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The vasodilator peptide adrenomedullin is elevated in pa-
tients with pulmonary hypertension and has been implicated
in the inhibition of vascular remodeling. We questioned
whether adrenomedullin is released by human pulmonary ar-
tery smooth muscle cells (PASMCs) and inhibits PASMC
growth and release of endothelin, a known smooth muscle
cell mitogen. The majority of PASMCs isolated from proximal
pulmonary arteries and all PASMCs from distal pulmonary ar-
teries released adrenomedullin, although at differing rates
(mean, 177 = 28 and 62 = 11 fmol/10° cells/24 h, respec-
tively). These cells were designated ADM(+). However, some
proximal PASMC isolates did not release adrenomedullin, des-
ignated ADM(—). Northern blot analysis confirmed adreno-
medullin expression in proximal ADM(+) but not ADM(-)
isolates. ADM(—) and distal ADM(+) PASMCs proliferated
faster in serum than did proximal ADM(+) cells. Adreno-
medullin potently and dose-dependently (mean EC5y = 2.2 +
0.5 nM) increased intracellular cyclic adenosine monophos-
phate (cAMP) in ADM(-) isolates via specific adrenomedullin
receptors. In contrast, both adrenomedaullin and calcitonin gene-
related peptide modestly elevated cAMP in 50% of ADM(+)
isolates. Adrenomedullin dose-dependently inhibited platelet-
derived growth factor-stimulated [*H]thymidine incorpora-
tion and endothelin release in ADM(—) cells but did not affect
[3H]thymidine uptake in ADM(+) isolates. We conclude that
distinct subpopulations of human PASMCs release and re-
spond to adrenomedullin. The heterogeneity of adrenomedullin
release and the inhibition of PASMC DNA synthesis and en-
dothelin release suggest that adrenomedullin may function as
a paracrine mediator in the inhibition of pulmonary vascular
remodeling.

Adrenomedullin is constitutively secreted by systemic vas-
cular endothelial and smooth muscle cells (VSMCs) (1, 2)
and is expressed at a high level in the lung (3, 4). Specific
binding sites for adrenomedullin are widespread in rat tis-
sues, with the highest density found in the lung (5).
Adrenomedullin binding sites have also been demon-
strated in rat aorta and VSMCs (6, 7). Adrenomedullin
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can bind either to specific adrenomedullin receptors or,
with less affinity, to calcitonin gene-related peptide (CGRP;)
receptors, whereas CGRP does not bind to adrenomedul-
lin receptors (5, 8). Thus, the cardiovascular effects of
adrenomedullin and CGRP may overlap considerably as a
result of receptor promiscuity.

In vivo studies have demonstrated that adrenomedullin
is a potent vasodilator in the systemic (6, 9) and pulmo-
nary circulations (10, 11). However, adrenomedullin has
also been implicated as a modulator of vascular remodel-
ing because the peptide inhibits migration (12, 13) and
proliferation of systemic VSMCs (14). These antitrophic
effects of adrenomedullin are believed to be mediated, at
least in part, by elevation of intracellular cyclic adenosine
monophosphate (cAMP) (12, 14, 15). The antiproliferative
and vasodilator effects of adrenomedullin may be enhanced
by its ability to inhibit release of endothelin (ET)-1, a po-
tent vasoconstrictor and VSMC mitogen, from rat endo-
thelial cells, systemic VSMCs, and aortic rings (15-17).

Several lines of evidence suggest a role for adreno-
medullin in modulating pulmonary vascular tone and cell
growth during the development of pulmonary hyperten-
sion. Plasma adrenomedullin levels are raised in patients
with either primary or secondary pulmonary hypertension
(18) and in rats with monocrotaline-induced hypertension
(19). In addition, binding sites for adrenomedullin are in-
creased in the lungs of rats with hypoxia-induced hyper-
tension (11). Furthermore, a recent study showed that
chronic infusion of adrenomedullin markedly reduced the
pulmonary hypertension and pulmonary arterial medial
thickening in monocrotaline-treated rats (20). Therefore,
we hypothesized that adrenomedullin might be an impor-
tant inhibitor of the VSMC proliferation and hypertrophy
observed in pulmonary vascular remodeling (21). Our ap-
proach involved characterization of adrenomedullin re-
lease and adrenomedullin receptor mediated cAMP eleva-
tion in primary cultures of smooth muscle cells derived
from the human pulmonary artery. In addition, we investi-
gated the potential of adrenomedullin to inhibit the growth
of human pulmonary artery smooth muscle cells (PASMCs)
and its effect on release of endothelin, a mitogen widely
implicated in the pathogenesis of pulmonary hypertension
(22,23).

