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ABSTRACT The present study examines the binding and
postbinding cellular processing and recycling of the VI arginin
vasopressin (AVP) receptor in cultured vascular smooth muscle
cells (VSMCs). The surface binding of AVP to VSMCs was
temperature dependent and reached equilibrium within 60 min
at 4C. Displacement studies with unlabeled AVP or a specific
VI AVP antagonist revealed a single dass of V1 receptors (B.m,
1.99 nmol per mg of protein; Kd, 2.15 nM). Incubation of
VSMCs with unlabeled 10 nM AVP to promote receptor
internalization resulted in a time- and temperature-dependent
loss ofAVP surface binding. At 3TC, maximum loss of binding
sites (65%) occurred within 20 min. Recovery of AVP binding
occurred rapidly (tl2, 15-20 min at room temperature) and was
uninfluenced by inhibiting protein synthesis with cyclohexi-
mide. Pretreating VSMCs with chloroquine prevented AVP
receptor recycling, indicating that the AVP-receptor complex
requires endosomal processing. The biological competence of
the recycled AVP receptor was shown by AVP-induced Ca2+
uptake. The results of these studies therefore indicate that,
after surface binding, the AVP-receptor complex internalizes
and dissociates in an endosomal compartment. It is demon-
strated that in VSMCs biologically active V1 AVP receptors
recycle back to the cell surface, thus attenuating the loss ofAVP
surface binding sites.

The vascular action of arginine vasopressin (AVP) is impor-
tant for maintenance of systemic blood pressure in numerous
pathophysiologic states (1). Although the mechanism
whereby AVP induces the contraction of vascular smooth
muscle cells (VSMCs) has been extensively investigated (2),
there is little information available regarding the fate ofAVP
and its V1 receptor after VSMC surface binding and inter-
nalization. In view of the importance of the vascular action
of AVP, an understanding of AVP receptor processing and
potential recycling by VSMCs has considerable physiological
relevance as an important determinant of the rate of termi-
nation of ligand-receptor interaction and the resulting bio-
logical response.

Studies ofa variety of different ligands have shown that the
ligand-receptor complex may be processed by one of at least
four different pathways. (i) The complex may be internalized
by the cell with subsequent dissociation ofthe ligand from the
receptor. The ligand is then targeted for lysosomal degrada-
tion and the free receptor recycles back to the cell surface (3).
(ii) The ligand-receptor complex may be internalized but
recycled to the cell surface intact and then externalized (4).
(iii) The ligand-receptor complex may be internalized and
then undergo lysosomal degradation, thus requiring new
receptor synthesis (5). (iv) The complex may be transcytosed
through the cell without lysosomal processing or recycling
(6).

To date, the processing of the V1 AVP-receptor complex
in VSM has received little attention. A recent publication
demonstrated that fluorescence-labeled AVP binds to A10
cells (a VSMC line) and then the AVP-receptor complex
internalizes (7). The authors suggested, however, that the V1
receptor does not recycle. However, the fluorescence-
labeled ligand may have dissociated from the receptor.

In view of the importance of the vascular action of AVP
and the lack of data concerning the processing and potential
recycling of the AVP-receptor complex in vascular tissue,
the present study was undertaken to determine the kinetics of
AVP surface binding and the subsequent cellular processing
of the ligand receptor complex in cultured rat VSMCs.

MATERIALS AND METHODS
VSMC Culture. Rat (Sprague-Dawley) aortic VSMCs were

isolated and cultured as described (8). Cells were grown in
minimal essential medium supplemented with 2 mM L-gluta-
mine, 2 g of NaHCO3 per liter, 60 mg of penicillin per liter,
135 mg of streptomycin per liter, and 10o fetal calf serum.
Every 5-10 days, the cells were passaged. For all experi-
ments, passage 1-6 cells were used.
[3H]AVP Binding to VSMCs. Binding studies were per-

