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SUMMARY
The binding and internalization of '**|-endothelin ('**I-ET-1) was
studied in cultured human vascular smooth muscle cells
(hVSMC). Discrimination between surface-bound and internal-
ized radiolabeled ligand was achieved using either acetic acid or
trypsin treatment of cell layers, with the two ocedures |e|dm
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ET-1 receptor internalization in cultured hVSMC and its rel-
evance to some biochemical and physiological effects of ET-1
on vascular tissue.

Experimental Procedures

Materials. With the exception of fetal serum (Fakola AG, Basel,
Switzerland), all tissue culture material and chemicals were from
GIBCO AG (Basel, Switzerland). ET-1 (porcine, human) was obtained
from Nova Biochem (Laufelfingen, Switzerland) and '*I-ET-1 (2000
Ci/mmol) from Anawa (Wangen, Switzerland). myo-[2-*H]Inositol (16—
20 Ci/mmol) and [2-'*C]DMO were purchased through Rahn and Co.
(Amersham, Zurich, Switzerland). All other chemicals and reagents
were purchased from Fluka AG (Buchs, Switzerland) or Sigma (St.
Louis, MO).

Isolation and culture of VSMC. The isolation, characterization,
and propagation of hVSMC was performed as described previously (17,
18); the tissue of origin was obtained from patients undergoing abdom-
inal surgery and consisted of microarterioles associated with omental
fat. Experiments described here used two isolates of hVSMC between
passage 8 and 17. Before all experimentation, confluent hVSMC were
rendered quiescent by serum deprivation and maintenance in serum-
free medium, containing 0.1% (w/v) bovine serum albumin, for 48 h
(with one medium change after 24 hr). Cell numbers were routinely
determined by counting aliquots of cell suspension in Isoton with a
Coulter counter (Coulter Electronics Inc., Hialeah, FL), after enzymatic
disaggregation of cell layers (17, 18).

1351_ET-1 binding and internalization. \VSMC were plated into
six-well Costar multiwell plates (2 X 10 cells/cm?). At confluence, cell
layers were washed (2 X 2 ml) with minimal essential medium contain-
ing 0.1% (w/v) bovine serum albumin, 20 mM HEPES/20 mMm TES
(both pH 7.3), 2 mM glutamine, 100 units/ml penicillin, and 100 units/
ml streptomycin (buffer B), and then 2.0 ml of buffer B were added to
each well. Dishes were maintained at either 37° or 4° before addition
of *I-ET-1 (final concentration, 0.25 nM; 0.05 uCi/well), without or
with inclusion of 200 nM unlabeled ET-1 for determination of nonspe-
cific binding. After incubation (at 37° or 4°) for the appropriate time
intervals, medium overlay was removed by aspiration and cell layers
were washed (4 X 2 ml) with phosphate-buffered saline containing
0.2% (w/v) bovine serum albumin at 4°; all dishes were maintained at
4° thereafter. Surface-bound and internalized '*I-ET-1 was determined
using the acetic acid procedures as described by Haigler et al. (19); the
appropriate methodology has been placed in the legend to Fig. 1 to
facilitate symbol identification. In some experiments, binding incuba-
tions were performed as described above, but total, surface-bound, and
internalized '*I-ET-1 were determined using the trypsinization (0.05%
trypsin/0.02% EDTA) procedures described by Aulinskas et al. (20)
and Cheng et al. (21). Again, to facilitate symbol identification the
appropriate methodology has been placed in the legend to Fig. 3. All
results for '*I-ET-1 binding (total, surface, and internalized) are ex-
pressed as specific binding after correction for nonspecific binding.
Each experiment was performed on at least two separate occasions,
and for any single experiment triplicate determinations were made.
Experimental protocols for determination of the effects of dansylca-
daverine and intracellular acidification on !*I-ET-1 binding have been
presented in the appropriate figure legends.

Measurement of intracellular pH. Intracellular pH was measured
using the weak acid [*C]DMO following the procedures of Mendoza
and Rozengurt (22), which we have previously detailed for hVSMC
an.

Measurement of phosphatidylinositol catabolism. All method-
ology for prelabeling of hVSMC (~2 X 10° cells/well with 5 u Ci/ml
myo-[*Hlinositol for 48 hr), stimulation with ET-1 (in the presence of
10 mM LiCl), and subsequent extraction and chromatographic resolu-
tion of inositol phosphates and phosphoinositol lipids (after deacyla-
tion) have been detailed previously (17, 23).