Materials and Methods
Reagents

Medium 199 (M199), type II collagenase, fetal bovine serum (FBS),
antibiotic/antimycotic solution, and trypsin—ethylenediaminetet-
raacetic acid (EDTA) were purchased from Life Technologies
(Paisley, Renfrewshire, UK). Accutase, smooth muscle cell me-
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dium (SMCM), and growth supplement (GS) (containing insulin,
human epidermal growth factor, human fibroblast growth factor
and 5% FBS) were purchased from TCS Biologicals Ltd. (Botolph
Claydon, Buckinghamshire, UK). Human adrenomedullin(1-52)
and human adrenomedullin(22-52) were synthesized by Dr. P. By-
field (Clinical Science Centre, Hammersmith Hospital, London,
UK). Rat adrenomedullin was purchased from Peptide Institute
(Osaka, Japan). Na'?1, [a-**P]deoxycytidine triphosphate (dCTP),
and Megaprime™ DNA labeling system were purchased from Am-
ersham Pharmacia Biotech (Little Chalfont, Bucks, UK). 5-chlo-
romethylfluorescein diacetate was from Molecular Probes (Leiden,
The Netherlands). Methyl-[*H]thymidine (6.7 Ci/mmol) was from
ICN Biomedicals Ltd. (Thame, Oxfordshire, UK). Monoclonal an-
tibodies to alpha-smooth muscle actin (IA4), human fibroblast sur-
face protein (clone IB10), vimentin (clone V9), and fluorescein
isothiocyanate (FITC)-conjugated antimouse immunoglobulin (Ig)
G were purchased from Sigma (Poole, Dorset, UK). The antibodies
to human proline-4-hydroxylase (clone SBS) and CD31 (JC70A)
were from Dako Ltd. (Ely, Cambridge, UK). Cy™3-conjugated an-
tirabbit IgG was from Jackson ImmunoResearch Laboratories Inc.
(West Grove, PA). Recombinant human platelet-derived growth
factor (PDGF)-BB was from Sigma and all other reagents were
from Sigma or Merck (Lutterworth, Leicestershire, UK).

Isolation of PASMC

Proximal segments of human pulmonary artery (pulmonary trunk
or right/left lobar pulmonary artery) were obtained from resected
lung specimens from patients undergoing lung or heart-lung trans-
plantation (four men, four women; mean age, 42.5 yr) for congen-
ital heart disease (n = 3), emphysema (n = 4), or cystic fibrosis (n =
1). Further specimens were available from donor tissues at trans-
plantation (n = 5) (four men, one woman; mean age, 35.3 yr).
Ethical approval was obtained from the Hammersmith Hospital
and Harefield Hospital Ethics Committees. PASMCs were iso-
lated by collagenase digestion of the arterial media and main-
tained as previously described (24).

Distal PASMCs were isolated from peripheral regions of the
lung obtained from resected lung specimens from patients (one
man, four women; mean age, 54.6 yr) undergoing lung or heart-
lung transplantation for primary pulmonary hypertension (n = 2)
or emphysema (rn = 1), or lobectomy for lung carcinoma (n = 2).
Segments of artery (0.3 to 1.0 mm external diameter) and attached
branches were carefully separated from the parenchyma and the
adventitia was removed. Isolated arterial segments were then
washed in phosphate-buffered saline (PBS), minced with a scalpel
blade, and digested in type II collagenase (1,000 U/ml; Life Tech-
nologies) in serum-free M199 (SFM) at 37°C for 4 h. At 1-h inter-
vals, the suspension was drawn through a 1-ml pipette five times
and after 4 h, it was filtered (pore size, 100 wm; Becton Dickinson,
Franklin Lakes, NJ) and centrifuged at 200 X g for 5 min. Distal
PASMCs were resuspended in SMCM-GS and plated in 6- to 12-
well culture plates. The medium was changed every 2 d, and when
cells were confluent, they were dissociated using accutase.