formed as described in detail (8). VSMCs were washed with
ice-cold binding buffer (119.2 mM NaCl/3.0 mM KCI/1.2
mM MgSO4/1.0 mM CaCl2/1.2 mM KH2PO4/10 mM glu-
cose/10 mM Hepes/0.1% bovine serum albumin) and then
incubated with 2 nM [3H]AVP (specific activity, 67.7 gCi/
mmol; 1 Ci = 37 GBq) with or without unlabeled AVP for 90
min at 40C. Binding was terminated by aspirating the solution
and the unbound radioligand was removed by washing with
ice-cold binding buffer. The cells were then solubilized in 1
ml of 0.1% SDS and 0.1 M NaOH, and the radioactivity
associated with cells was determined by scintillation counting
(Packard Tri-Carb 460C). Specific binding of AVP was de-
fined as total binding (2 nM [3H]AVP) minus nonspecific
binding (2 nM [3H]AVP and 1 ,uM unlabeled AVP). Each
binding assay was performed in triplicate. A 50-pA aliquot of
the solubilized cells was assayed for protein content (9).
AVP Receptor Internalization Studies. AVP receptor inter-

nalization. VSMCs were incubated with 2 nM [3H]AVP at
various temperatures (40C, 21'C, 30'C, and 370C) for 10-30
min. Thereafter, binding was terminated by rinsing with
ice-cold binding buffer to remove the unbound ligand and
then the VSMCs were incubated for 10 min with 50 mM
glycine in 150 mM NaCl (pH 3.0). Glycine washing at a pH
of 3.0 or less has been shown to dissociate >95% ligand from
its surface receptor (8). After this acid washing, the cells were
rinsed with buffer to remove the unbound radioactive ligand.
The count ofinternalized radioligand (acid resistant) was then
measured after solubilizing the cells as described above. The
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internalized [3H]AVP is expressed as a percentage of total
specific [3H]AVP (intracellular [3H]AVP plus acid released
[3H]AVP).
Loss of surface AVP receptors due to internalization. To

quantify receptor internalization, confluent VSMCs were
exposed to unlabeled 10 nM AVP at 40C for 90 min or at 21'C
for 30 min to promote AVP receptor internalization. Control
experiments were performed with buffer alone. Thereafter,
the incubation solution was removed, the cells were rinsed
with ice-cold binding buffer, and then the cells were washed
with acidic glycine to remove surface-bound AVP. [3H]AVP
(2 nM) binding studies were performed after washing the cells
with binding buffer to restore extracellular pH to 7.4 at 40C
for 90 min.

Effect of phenylarsine oxide (PAO) on AVP receptor
internalization. PAO is a covalent sulfhydryl modifying agent
that inhibits ligand receptor internalization without depress-
ing binding affinity or surface receptor density (10). VSMCs
were pretreated with 0.1 mM PAO for 10 min before studying
[3H]AVP internalization at 21TC.
AVP Receptor Endosomal Processing. Previous studies

have demonstrated that the acidic environment within endo-
somes is necessary for dissociation of several different li-
gands from their receptor (11, 12). To investigate whether the
AVP-receptor complex requires endosomal processing,
VSMCs were pretreated with either buffer or chloroquine
(0.2 mM) for 30 min before exposing the cells to unlabeled 10
nM AVP for 30 min at 21°C to initiate internalization.
Noninternalized AVP was then removed from the cells by
rinsing with binding buffer and thereafter ice-cold acidic
glycine washing was undertaken. The VSMCs were then
incubated at 21°C for a further 30 min to allow the internalized
AVP receptors to recycle to the cell surface. [3H]AVP
binding studies were then performed at 4°C to define whether
raising intraendosomal pH with chloroquine limited the avail-
ability of AVP receptors for recycling to the cell surface.
Binding in the presence of chloroquine is expressed as a
percentage of binding after preexposure to buffer alone.

Kinetics of AVP Receptor Recycling by VSMCs. AVP re-
ceptor recycling was measured as the recovery of [3H]AVP
binding after prior AVP receptor internalization induced by
preexposure to unlabeled 10 nM AVP at 21°C for 30 min.
Unbound and surface-bound AVP was then removed by
washing with binding buffer and thereafter with ice-cold
acidic glycine before rewarming the cells to 21°C for various
time periods to allow receptor recycling to occur.
Measurement of Intracellular-free Ca2+ Concentrations.