Organ chamber experiments. Pig hearts obtained from the local

Endothelin Receptor Internalization 245

slaughterhouse were immersed in cold modified Krebs-Ringer bicar-
bonate solution (composition in mM: NaCl, 118.3; KCl, 4.7; MgSO,,
1.2; KH,PO,, 1.2; CaCl,, 2.5; NaHCO;, 25.0; CaEDTA, 0.016; glucose,
11.1; pH 7.4) (control solution). Left circumflex coronary arteries were
excised, cleaned of loose connective tissue, and cut into rings of 4-mm
length. The intimal layer of rings was removed deliberately by gentle
rubbing of the luminal layer with a wetted cotton swab (24). The rings
were mounted horizontally in organ chambers filled with control solu-
tion at 37° and gassed with 95% 0./5% CO, (24). The preparations
were attached to a strain gauge and then rings were progressively
stretched until the contractile response evoked by 20 mM KCl was
maximal (optimal tension) (24). Rings were equilibrated for 30 min
before experimentation. The absence of endothelium was verified by
the absence of relaxation to bradykinin (1 uM) during a contraction to
prostaglandin F,, (2 uM) (24). The rings were then washed with control
solution and incubated for 45 min with either dansylcadaverine (100
uM), bacitracin (300 uM), or vehicle (0.6% dimethyl sulfoxide) before
additions of ET-1. Results are given as means + standard error where
n refers to the number of pigs used. Contactile responses to ET-1 are
expressed as the percentage of the maximal contraction induced by 100
mM KCl. For each concentration-response curve to ET-1, the area
under the concentration-response curve (in arbitrary units from 0 to
1000) was calculated, and where possible the negative logarithm of the
effective concentration of ET-1 causing 25% of that contraction in-
duced by 100 mM KCl (EDgs) was calculated. Statistical evaluation of
data was performed using Student’s ¢ test for paired observations.
Differences were considered to be significant at P < 0.05.

Results

Acid release of surface-bound '?°I-ET-1. For many li-
gands, such as epidermal growth factor, insulin, angiotensin II,
and a,-macroglobulin, the pH of the medium in which binding
occurs influences their receptor interactions (15, 19, 15-28).
The dissociation of receptor-ligand complexes under acidic
conditions has been successfully exploited experimentally in a
variety of culture systems to differentiate between surface and
internalized ligand (15, 19, 26, 28). We (23) and others (29, 30)
have previously demonstrated that VSMC in culture possess
specific high affinity receptors for ET-1, although in these
studies only total cellular binding of radioactive ligand was
determined.

To examine whether smooth muscle cells internalize ET-1,
hVSMC were incubated with '*I-ET-1 at both 37° and 4° [to
inhibit internalization (10-12)] and subsequently exposed to
0.5 M NaCl/0.2 M acetic acid (pH 2.5) (19). The amount of cell-
bound radioactivity (total, acid-sensitive, and acid-resistant)
was determined as a function of time (Fig. 1). For incubations
at 4°, most of the cell-associated radioactivity was released
following acid treatment, and negligible amounts of '*I-ET-1
remained associated with hVSMC layers regardless of the time
of incubations (Fig. 1B). In contrast, for incubations performed
at 37°, '*I-ET-1 bound to hVSMC was both acid sensitive and
acid resistant, with the sum of these components being quan-
titatively comparable to total cellular (cell layer lysis without
prior acid treatment) '*I-ET-1 bound (Fig. 1A). The propor-
tional distribution of the two components varied with time.
The acid-sensitive fraction reached plateau levels within 15
min of incubation time at 37°, whereas the acid-insensitive ?I-
ET-1 continuously increased (¢, ~15 min), to reach maximum
levels (~70% of total) within 30-60 min (Fig. 1A).

