aldosterone
for 3 h in growth medium at 37°C. '25I-AII binding was not
altered by a more prolonged exposure of cells to aldosterone.
Whencompared with cells not exposed to aldosterone '25I-AII
binding was 99±6% after 1 nMaldosterone, 102±4% after 10
nM aldosterone, and 98±9% after 100 nMaldosterone (n = 5
with each concentration of aldosterone).

It has been suggested that rapid decreases in surface bind-
ing induced by exposure to ligands is a function of Tris buffer
and does not occur in other buffers or in medium (28). To
determine if losses of cell surface binding after exposure to
unlabeled All were dependent on Tris buffer, cells were ex-

posed to unlabeled All in PBS. The loss of cell surface binding
occurred in PBS as well as Tris buffer. After exposure to 300
nM unlabeled All for 15 min at 21 °C, '25I-AII binding was

decreased by 39±4% in PBS (n = 4) compared with 30±4% in
Tris buffer (n = 6).

Mechanism of loss of cell surface receptors. Wenext exam-

ined the role of internalization on the loss of AII surface re-

ceptors after exposure to unlabeled All. Fig. 4 shows the time
course of 1251-AII internalization at 21 °C: 65% of ligand was

internalized by 20 min, with a t/2 of 6 min. Internalization was

inhibitable by cold temperature (4°C) or by the covalent sulf-
hydryl modifying agent, phenylarsine oxide. For example,
after 60 min internalization at 40C, acid-resistant radioactivity
was reduced by 84± 1% (n = 4) compared with internalization
period at 21 °C. Internalization (60 min at 21 °C) of 125I-AII
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ternalized (counts after acid wash [internalized] compared with
counts without acid wash [internalized and surface bound]).

was inhibited by 83±1% (n = 4) in cells preincubated with 100
,uM phenylarsine oxide compared with cells preincubated with
buffer alone.

To determine the effect of maneuvers that blocked ligand
internalization on the loss of cell surface '25I-AII binding after
exposure to unlabeled All, cells were incubated with unlabeled
AII at 4 or 21 'C after preincubation with phenylarsine oxide.
Incubation with 300 nMunlabeled AII for 15 min resulted in a
30-35% loss of cell surface binding at 21 °C but only a 10% loss
when cells were exposed to unlabeled All at 40C for as long as
120 min (Fig. 5 A). Similarly, preincubation with phenylarsine
oxide attenuated unlabeled All-induced loss of surface '25I-AII
binding (Fig. 5 B). These results suggest that receptor internal-
ization occurred rapidly and that receptor internalization me-
diated All-induced surface receptor loss, as maneuvers that
prevented ligand internalization attenuated the loss of surface
receptors after exposure to unlabeled AII.

Wenext studied recovery of '25I-AII surface binding after
withdrawal of ligand. Cells were exposed to unlabeled All in
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Figure 5. The effect of cold temperature (A) or phenylarsine oxide
(B) on AII-induced loss of cell surface binding. Cells were preincu-
bated with buffer or 100 AMphenylarsine oxide for 30 min at 21 'C.
After three saline washes cells were exposed to 300 nM unlabeled All
or buffer at 2 1 'C for 30 min or at 4°C for 120 min, followed by acid
washing and '25I-AII binding as described in Fig. 1. Data are ex-

pressed as binding after exposure to unlabeled All (with or without
phenylarsine oxide preincubation) compared with binding after ex-

posure to buffer. In each panel statistical comparisons were made by
unpaired t test between bars.
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concentrations (300 nM) sufficient to cause a 30% loss in cell
surface binding. Fig. 6 A shows that recovery was rapid, with a
t1/2 of 15 min at 21 °C. The rapidity of recovery suggested
that recovery occurred by translocation of existing receptors
from the cell interior to the cell surface, rather than by the
more time-consuming process of new receptor synthesis.

To further examine the role of reinsertion of existing re-
ceptors during recovery of surface binding, we determined the
effect of protein synthesis inhibitors and agents that impair
endosomal function on recovery of cell surface '25I-AII bind-
ing. In preliminary studies we determined that protein synthe-
sis was inhibited by cycloheximide. Cells were incubated with
or without cycloheximide (25 Ag/ml) for 30 min at 37°C. Cy-
cloheximide blocked 13H]leucine incorporation into TCA-pre-
cipitable protein by 50±6% (n = 8). Fig. 6 B demonstrates
that cycloheximide had no effect on the recovery of surface
binding.