VSMCs were loaded as described (8) with the cell-permeant
acetoxymethylester form of the Ca2'-sensitive fluorescent
probe Fura 2-AM (2 ,tM) (Molecular Probes) for 30-45 min
at 37°C and thereafter fluorescence (emission wavelength,
500 nm; excitation wavelengths, 340 and 380 nm) was mea-
sured at 37°C with a fluorescence spectrophotometer
equipped with a thermostatically controlled cuvette holder
(Perkin-Elmer 650-1OS). Intracellular-free Ca2+ concentra-
tions were calculated by the method of Grynkiewicz et al.
(13).
Measurement of 45Ca21 Uptake After Receptor Cycling.

VSMCs were equilibrated for 30 min in binding buffer with or
without AVP at room temperature. AVP (10 nM) containing
buffer induced receptor internalization. Thereafter, surface-
bound AVP was removed by glycine washing. Before and
after maximal receptor internalization and after receptor
recycling to the surface, Ca2+ uptake measurements were
performed. PSS (140 mM NaCI/4.6 mM KC1/1 mM MgCI2/5
mM glucose/10 mM Hepes, pH 7.4) with or without 1 ,tM
AVP containing 8 tLCi of 45Ca2+ per ml was added. After S
min, the dish was placed on ice, the supernatant was aspi-
rated, and cells were rinsed with Ca2+-free PSS containing 2

mM EGTA. Thereafter, VSMCs were lysed and the cell-
associated radioactivity was counted.

Statistical Analysis. The results are expressed as the means
± SEM. Unpaired Student's t test or analysis of variance
(with Bonferroni correction) were used for statistical com-
parison. A P value of <0.05 was considered significant.

Materials. AVP and chloroquine were obtained from
Sigma; 45Ca2+ was purchased from Amersham; and [3H]AVP
was purchased from New England Nuclear.

RESULTS
AVP Binding to VSMCs. The binding of [3H]AVP (2 nM) to

cultured VSMC monolayers was saturable within 60 min at
40C. Scatchard analysis of the binding data revealed a linear
plot demonstrating a single class ofAVP binding sites with a
maximum number of binding sites (Bmax) of 1.99 nmol per mg
of cell protein and a dissociation constant (Kd) of 2.15 nM
(Fig. 1). The binding of [3H]AVP was displaced by coexpo-
sure to either excess unlabeled 10 ,tM AVP or a specific V1
antagonist [d(CH2)5Tyr(Me)AVP] demonstrating that the sin-
gle class of AVP receptors on VSMCs is of the V1 variety
(Fig. 2).
The addition of 1 gM AVP to VSMCs stimulated a signif-

icant increase in intracellular-free Ca2+ to a peak concentra-
tion of 479 ± 22 vs. 70 ± 5.2 nM (P < 0.001) in buffer-treated
cells (Fig. 3). The presence of a specific V1 antagonist (1 ,uM)
for 3 min before addition ofAVP (1 and 0.1 uM, respectively)
completely abolished the Ca2" mobilization responses pre-
viously demonstrated with AVP alone (Fig. 3).
AVP-Receptor Complex Internalization. At 4°C, regardless

of the incubation time, all of the radiolabeled AVP added to
VSMCs was released by washing the cells with the acidic
glycine buffer and none was associated with solubilized cell
protein (Fig. 4). This demonstrates that the acid washing
procedure used in these studies was effective at displacing
the surface-bound radioligand. Furthermore, it also demon-
strates that AVP receptor internalization does not occur at
4°C and that binding studies performed at this temperature
reflect cell-surface binding alone. With increasing tempera-
ture, total specific binding did not change significantly. When
binding studies were performed at increased temperatures
(21°C, 30°C, and 37°C), less radioactivity was recovered from
the cell surface by acid glycine washing, and increasing
quantities of radioactivity were associated with cell protein
(Fig. 4). These findings indicate that internalization of the
radioligand-receptor complex had occurred. Maximal trans-
location of [3H]AVP to an intracellular compartment oc-
curred after 20 min at 37°C or after 30 min at 30°C, indicating

0.2

0.917 Kd 2.15 x 10-9
ax = 1.99 x 10-9

0

n0.1

10-9 10-8 1o-5
AVP, M

FIG. 1. Competition experiments show that increasing concen-
trations of unlabeled AVP displaced [3H]AVP (2 nM) in VSMCs.
Scatchard analysis revealed a linear plot demonstrating a single class
of AVP binding sites (Inset). B, bound; F, free.
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FIG. 2. The presence of unlabeled AVP (solid line) or a specific
V1 antagonist (dashed line) displaced bound [3H]AVP to VSMCs in
a similar and competitive manner.