It has been well documented that at 4° receptor-ligand inter-
nalization is inhibited (10-12) and, because accumulation of
acid-resistant '*I-ET-1 occurred at 37° but not at 4°, this
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Fig. 1. Temperature-dependent kinetics of '#*-ET-1 to
hVSMC. Confluent quiescent hVSMC in buffer B (at
37° or precooled to 4°) were incubated with 0.25 nm
2-ET-1 at 37° (A) or 4° (B). At the indicated times,
unbound hormone was removed by washing at 4° with
phosphate-buffered saline/bovine serum albumin. '%-
ET-1 bound to the cell surface was removed by incu-
bation of cell monolayers with 0.2 m acetic acid (pH 2.5)
containing 0.5 M NaCl (2 x 10 min at 4°) (acid-sensitive
'2).ET-1) (O). The remaining cell-associated radioactiv-
ity was quantitated after solubilization of cell layers in
1 M NaOH containing 0.1% sodium dodecyl sulfate
(acid-resistant '?5-ET-1) (@). Total cell-bound radioac-
tivity (A) was calculated by adding these two compo-
nents. Cell layers in a parallel series of dishes were
solubilized in 1 M NaOH/0.1% (w/v) sodium dodecyl
sulfate without prior acid treatment, to experimentally
determine total cell-bound '*I-ET-1 (A), and such val-
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fraction was taken to represent internalized ligand. However,
cellular binding of '*I-ET-1 was always greater at 37° than at
4°, as previously observed (23, 29), and we considered that the
temperature-dependent differential accumulation of acid-re-
sistant '*I-ET-1 might be due to the occurrence of nonspecific
permeation/uptake during acid-washing procedures. To exclude
such a possibility, cell layers were pretreated with 0.5 M NaCl/
0.2 M acetic acid (pH 2.5) and thereafter repeatedly washed
and maintained in binding buffer for 1 hr at either 37° or 4°
before addition of '*I-ET-1. Following such acid pretreatment,
hVSMC were morphologically intact and binding of '*I-ET-1
at 37° and 4° (Fig. 2, C and D) occurred with the same
efficiencies as in control cultures (Fig. 2, A and B). Acid
pretreatment did not influence the kinetics of total cellular '?°I-

A 8

20. 4

10 1 1

by summation. Data (mean + SD, n = 4) represent

“ S0 e specific '#I-ET-1 binding.

ET-1 binding at either 37° or 4°, although these cells exhibited
an apparent accelerated initial rate of accumulation of acid-
resistant radioactivity at 37° (compare Fig. 2, A and B). How-
ever, at least 95% of ligand bound at 4° remained acid sensitive
(Fig. 2D), and the amounts of total and acid-sensitive **I-ET-
1 were comparable to those in control cultures (compare Fig. 2,
C and D). Such data indicate that the acid procedures employed
do not render hVSMC permeable to hormone and that accu-
mulation of acid-resistant '*I-ET-1 is a specific temperature-
dependent process in hVSMC.

In another series of '*I-ET-1 binding experiments, ligand
compartmentalization (total, surface, and internalized) was
investigated using either the 0.5 M NaCl/0.2 M acetic acid (pH
2.5) procedures, as in the foregoing experiments, or brief tryp-

40 137°C: Control) '\ (37°C: Acid pre-wash)

Fig. 2. '®-ET-1 binding to acid-treated hVSMC.
hVSMC were incubated for 20 min at 4° with buffer B
(A and C) or with 0.5 m NaCl/0.2 m acetic acid (pH
2.5) (B and D) and washed four times with and sub-
sequently incubated in buffer B at either 37° (A and
B) or 4° (C and D) for 1 hr. Thereafter, buffer overiay
was replaced with fresh buffer B and binding was
initiated by addition of '>I-ET-1 (0.25 nm final concen-
tration). After incubation for the indicated times at 37°
(A and B) or 4° (C and D), total (A), surface/acid-
sensitive (O), and intemalized/acid-resistant (@) '5I-
ET-1 binding was determined as described in Experi-

v v v r v v

C. D
127 (4°C: Control) 1

[1251]-ET bound (fmot/106 celis)

0- S - v hd o

' (4°C: Acid pre-wash)

v v ml

mental Procedures and the legend to Fig. 1. Data for
specific binding are shown and values in A and B
represent mean + standard deviation (n = 3), whereas
in C and D values represent the mean of triplicate
determination from two separate experiments.

0 10 20 30 40 SO 60 O
Time (min)

0 20 30 4 SO 60
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Fig. 3. Comparison of acid treatment and brief trypsinization procedures in determination of surface binding and intemalization of '?*|-ET-1. hVSMC
were incubated in buffer B at 37° in the presence of 0.25 nm '#°I-ET-1. At the indicated time points, cell layers were washed with phosphate-buffered
saline/bovine serum albumin to remove unbound ligand and then processed using either the acid treatment described in Experimental Procedures
and the legend to Fig. 1 (A) or brief trypsinization (B). For this trypsinization procedure, hWSMC were incubated with 0.05% trypsin/0.02% EDTA
(w/v) for 20 min at 4°, the detached cells were transferred into an equal volume of phosphate-buffered saline/bovine serum albumin containing 2%
(w/v) fetal calf serum (to inhibit trypsin), and the suspension was centrifuged at 1000 X g for 10 min, at 4°. The cell pellet was washed twice by
recentrifugation in phosphate-buffered saline/bovine serum albumin, and all supematant fractions were pooled for quantitation of