Serum-Induced Growth Response of PASMCs

Cells were seeded at a density of 1.5 X 10* cells/well in M199/
10% FBS in 24-well plates. The day of plating was designated
Day 0. Cells were replenished with fresh M199/10% FBS every
48 h. On the relevant days, four wells of each isolate were washed
briefly with PBS, trypsinized with 0.25% trypsin-EDTA in PBS,
and counted by hemocytometer. Viability was assessed by trypan
blue exclusion.

Phenotypic Characterization of Cells

The smooth muscle phenotype of isolated cells was investigated
with a monoclonal antismooth muscle alpha-actin antibody (1A4)

and a polyclonal antibody to smooth muscle-specific myosin (kindly
provided by Dr. Maria Frid, University of Colorado Health Sci-
ences Center, Denver, CO) (25). The possible presence of fibro-
blast and endothelial cell phenotypes was excluded using anti-
bodies to human fibroblast surface protein, proline-4-hydroxylase,
and CD31. Cells were seeded at a density of 5 X 103 cells/well in
M199/10% FBS in 8-well slide chambers (Life Technologies) and
grown for a further 2 d. Cells were fixed in methanol at —20°C for
10 min, then washed three times briefly in PBS at room tempera-
ture. Cells were incubated with primary antisera (1:100) for 1 h at
room temperature and washed three times with PBS. FITC-
conjugated antimouse IgG or Cy™3-conjugated antirabbit IgG
secondary antibody was added as appropriate for 1 h at room tem-
perature. Cells were counterstained with the nuclear stain 4,6-
diamidino-2-phenylindole (0.5 pg/ml in PBS) for 2 min, rinsed
with PBS, and mounted in PBS:glycerol (1:1). Staining was visu-
alized by fluorescence microscopy.

Determination of Cell Size by Fluorescence-Activated
Cell Sorter

The relative cell size distribution of individual proximal PASMC
isolates was determined by flow cytometry using 5-chlorometh-
ylfluorescein diacetate (CMFDA) as a marker for intact cells (26).
Confluent flasks of cells were trypsinized, and the cells were incu-
bated with 0.4 pg/ml CMFDA for 30 min in SFM. The cells were
washed twice with PBS at 37°C. Single cell suspensions of equal
density were resuspended in PBS and immediately measured for
relative size distribution based on forward scatter (Coulter EP-
ICS XL-MCL; Beckman Coulter Inc., High Wycombe, Bucking-
hamshire, UK). Forward scatter has been shown to correlate with
cell size, and size was estimated from the forward scatter pro-
duced by 10-pm beads (27).

Adrenomedullin Secretion Time Course

Cells were seeded at a density of 5 X 10%cells/well in 6-well plates
and grown to 80 to 90% confluence. Cells were serum-starved by
washing once with SFM and then incubating in SFM for 2 h. Se-
rum-starved cells were incubated in 2 ml M199/0.1% FBS for 6,
10, 24, and 48 h. At the designated time point cells were counted
and aliquots (1 ml) of culture medium were collected, frozen im-
mediately, dried by rotary evaporation, and stored at —20°C. The
dried samples were resuspended in assay buffer and submitted to
radioimmunoassay (RIA) for adrenomedullin.

Adrenomedullin RIA

Samples were assayed for adrenomedullin immunoreactivity us-
ing a previously reported specific human RIA (28). Briefly, assays
were performed in a final volume of 700 pl assay buffer compris-
ing 0.06 M sodium phosphate (pH 7.2) containing 0.3% (wt/vol)
bovine serum albumin (BSA), 10 mM EDTA, and 7 mM sodium
azide. The antibody (designated FB8) was used at a final dilution
of 1:10,000. The tracer was prepared by iodination of synthetic
human adrenomedullin(22-52) by the Iodogen method and puri-
fication of the ['*I]adrenomedullin(22-52) tracer by reversed-
phase high performance liquid chromatography (HPLC) (8). As-
says were incubated at 4°C for 3 d. Bound and free tracers were
separated using dextran-coated charcoal. The detection limit of
the assay was 2 fmol/tube and the intra- and interassay coeffi-
cients of variation were 2.8 and 11.1%, respectively.