that the internalization process is both time and temperature
dependent. Maximal internalization of the radioligand oc-
curred at 370C and plateaued at 65% of bound radioactivity.
The next study investigated whether internalization of the

AVP radioligand-receptor complex was paralleled by an
equivalent loss of surface AVP receptors. After previous
exposure to unlabeled 10 nM AVP at 40C, no loss of [3H]AVP
surface binding sites occurred (buffer pretreatment, 100%;
AVP pretreatment, 94.6 ± 1.3%), a finding compatible with
an absence of ligand receptor internalization at this temper-
ature. At 21'C, previous exposure to 10 nM AVP to induce
receptor internalization resulted in a significant loss of
[3H]AVP binding sites (control, 100%; AVP, 71.2 ± 0.4%; P
< 0.0001). This confirms that internalization of the AVP-
receptor complex is associated with decreased availability of
surface AVP binding sites.
To further confirm that the loss of surface AVP binding

sites was due to ligand receptor internalization, binding
studies were performed after preexposing VSMCs to PAO,
an agent known to inhibit ligand receptor internalization
without affecting ligand binding (10). The loss of [3H]AVP
binding sites measured after preexposure to 10 nM AVP to
induce internalization at 21°C was effectively prevented by
pretreatment of the VSMCs with 0.1 mM PAO (Fig. 5).
However, the dose ofPAO used in the present experiments did
not affect ATP content or AVP-stimulated Ca2l mobilization
(14). Together, these studies demonstrate that AVP binding to
its surface receptor on VSMCs results in internalization of the
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FIG. 4. [3H]AVP-receptor complex internalization in VSMCs is
time and temperature dependent. At 40C, the AVP-receptor complex
did not internalize. With increasing temperature and exposure time,
the percentage of internalized ligand-receptor complexes progres-
sively increased.

ligand-receptor complex in a time- and temperature-
dependent manner.
AVP Receptor Endosomal Processing. The next study in-

vestigated whether, after internalization, the AVP-receptor
complex requires processing within an endosomal compart-
ment to allow ligand receptor dissociation. The mechanism of
ligand receptor dissociation is strongly dependent on the
acidic pH of endosomes (12). Endosomal pH can be elevated
by pretreating VSMCs with a weak base (15). If endosomal
processing is required to allow AVP receptor recycling, then
chloroquine should depress the recycling mechanism. Chlo-
roquine (0.2 mM) pretreatment of VSMCs did significantly
depress AVP receptor recycling (Fig. 6) and thereby accen-
tuated the 10 nM AVP-induced (30 min at 21'C) loss of
cell-surface AVP receptors.

Kinetics of AVP Receptor Recycling. Internalization of the
AVP receptor was induced by preexposing VSMCs to unla-
beled 10 nM AVP at room temperature for 30 min. AVP
pretreatment reduced AVP surface binding by 48.8% ±
0.17% compared to binding after treatment with buffer alone
(P < 0.001). The recovery of these binding sites was, how-
ever, complete and rapid with a til2 of <20 min at room
temperature (Fig. 7). This rapid restoration of surface AVP
receptors suggests that, after internalization, existing recep-
tors are recycled without the requirement for new receptor
synthesis. To further investigate this possibility, the recovery

-2 -1 0 1 2
Time, min

FIG. 3. AVP and V1 antagonist effects on cytosolic-free Ca2 .

AVP (1 ,uM) stimulated increases in cytosolic-free Ca2+ in cultured
VSMCs (solid line). The AVP effect was inhibited by pretreating the
cells with a V1 antagonist (1 ,uM) (dashed line). *, P < 0.01 vs. AVP
alone.

FIG. 5. Effect of temperature and PAO on the loss of AVP
binding sites in VSMCs. Preexposure of VSMCs to unlabeled AVP
(10 nM) induced (at 21°C) a loss of 28.8% surface binding sites (P <
0.01 vs. AVP at 4°C). A temperature of 40C or pretreatment of
VSMCs with PAO (100 AM) prevented AVP-induced internalization
of the ligand-receptor complex.
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FIG. 8. AVP-stimulated Ca2+ uptake relates to the availability of
AVP surface receptors. 45Ca2+ uptake by VSMCs in response to
AVP was measured before AVP-receptor internalization (Pre I),
upon rechallenge with AVP, postreceptor internalization (Post I), or
upon further rechallenge with AVP, postreceptor recycling (Post R).
NS, not significant.

internalization and recycling process in VSMCs. Further-
more, these results specifically demonstrate that the V1
receptor functions normally and immediately after recycling
to the surface of VSMCs.