(surface) ***I-ET-1. Remaining cell-associated '?*-ET-1 (intemalized) was determined after solubilization in 1 M NaOH/0.1% (w/v) sodium dodecy!
sulfate. Total binding for this series of dishes was determined after solubilization of the trypsin-containing cell suspension in 1 M NaOH/0.1% (w/v)
sodium dodecy! sulfate. Data represent specific binding and values are the mean of quadruplicate determinations from two separate experiments.
O, surface-bound '*I-ET-1 (acid- or trypsin-releasabie); @, internalized '**I-ET-1 (acid- or trypsin-insensitive); A, experimentally determined total

binding; A, calculated (O plus @) total binding.

sin/EDTA treatment of cell layers (see legend to Fig. 3). The
latter proteolytic method (vis a vis the dissociative principle of
acid treatment) has also been successfully employed to differ-
entiate between surface binding and internalization of a num-
ber of ligands, such as low density lipoprotein (20), triiodothy-
ronine (21), transferrin (28, 31), and heparin (32). Additionally,
trypsin treatment of porcine aortic and rat lung membranes
abolished subsequent specific receptor binding of '*I-ET-1 (33),
an observation we have also made for isolated plasma mem-
branes of cultured smooth muscle cells.! As presented in Fig. 3,
the acid and trypsin procedures yielded essentially identical
results, both kinetically and quantitatively. Either procedure
may, therefore, be employed to discriminate between cell sur-
face-bound and internalized >I-ET-1. The use of an alternative
acid method, namely washing with 50 mM glycine/100 mM
NaCl at pH 4.0 (15, 24), was found to be inefficient and
unsuitable for removal of surface '*I-ET-1, with levels of “acid-
resistant” radioactivity being high at 4° and correspondingly
elevated at 37° (data not shown). In all the following experi-
ments, we have utilized the acetic acid procedure in preference
to trypsinization because of the obvious advantage of technical
simplicity.

Effect of dansylcadaverine on ?°I-ET-1 binding and
internalization. Internalization via adsorptive endocytosis
requires clustering of receptor-ligand complexes in coated pits
(10-12, 14). The enzyme transglutaminase is inhibitable by a
variety of compounds including alkylamines, diamines, and
lysylpeptides, and a quantitative correlation between inhibition
of enzyme activity and inhibition of clustering has been estab-
lished (35). Dansylcadaverine is a potent inhibitor of both the
receptor clustering and internalization processes, as has been
demonstrated for a variety of ligands such as a,-macroglobulin,
insulin, epidermal growth factor, and triiodothyronine (19, 21,

!T. J. Resink and T. Scott-Burden, unpublished observations.

34-36). Therefore, in order to assess whether ET-1 internali-
zation occurs via the receptor-mediated endocytotic pathway
described for these ligands, we have analyzed the effect of
dansylcadaverine on the binding and internalization of '**I-ET-
1in hVSMC.

The kinetics of total '*I-ET-1 binding to hVSMC was com-
parable in the absence (Fig. 4A) or presence (Fig. 4B) of
dansylcadaverine (50 uM). However, in differential analysis of
surface-bound and internalized '*I-ET-1, dansylcadaverine ex-
erted marked effects. As previously observed (Figs. 1-3) for
control cultures, '*I-ET-1 binding to the surface (acid sensi-
tive) increased during the first 15 min of incubation and there-
after declined slightly to reach a plateau (~20% of total at 60
min), whereas intracellular radioactivity levels (acid resistant)
steadily increased to reach ~70% of the total bound at 60 min
(Fig. 4, A and C). However, in the presence of dansylcadaverine,
surface-bound '*I-ET-1 increased throughout the 60-min in-
cubation, whereas the accumulation of internalized '*I-ET-1
was significantly (p < 0.001 at >30 min versus control) reduced
(Fig. 4B). At 60 min, ~60% of cellular radioactivity was acid
sensitive and ~40% was acid resistant in dansylcadaverine-
treated cultures (versus ~20% and ~70%, respectively, in con-
trol cultures) (Fig. 4C). The ability of dansylcadaverine to
sustain surface accumulation and to inhibit internalization of
125].ET-1 was concentration dependent (Fig. 5A) and almost
completely reversible (Fig. 5B).