Characterization of Adrenomedullin Immunoreactivity in
PASMC Conditioned Medium

Characterization of immunoreactive adrenomedullin detected in
conditioned medium was performed using fast protein liquid
chromatography (FPLC) (Pharmacia, St. Albans, Hertfordshire, UK).
For conditioning of medium, cells were grown to 80 to 90% con-
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fluence in T75 flasks. The cells were serum-starved for 2 h fol-
lowed by incubation in 12 ml of M199/0.1% FBS for 24 h. The
conditioned medium was acidified with glacial acetic acid to a con-
centration of 0.5 M and extracted using Sep-Pak C,g cartridges
(Waters, Watford, Hertfordshire, UK) as previously described (29).

FPLC of extracted medium was performed according to a pre-
viously published protocol (8). Dried samples were resuspended
in water containing 0.1% trifluoroacetic acid, loaded onto a Pep-
RPC C,/Cyg reversed-phase column, and eluted with a linear gra-
dient of 10 to 50% acetonitrile over 60 min. Fractions collected
over 1-min periods were dried by rotary evaporation and submit-
ted to RIA for adrenomedullin.

Northern Blot Analysis of Adrenomedullin Messenger RNA

To extract total RNA, 10° to 107 cells were trypsinized followed
by centrifugation at 200 X g for 5 min. The cell pellets were lyzed
in Trizol reagent (Life Technologies), and total RNA was extracted
according to the manufacturer’s instructions. Total RNA (50 pg)
was fractionated using denaturing 3-(N-morpholino)propane-
sulfonic acid/formaldehyde/1% agarose gels, and transferred to
Hybond-N nylon membranes (Amersham Pharmacia Biotech),
followed by ultraviolet cross-linking.

Membranes were hybridized with a 900-bp complementary
DNA (cDNA) probe, which includes the coding sequence for hu-
man adrenomedullin (3). The probe was labeled by the random
primer method using the Megaprime™ DNA labeling kit (Amer-
sham Pharmacia Biotech). Briefly 10 ng of the cDNA probe was
mixed with the primers, boiled for 5 min, and cooled on ice. The
reaction buffer containing deoxyadenosine triphosphate, deoxy-
thymidine triphosphate, and deoxyguanidine triphosphate was
added together with [a-?P]dCTP and the Klenow fragment of
DNA polymerase. The reaction was incubated at 37°C for 1 h and
terminated by addition of three volumes of Tris/ EDTA/SDS (TES)
buffer (10 mM Tris HCI, pH 7.5, containing 1 mM EDTA, pH
8.0, and 0.1% [wt/vol] sodium dodecyl sulfate [SDS]). The mem-
branes were prehybridized in 30 ml of 5X saline sodium citrate
(SSC) (1x = 0.15 M Na(l, 0.015 M sodium citrate, pH 7.0), 5X
Denhardt’s (1X = 0.025% polyvinylpyrrolidine, 0.02% Ficoll,
0.02% BSA), 1% SDS, and 5 ng/ml salmon sperm DNA (Life
Technologies) for 2 h at 60°C. Hybridization was performed
overnight at 60°C in 15 ml of prehybridization buffer plus 10%
(wt/vol) dextran sulfate. Membranes were washed once with 2X
SSC/0.2% SDS at 22°C for 10 min followed by 0.2X SSC/0.1%
SDS at 60°C for 60 min. Washed membranes were exposed to
Kodak Biomax MR-1 film (Sigma) at —70°C for 1 to 3 d. Mem-
branes were then stripped of radioactive probe by incubation in
1X Tris/EDTA (TE) (10 mM Tris HCI, pH 7.5, containing 1 mM
EDTA, pH 8.0) containing 0.5% (wt/vol) SDS for 15 min at 80°C.
The stripped membrane was then checked for RNA loading us-
ing an adaptation of the method described by Herrin and Schmidt
(30). Briefly, the membrane was soaked in 5% acetic acid at 22°C
for 15 min and then immersed in 0.5 M sodium acetate (pH 5.2)
containing 0.04% (wt/vol) methylene blue for 10 min. The mem-
brane was then destained by washing in 20% ethanol until the
28S and 18S ribosomal RNA bands were clearly visible.