DISCUSSION
r after AVP receptor The present study demonstrates that a single class of AVP

receptors on the surface of cultured VSMCs and AVP
Receptor After Bind- initiates intracellular signal transduction via this receptor.
ore receptor internal- Displacement studies demonstrated that either unlabeled

ke from 100% (basal) AVP or a specific V1 antagonist displaces [3H]AVP bound to
)sure to 10 nM AVP, VSMCs. These results confirm the presence of a V1 AVP
d there was a conse- receptor on VSMCs in culture. In accordance with this
eptors. This loss in conclusion, AVP-mediated signal transduction, measured as
gnificant attenuation AVP-induced increases in cytosolic-free Ca2' and Ca2+
nge with 1 MM AVP efflux (data not shown), was also prevented by pretreating
after internalization, VSMCs with the specific V1 AVP antagonist.
as then allowed for The Bm,,, (1.99 nmol per mg of protein) and Kd (2.15 nM)
AVP receptors. Fur- for the V1 receptor on VSMCs as defined in the present study
resulted in a normal are similar to that reported for the V1 receptor in hepatocytes
Afore internalization, (16). It is of note, however, that in hepatocytes, the Bmax
internalization and showed considerable variation, with the highest occurring in
ant) (Fig. 8). These freshly isolated hepatocytes but declining within a few hours.
ie magnitude of the In contrast, in VSMCs the Bma,, for the AVP receptor was
temporally related to stable and reproducible for >10 cell passages.
tors throughout the In spite of the similarities in binding kinetics for the V1

receptor in both VSMCs and hepatocytes, there are marked
differences in the time required for postbinding events,

_ including recycling of the V1 receptor in these different cell
types. In VSMCs, internalization and recycling of the V1
receptor is rapid, with a tl1, of 20 min at 21'C for internal-
ization and a til, of 20 min for recycling. In hepatic tissue at
18'C, however, V1 internalization (3-6 min) is even faster
(16).
Although the present study in cultured rat VSMCs dem-

onstrates that the V1 receptor recycles after binding AVP, in
another study in which cultured A10 cells, a smooth muscle
cell line, were used AVP receptor recycling was not shown
(7). A significant difference in the latter study is that a
fluorescent AVP probe was used. Although this method is
sensitive and allows the ligand-receptor complex to be lo-

40
50 60

calized within the cell, the results are at best qualitative. It
also seems likely that the fluorescent AVP dissociates from

ecycling after internal- the receptor after internalization, thus preventing further
ion of 49%o of ligand- tracking of the receptor through the recycling process. In
1perature, the recovery addition, fluorescent labeling of AVP makes the hormone
<20 min. more lipophilic and modifies the kinetics of its binding to
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surface receptors. It is therefore conceivable that the fluo-
rescent labeling of the AVP molecule may also modify its
intracellular processing. Finally, it is unknown whether phe-
notypic changes in the A10 cell line could modify the pro-
cessing of receptors in these cells when compared to freshly
cultured VSMCs. Whatever the explanation for the failure to
demonstrate AVP receptor recycling in A10 cells, our results
demonstrate that the V1 receptor does recycle in VSMCs.

It is of interest that receptors for other vasoconstrictor
peptide hormones, notably endothelin (3) and angiotensin II
(10), have similar internalization and recycling pathways and
similar time courses for intracellular ligand-receptor traffick-
ing in VSMCs as reported for the vasoconstrictor V1 receptor
in the present study. As each of these vasoconstrictors elicits
actions in vascular tissue via similar postreceptor signal
transduction mechanisms, it raises the possibility that intra-
cellular processing of these different receptors may not be
regulated by the receptor itself but by some common factor
in the postreceptor signaling mechanism. AVP, endothelin,
and angiotensin II each activates protein kinase C in VSMCs,
and recent studies have suggested that activation of protein
kinases C may play an important role in regulating surface-
receptor density (8, 17).