Effect of cytosolic acidification on ?°*I-ET-1 binding
to hVSMC. In addition to a role for transglutaminase in
receptor-mediated endocytosis, it has been proposed that the
plasma membrane-bound Na*/H* antiporter plays a role in
ligand internalization through intracellular pH regulation (28,
317, 38). Cytosolic acidification has been demonstrated to effi-
ciently block endocytosis of epidermal growth factor, transfer-
rin, and diphtheria toxin (28, 37, 38).

To determine the effect of intracellular acidification on ET-
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Fig. 5. Concentration and reversibility of the effects of
dansyicadaverine on '?*-ET-1 binding. Confiuent hVSMC were preincu-
bated in buffer B without (vehicle, 0.1% dimethyl sulfoxide) or with the
indicated concentrations of dansyicadaverine for 20 min at 37° before
addition of 0.25 nm '#|-ET-1 and further incubation at 37° for 60 min (A).
In B, cultures were preincubated without (=) (vehicle, 0.1% dimethyl
sulfoxide) or with (+) 500 um dansyicadaverine in buffer B for 20 min at
37°, washed with phosphate-buffered saline/bovine serum albumin to
remove the inhibitor, and then incubated for 15 min at 37° in buffer B
before addition of '#*I-ET-1 (0.25 nm) and further incubation for 60 min.
After termination of binding incubations and removal of unbound ligand,
cell surface '*|-ET-1 was removed with 0.5 m NaCl/0.2 m acetic acid (pH
2.5) (O and S), and cell layers were subsequently solubilized in 1 M
NaOH/0.1% (w/v) sodium dodecyl sulfate to determine internalized '*5|-
ET-1 (® and /). Results were obtained from triplicate determinations in
two separate experiments and data (specific binding) represent mean
values expressed as the percentage of total cellular '**I-ET-1 bound
(100%) for each data point. Absolute values for total ligand bound were
relatively constant (+13%) under all experimental protocols (~37-42
fmol of '%I-ET-1 bound/10° cells at 37°).

1-binding, quiescent hVSMC were incubated in a choline buffer
(130 mM choline chloride substituted for NaCl) with addition
of potassium acetate (20 mM) to cause cytosolic acidification
(39). Using the fluorescent pH indicator 2’,7’bis(carboxyl-
ethyl)-5(6)carboxyfluorescein, such incubation conditions have
been shown to decrease intracellular pH by ~0.4 units (39). In
this study, intracellular pH was determined by measurement
of the distribution of the weak acid [*C]DMO, and in control
and choline chloride/potassium acetate-treated cultures the
values for cytosolic pH were calculated to be 6.82 + 0.16 and
6.38 + 0.09 (mean * SD, n = 4), respectively.

Such cytosolic acidification resulted in an accelerated initial

Fig. 4. Effect of dansylcadaverine on '**|-ET-1 binding
in hVSMC. Confluent quiescent hVSMC were preincu-
bated in buffer B for 30 min at 37° in the absence (A,
——)or presence (B, - - -) of 500 um dansylcadaverine
and then further incubated at 37° for the indicated
period in the presence of 0.25 nm '#|-ET-1. After re-
moval of unbound hormone, total (A), surface (acid-
sensitive) (O), and internalized (acid-resistant) (®) '*5I-
ET-1 binding was determined as described in Experi-
mental Procedures and the legend to Fig. 1. C, Effect
of dansyicadaverine on surface (O) and intemnalized (®)
'25-ET-1 binding, where data from Panels A and B were
converted to express 'I-ET-1 bound in each compo-
nent as a percentage of total (100%) bound at each
time interval. Values are the mean of quadruplicate
determinations from two separate experiments and rep-
resent specific binding.

rate of total cellular '*I-ET-1 binding (Fig. 6, A and B). This
observation becomes more evident when the data are trans-
formed into an activity ratio (Fig. 6C), whereby total binding
in acidified hVSMC was ~50% greater than in control cells
during the first 15 min of incubation. Thereafter, this difference
in binding declined, and by 60 min both acidified and control
cells bound equivalent total amounts of '*I-ET-1 (Fig. 6).
Differential analysis (i.e., surface and internalized) revealed a
reduced capacity for ligand internalization in acidified hVSMC
(Fig. 6, A and B), such that after 60 min these cells internalized
only ~34% of total '*I-ET-1 bound, compared with 70% for
the corresponding control hVSMC (Fig. 6C). The reversibility
of these effects in choline chloride/potassium acetate-pre-
treated cells (i.e., by restoration to control NaCl-containing
medium) was not investigated. However, from data presented
in Fig. 2, in which cultures were pretreated with acetic acid
[which also produces intracellular acidification (27)] and then
returned to conditions permitting normalization of pH before
binding, it was evident that such cells retained their full capac-
ity for ligand internalization. Therefore, the inhibitor effects
of intracellular acidification on endocytosis/internalization of
125].ET-1 appear to be reversible.