To determine whether recovery of surface binding required
passage through an endosomal compartment, we used agents
that purportedly increase endosomal pH: chloroquine, a dif-
fusible weak base; and monensin, a carboxylic ionophore (29).
Exposure to either chloroquine or monensin blunted recovery
of surface binding (Fig. 6 B) (P < 0.05 for each). These results
suggest that receptor trafficking through endosomes is required
for recovery after AII-induced loss of cell surface receptors.

Effect of receptor reinsertion on AII-induced loss of surface
binding. Because the recovery of surface binding after removal
of unlabeled AII appeared to be mediated by reinsertion of
existing receptors, and because the time course of receptor
internalization and recovery was rapid, we questioned whether
concomitant receptor reinsertion could attenuate All-induced
loss of surface binding. Cells were exposed to 0.2 mMchloro-
quine or buffer alone at 21°C for 60 min. After three saline
washes both groups of cells were exposed to 300 nMunlabeled
AII at 21 °C for 30 min. Acid washing and "25I-AII binding at
4°C were performed as described in the legend of Fig. 1.
Preincubation with chloroquine accentuated reductions in cell
surface binding induced by unlabeled AII by 73±4% (n = 5).
These results suggest that translocation of receptors through
endosomes back to the cell surface partially offsets surface
receptor loss during exposure to unlabeled All.

Effect of receptor cycling on AII uptake. To further explore
the consequences of rapid receptor cycling we examined the

role of receptor cycling on ligand uptake. Cells were exposed to
AII (tracer and unlabeled) at 4 or 21 °C until steady-state up-
take was reached (30 min at 21 °C and 90 min at 4°C).
Steady-state uptake of AII was increased twofold at 21 °C
compared with 4°C (Fig. 7). To determine whether the in-
creased uptake at 21 °C was mediated by receptor cycling and
continued uptake of ligand, uptake of tracer was examined in
cells preincubated with agents that blocked internalization
(phenylarsine oxide) or reinsertion (weak bases or monensin).
'251I-AII uptake at 21 °C was decreased after preincubation with
each agent compared with preincubation with buffer (Fig. 8 A).
In contrast, '251I-AII uptake at 4°C was not reduced by any of
these inhibitors (Fig. 8 B). These data demonstrate that none
of the inhibitors decrease ligand binding and that receptor
cycling accounts for increased ligand uptake at 21 'C.

Discussion

The results of the present study demonstrate that after AII
binding to vascular smooth muscle cells, ligand and receptors
are internalized. After internalization receptors appear to
move through an endosomal compartment and are reinserted
into the cell surface. Receptor internalization mediates AII-in-
duced reduction of cell surface binding. Reinsertion of recep-
tors from the cell interior completely restores surface binding
after All is removed and partially offsets losses of surface bind-
ing in the presence of AII. Finally, receptor cycling (internal-
ization and reinsertion) enhances ligand uptake by vascular
smooth muscle cells and accounts for increases in steady-state
uptake at 21 °C compared with 4°C.

The specific effects of All on the control of AII surface
receptors and receptor trafficking are difficult to study in vivo.
In addition to AII a number of other factors have been re-
ported to alter AII surface binding. For example, potassium
depletion (30) and mineralocorticoid excess (16) have been
associated with increases in AII surface receptor number in
smooth muscle cell membranes, while estrogens cause in-
creases in receptor number in adrenal membranes (17). More-
over, increases in AII concentration have been reported to
both increase (31) and decrease (32) receptor density and de-
crease binding affinity (33) in smooth muscle cell membranes.
In cultured vascular smooth muscle cells we found that All
caused buffer-independent and time-, temperature-, and con-

120 A 120 B Figure 6. Time course and inhibition of recov-
Recovery ery from AII-induced loss of '25I-AII binding.
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T/ _0 _ _ posure to unlabeled All (with recovery periods)

compared with '251I-AII binding after exposure
n=3 to buffer. (B) Cells were incubated with 300 nM

n=8 unlabeled AII at 2 1 °C for 30 min, acid washed,
0 0° and exposed to chloroquine (0.2 mM) cyclo-