Before receptor recycling, the ligand may dissociate from
the receptor. Studies of the insulin receptor suggest that
although ligand-receptor dissociation may not be a prereq-
uisite for recycling to occur, the cycling process is consid-
erably prolonged without dissociation (18). Ligand-receptor
dissociation generally occurs within the acidic environment
of the prelysosomal endosomes located in the peripheral
cytoplasm. Weak bases such as chloroquine can raise the pH
within the endosome and thus inhibit ligand-receptor disso-
ciation (19), an effect that might delay or prevent recycling
(15). The results of the present study demonstrate that
chloroquine pretreatment ofVSMCs does inhibit recycling of
the V1 receptor after its internalization, thus suggesting that
endosomal processing of the V1 AVP-receptor complex is an
important component of the normal recycling mechanism. If,
in the present study, a sequestered pool of subplasmalemmal
receptors, rather than recycled receptors, accounted for the
return to the cell surface of biologically active receptors, it is
difficult to understand how such an effect would be blocked
by chloroquine. In the chloroquine studies, the receptors
were internalized; thus, in this setting it could be argued that
any sequestered subplasmalemmal pool of receptors should
have been mobilized to the cell surface. While some nonen-
dosomal effect of chloroquine might have occurred, the most
likely explanation of the effect of chloroquine is that endo-
somal processing is necessary for V1 receptor recycling.
The rapidity of receptor recycling in VSMCs suggests that

de novo receptor synthesis is not required. This conclusion
was supported by the observation in the present study that
cycloheximide, in a dose sufficient to inhibit protein synthe-
sis and therefore new receptor generation (16), had no effect
on the AVP recycling mechanism. Prevention ofAVP recep-
tor internalization by PAO did not result in a significant
change in surface binding sites. These findings, however, do
not completely exclude the possibility that receptor synthesis
is a continuous low grade process required to replenish the
AVP receptor pool and/or that variations in the rate of
receptor synthesis may play an important role in the more
long-term regulation of the receptor Bmax.

Finally, the results of the present study indicate that the
receptor recycling mechanism may be of considerable phys-
iologic significance. The rapid internalization of the V1 AVP-
receptor complex by VSMCs desensitizes the VSMCs to
immediate rechallenge with AVP. This effect occurred in
association with a significant decrease in the availability of
AVP surface receptors. This decrease in receptor number
was paralleled by a decrease in AVP-induced intracellular

signaling, thus supporting previous observations of AVP-
induced homologous desensitization in VSMCs (8). The close
relationship between the magnitude of loss of surface recep-
tors and the attenuation of signaling after V1 receptor inter-
nalization also suggests that there are few, if any, spare V1
receptors on VSMCs. A similar conclusion was recently
reached for the angiotensin II receptor in rat mesenteric
VSMCs (10).
Another physiologic implication of these studies is that

recovery from homologous desensitization to rechallenge by
AVP is dependent, at least in part, on the time required to
recycle the V1 receptor. In vascular tissue, where AVP leads
to vasoconstriction and thus plays an important role in
regulation of systemic blood pressure and regional tissue
perfusion, it would seem appropriate that the surface recep-
tor density be replenished by virtue of a rapid receptor
recycling time.
Although these results suggest a potential role for receptor

recycling in the hormone desensitization mechanism, it is
important to define whether the recycled receptor retains its
biologic function. In the present study in VSMCs, intracel-
lular signaling in response to AVP correlated with the avail-
ability of AVP surface receptors throughout the receptor
internalization and recycling mechanism. In addition, the
recycled receptor was shown to be immediately functional in
terms of its capacity to initiate intracellular signaling on
rechallenge with AVP.

In conclusion, the present study demonstrates that AVP
binds to a single class of V1 receptors on VSMCs. After
binding, the ligand-receptor complex is rapidly internalized
in a time- and temperature-dependent manner. It has been
demonstrated here that the acidic environment of intracellu-
lar endosomes is necessary to allow the ligand to dissociate
from the receptor and that the free receptor is then recycled
rapidly to the cell surface, where it is immediately functional.
This study also suggests that the recycling process is an
important determinant of the immediate AVP homologous
desensitization mechanism in VSMCs.
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