Effects of dansylcadaverine on the responses of
hVSMC and isolated blood vessels to ET-1. In order to
assess whether internalization of ET-1 may be relevant to the
biochemical response of cultured smooth muscle cells to this
peptide, myo-[*H]inositol-prelabeled hVSMC were exposed to
500 uM dansylcadaverine before stimulation with ET-1. Dan-
sylcadaverine exerted a potent inhibitory effect on the ability
of ET-1 to induce the hydrolysis of phosphatidylinositol bis-
phosphate (Fig. 7A) and accumulation of inositol trisphosphate
(Fig. 7B). Dansylcadaverine (500 uM, 30 min) by itself did not
influence the inositol trisphosphate [see absolute values (dpm/
well) in Fig. 7). The inhibitory effect of dansylcadaverine on
ET-1-stimulated phospholipase C activity was dose dependent
(ICso, 177 £ 40 umM; Fig. 8). Two other transglutaminase inhib-
itors, bacitracin and ethylamine (35), were also found to effec-
tively inhibit the ability of ET-1 to promote accumulation of
inositol trisphosphate (ICs, 288 + 70 uM and 4.2 + 1.5 mM,
respectively), whereas methylamine was ineffective in this re-
gard (Fig. 8). The relative potency of these compounds in
inhibiting the biochemical response of hVSMC to ET-1 is
similar to that previously reported (35) for inhibition of trans-
glutaminase activity and a,-macroglobulin receptor clustering
in fibroblasts.
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In porcine coronary arteries without endothelium, KCl (100
mM) induced a contraction that was not significantly different
between control and transglutaminase inhibitor-treated groups
(control, 12.4 + 1.4 g; dansylcadaverine, 10.7 £+ 1.9 g; bacitracin,
12.0 £ 0.9 g; n = 5). However, the contraction (expressed as
percentage of that induced by 100 mM KCl) induced by 100 nm
ET-1 (104 = 9.7%) was significantly decreased by 100 uM
dansylcadaverine (45.8 + 16.8%) and 3 X 10™* M bacitracin
(77.2 £ 12.6%) (Fig. 9). Dansylcadaverine significantly de-
creased the area under the concentration-response curve to ET-
1 (control, 185.8 + 41.4; dansylcadaverine, 72.8 + 32.6 arbitrary
units), whereas bacitracin was not significantly effective (163
+ 32.5) in this regard (Fig. 9). Bacitracin did not modify the
EDy5 (—log M) of the response to ET-1 (control, 8.26 + 0.23;
bacitracin, 8.26 + 0.24). An ED, value for experiments in the
presence of dansylcadaverine could not be reliably determined.

Discussion

This study has demonstrated that VSMC bind and internal-
ize endothelin rapidly and that the process of internalization
may be integral to some biochemical/physiological responses
elicited by this peptide. Our conclusions are based on the
application of a number of established methods for the discrim-
ination between surface-bound and internalized ligand. Using
either acid treatment or brief trypsinization following incuba-
tion of intact hVSMC with #I-ET-1, two binding components
could be differentiated, namely, acid and/or trypsin sensitive
and acid and/or trypsin resistant. Furthermore, the acid- and/
or trypsin-resistant '*?I-ET-1 component was demonstrable
only for incubations performed at 37° and not at 4°. Internali-
zation/endocytosis is effectively arrested at 4° and ligand bind-
ing at this temperature is held to represent surface binding
sites for many physiologically important macromolecules that
enter cells by receptor-mediated endocytosis (see Refs. 10-12
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Fig. 8. Cytosolic acidification inhibits '**I-ET-1 internal-
ization by hvSMC. Confluent hVSMC were washed
twice with either buffer N {130 mm NaCl, 5 mm KCl, 1.5
mm CaCl;, 1.0 mm MgCl,, 25 mm glucose, 20 mm
HEPES-NaOH (pH 7.3), 0.2% (w/v) bovine serum al-
bumin] or buffer A (same composition as buffer N
except that 130 mm choline chloride was substituted
for NaCl). Each series of cultures was then incubated
at 37° for 30 min in the same buffer used for washing;
for cultures in buffer A, potassium acetate was included
(final concentration, 20 mm) during the final 10 min of
this incubation. Thereafter, *1-ET-1 (0.25 nm) was
added (without or with 200 nm unlabeled ET-1 for
determination of binding) and incubations
were continued at 37°. At appropriate time periods,
cultures were processed for determination of total (A),
surface (O), and internalized (®) '**I-ET-1 binding, as
described in Procedures and the legend
to Fig. 1, except that buffer N and buffer B were used
to remove unbound ligand instead of the phosphate-
buffered saline/bovine serum albumin. A, —, cultures
washed and incubated with buffer N; B, - - —, cultures
washed and incubated with buffer A. C (— and - - -
as above), '#I-ET-1 internalized as a percentage of total
(100%) binding at each time interval. Data are given as
mean values of triplicate determinations from two sep-
arate experiments and represent specific binding to
hVSMC. The binding activity ratio (C, OJ) was obtained
by dividing total specific cellular binding in the choline
chloride/potassium treated cultures (B, A)
by that in control cultures (A, A) for each time point.