0 20 40 60 Chloroquine Xonensin Cyclo- a
Recovery time (min) heximide heximide (25 Ag/ml), monensin (10 AM), or

Recovery conditions buffer for 1 h at 4°C and then for 1 h at 21 C
(recovery). '25I-All binding was performed at

4°C for 90 min. Data are expressed as '25I-AII binding after recovery with inhibitor compared with '251-AII binding after recovery with buffer.
Comparisons were made by unpaired t test.
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Figure 8. Effect of phenylarsine oxide and endosomal
inhibitors on '25I-AII uptake at 21 (A) and 4°C (B).
Cells were preincubated with buffer or 100 ,uM phen-
ylarsine oxide for 30 min at 2 l C, or 0.2 mMchloro-
quine, 30 mMammonium chloride, or 10 Mmo-
nensin for 1 h at 4°C and 1 h at 21 C. After three sa-
line washes 50-100 fmol '251I-AII was added to cells
for 90 min at 4°C, or for 30 min at 2 1 'C. After five
washes with ice-cold saline to remove unbound
tracer, cell-associated radioactivity was counted. Data
are expressed as counts after preincubation with in-
hibitor compared with counts after preincubation
with buffer. Comparison was by one-tailed unpaired t
test. In A the P value refers to the comparison be-
tween each inhibitor and buffer.
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Few studies have addressed the role of receptor cycling
(internalization and reinsertion) on ligand uptake. Wefound
that steady-state All uptake was greater at 21 °C, a temperature
at which surface binding and cycling occur, than at 4°C, a
temperature at which surface binding alone occurs. Since
agents that impaired internalization or reinsertion of receptors
markedly reduced ligand uptake at 21 °C, the increased ligand
uptake at 21 °C was mediated by receptor trafficking. Since
these agents did not affect uptake at 4°C, they did not affect
surface binding.

The results of these studies may be important in interpret-
ing binding data performed at different temperatures in intact
cells (39, 40). Steady-state uptake at 4°C represents true equi-
librium surface binding (i.e., equal rates of ligand binding and
ligand detachment from the receptor). In contrast, steady-state
uptake at higher temperatures represents a pseudoequilibrium,
presumably consisting of a complex interplay of surface bind-
ing, surface detachment, internalization, and reinsertion, as
well as subsequent cycles of binding, internalization, and rein-
sertion. Under these conditions a steady state exists when the
rate of association of radioactivity with cells equals the rate of
extrusion of radioactivity from cells. Thus, binding analysis of
studies performed at temperatures at which cycling occurs
(e.g., 21 °C) overestimates the apparent number of surface re-
ceptors. In contrast, binding studies at 4°C yield accurate esti-
mates of surface receptor kinetics. For these reasons we did not
calculate kinetic parameters of receptor binding from steady-
state uptake studies performed at 21 'C.

Of interest was the observation that 251I-AII uptake was
impaired to a greater extent by phenylarsine oxide than by the
endosomal inhibitors. There are at least two possible explana-
tions for these findings. Phenylarsine oxide prevents internal-
ization, while endosomal inhibitors leave internalization in-
tact. Thus, the cellular entry of ligand (radioactivity) occurs in
the presence of endosomal inhibitors but not phenylarsine
oxide. Also, since endosomal inhibitors are lysomorphic and
thus impair ligand degradation in many systems (41), these
agents may impair the cellular extrusion of radioactive ligand
breakdown products.

Taken together, our studies suggest that receptor cycling
could contribute to the control of AII action in vascular
smooth muscle cells. By providing a continuous source of re-
ceptors to the cell surface, cycling enhances All uptake, inter-
nalization, and possibly second messenger formation. Along
these lines, Griendling et al. have shown that sustained All-
mediated diacylglycerol formation in vascular smooth muscle
cells requires ligand-receptor internalization (10). It is possible
that cycled receptors may bind additional ligand, thereby pro-
viding additional ligand-receptor complexes for internaliza-
tion and diacylglycerol formation. In addition, enhancing li-
gand uptake cycling would result in an efficient mechanism for
AII degradation. Finally, by limiting AII-induced losses of
surface receptor density during exposure to AII, receptor cy-
cling could offset All-induced densensitization.
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