Y
(0—0) Total binding activity ratio

and 14 for reviews). Therefore, by analogy with previous similar
studies on ligand-receptor binding for diverse ligands such as
epidermal growth factor, low density lipoprotein, heparin, tri-
iodothyronine, transferrin, insulin, a,-macroglobulin, and an-
giotensin II (15, 19-21, 26, 28, 31, 32), the acid/trypsin-sensitive
and acid/trypsin-resistant *I-ET-1 binding components may
be taken to represent surface-bound and internalized ligand,
respectively.

Using rat aortic VSMC we have made observations® similar
to those presented for hVSMC in Figs. 1-3. At present, there
is no available equivalent information for other cell types,
although ET-1 receptor internalization may be relevant to rapid
clearance of the peptide from the circulation by tissues such as
lung, kidney, liver, and spleen (8, 9). This study has employed
only isotopic methods to discriminate between surface and
internalized '*[-ET-1. However, other methods such as video
intensification microscopy (using fluorescent-labeled ligands)
and electron microscopy (using colloidal gold, ferritin, or per-
oxidase ligand conjugates) have, for ligands such as insulin,
epidermal growth factor, low density lipoprotein, a,-macroglob-
ulin, and triiodothyronine, yielded essentially identical findings
in terms of their time- and temperature-dependent surface and
internal localization (10-12, 21, 28, 34, 35, 40, 41).

Diverse molecules enter cultured cells via receptor-mediated
endocytosis (10-15, 21, 25, 31). Although intracellular transport
and processing vary markedly between different receptor-ligand
systems and different cell types, initial steps in ligand inter-
nalization are similar. Following ligand binding to specific and
diffusely distributed cell surface receptors, ligand-receptor com-
plexes cluster in specialized structures termed clathrin-coated
pits (10-12, 14). Clustering is followed by “pinching off” of the
coated region to form endocytotic vesicles, which transfer li-
gands to other intracellular organelles (10-12, 14). The cluster-
ing process involves transglutaminase activity (34, 35) for the
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Fig. 7. Inhibition of ET-1-stimulated phospholipase C activity by dansyl-
cadaverine. myo-[*H]i hVSMC were preincubated with

500 um dansylicadaverine (@) or vehicle (0.1% dimethyl sulfoxide) (O) for
30 min before stimulation with ET-1 (50 nm) for the indicated times. After
extraction and chromatographic resolution, [*Hinositol contents of phos-
phatidylinositol bisphosphate [after deacylation (17, 23)] (A) and inositol
trisphosphate (B) were determined. Data (2 dpm/well) are mean values
of quadruplicate determinations (SD < 10%) from a single representative
experiment, and comparable findings were made in two additional ex-
periments.

formation of e-(y-glutamyl)lysine cross-linkage between pro-
teins (42), and inhibition of this enzyme blocks both ligand
clustering and internalization (34, 36). We observed a marked
inhibitory effect of the transglutaminase inhibitor and dansyl-
cadaverine on *I-ET-1 internalization by hVSMC, and such
effects were consistent with those made for epidermal growth
factor binding in fibroblasts (19). Likewise, (19), dansylcadav-
erine did not influence total cellular !*I-ET-1 binding, and the
inhibitory effects on '*I-ET-1 internalization were reversible.
Changes in intravesicular pH are important for cellular re-
sponses to ligand-receptor complexes, and the dissociation of
these complexes following transfer from coated pits to endo-
somes requires a low pH (10-12, 25, 27). However, it is becom-
ing increasingly evident that cytosolic pH is also important in
receptor-mediated endocytotic processes (28, 37, 38). Cytosolic
acidification has been shown to inhibit endocytotic uptake of a
number of ligands, including epidermal growth factor, transfer-
rin, and diphtheria toxin (28, 38). In concurrence with these
studies, we observed that intracellular acidification of hVSMC
efficiently blocked '*I-ET-1 internalization. Furthermore, the
initial rate of total cellular ligand binding was increased in
acidified hVSMC, and this was not due to increase in available
binding sites. As shown for epidermal growth factor (27), the
inhibition of internalization by cytosolic acidification has been
selectively attributed to inhibition of pinching off of coated pits
(27). Therefore, our observations concerning the effects of
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Fig. 8. Dose-dependent inhibition of ET-1-promoted inositol trisphos-
phate accumulation by inhibitors of transglutaminase. myo-{°*H]inositol-
prelabeled hVSMC were preincubated for 30 min with vehicle (0.1%
dimethyl sulfoxide) (OJ) or the indicated concentrations of dansyicadav-
erine (@), bacitracin (O), ethylamine (A), or methylamine (A) before
stimulation with ET-1 (50 nm, 3 min). After extraction and resolution, °H
content of inositol trisphosphate (/ns-P,) was determined. Data express
the changes in levels of [*H]inositol trisphosphate after exposure to ET-
1 as the percentage of that present (100%) in control samples (vehicle
only and without ET-1 exposure). Absolute values (dpm/well) for control
and ET-1-stimulated (without inhibitors) ((0) samples were 5,524 + 323
and 13,240 + 871 (mean + SD, n = 3). Data points represent mean
values obtained from three experiments performed in duplicate; half-
maximal inhibitory concentrations (ICso) were separately determined in
each experiment and are given in the text (mean + standard deviation).
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Fig. 9. Effect of transglutaminase inhibitors on ET-1-induced concentra-
tion of isolated arterial vessels. Isolated, endothelium-denuded, porcine
coronary artery rings were contracted with the indicated concentrations
of ET-1 after preincubation without (control (A) or with 100 um dansyl-
cadaverine (M) or 300 um bacitracin (O). All methods are detailed in
Experimental Procedures. Data (mean + standard error, n = 5) express
the contractile response to ET-1 as a percentage of that (100%) to 100
mm KCI (see Experimental Procedures). * Contractile responses in the
presence of inhibitors differ significantly from those in control rings (p at
least < 0.05).

cytosolic acidification, together with those related to the effects
of dansylcadaverine, provide strong evidence that ET-1 binding
and uptake are mediated via the clathrin-coated pit pathway
for receptor-mediated endocytosis.

The ability of smooth muscle cells to internalize ET-1 may
be physiologically important for the markedly protracted effects
of this peptide on the vasculature (1, 2, 4). In such a context,
receptor sequestration has been demonstrated to correlate with
and to be integral to the second sustained phase of diacylglyc-
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erol formation elicited by angiotensin II in cultured VSMC
(26). A biphasic diacylglycerol accumulation response in VSMC
exposed to ET-1 has also been demonstrated (43, 44), although
its relationship to ET-1 internalization is currently unknown.
Nevertheless, our data demonstrate that various inhibitors of
transglutaminase [and hence of receptor clustering and inter-
nalization (35)] can exert potent inhibitory effects on the ability
of ET-1 to promote receptor-coupled phospholipase C-mediated
phosphoinositide catabolism. Furthermore, dansylcadaverine,
and to a lesser extent bacitracin, decreased vasoconstriction
induced by ET-1 but not that induced by KCl, which further
supports their specific effect on receptor-mediated processes.

Hormone signalling from intracellular compartments has
been suggested to occur (26, 45), and many cells have intracel-
lular pools of ligand-specific binding sites (46, 47). Autoradi-
ographic studies have indicated the existence of ET-1 receptors
in both the plasma membrane and intracellular compartments
of rat aortic smooth muscle cells (48). Additionally, in the
myocardium, ischemia was shown to increase plasma mem-
brane receptors for ET-1, with a concomitant decrease of
intracellular membrane ET-1-binding (49). Therefore, it is
indeed possible that ET-1 has surface (via plasma membrane
receptor-coupled transduction pathways) and intracellular (re-
quiring internalization of hormone-receptor complex) sites of
action, which may be of importance to its diverse physiological
actions (vis @ vis circulatory peptide clearance). The inhibition
of internalization of ET-1 by dansylcadaverine and/or other
amines could prove useful in understanding the various cellular
functions of this peptide.
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