Effect of Adrenomedullin on Intracellular
cAMP Accumulation

To determine whether isolates possessed functional adrenomedul-
lin or CGRP receptors, the effect of these peptides upon intracel-
lular cAMP accumulation was measured. PASMCs were seeded
at a density of 1.5 X 10* cells/well in 24-well plates and grown to
confluence. On the day of the experiment, cells were serum-starved
for 3 h, then treated with peptides in SFM containing 50 pM
3-isobutyl-1-methylxanthine (IBMX) for 15 min as previously de-
scribed (29). After treatment, cells were extracted overnight at

—20°C in 250 pl acid ethanol (75% ethanol, 16 mM HCI). Ex-
tracts were dried and assayed for cAMP content using a commer-
cially available RIA kit (DuPont, Stevenage, Hertfordshire, UK).

Ligand Binding Studies in Cultured Cells

Ligand binding studies in cultured cells were performed as previ-
ously described (29). Briefly, PASMCs were seeded at a density
of 1.5 X 10* cells/well in 24-well plates precoated with poly-L-
lysine and grown to confluence. For adrenomedullin binding, cells
were incubated for 60 min at 4°C in 0.5 ml binding buffer (20 mM
N-2-hydroxyethylpiperazine-N'-ethane sulfonic acid, pH 7.4, 5 mM
MgCl,, 10 mM NaCl, 4 mM KCl, 1 mM EDTA, 1 uM phosphora-
midon, and 0.3% BSA) containing 1,000 becquerels (Bq) (200 pM)
125]-rat adrenomedullin. Nonspecific binding was determined in
the presence of excess (500 nM) unlabeled rat adrenomedullin.
For equilibrium competition experiments, the concentration of
unlabeled adrenomedullin was varied from 0 to 500 nM. For CGRP
binding, cells were incubated for 45 min at 22°C in 0.5 ml adrenom-
edullin binding buffer containing 0.1% (wt/vol) BSA and 1,000
Bq (56 pM) 'PI-[Tyr’]aCGRP (8). Nonspecific binding was de-
termined in the presence of excess (1 uM) unlabeled «CGRP.

After incubation, cells were washed twice with 0.5 ml ice-cold
assay buffer and lyzed with 1 M NaOH for counting bound '>I
peptide. Binding data were analyzed by nonlinear regression us-
ing Receptor-Fit (Lundon Software, Cleveland, OH) to calculate
the dissociation constant (Ky).

Effect of Adrenomedullin on PDGF-BB-
Stimulated Mitogenesis

The effect of adrenomedullin on basal or PDGF-stimulated mito-
genesis in human PASMCs was determined by measurement of
[*H]thymidine incorporation as previously described (24). Briefly,
cells were seeded in 24-well plates at a density of 1.5 X 10* cells/
well, grown to 80 to 90% confluence, and then quiesced by serum
starvation for 2 h followed by exposure to M199/0.1% FBS for 72 h.
To determine the effect of adrenomedullin on basal or PDGF-
stimulated mitogenesis, quiescent cells were incubated in M199/
0.1% FBS with or without 5 ng/ml PDGF-BB for 24 h in the pres-
ence or absence of 100 nM rat adrenomedullin. A role for cAMP
in the observed responses was studied by the addition of adreno-
medullin with or without 50 uM IBMX, a nonselective inhibitor of
cAMP phosphodiesterases, or by addition of 0.1 mM dibutyryl
cAMP (dbcAMP), a cell permeable cAMP analogue. To deter-
mine the dose-response to adrenomedullin, quiescent cells were
incubated for 24 h in M199/0.1% FBS containing 50 pM IBMX
and 5 ng/ml PDGF-BB alone or in the presence of human adreno-
medullin (0.1 to 100 nM). All wells contained 0.5 pnCi/well [me-
thyl-*H]thymidine for the 24-h incubation period. The cells were
washed and lysed, and the thymidine incorporation was deter-
mined by scintillation counting as previously described (24).

Effect of Adrenomedullin on Basal Endothelin Release

Cells were seeded in 24-well plates at a density of 1.5 X 10* cells/
well and grown to 80 to 90% confluence. Cells were quiesced as
described previously followed by incubation for 24 h in M199/
0.1% FBS alone or in the presence of rat adrenomedullin (0.1 to
100 nM). In additional wells, cells were treated with M199/0.1%
FBS containing 0.1 mM dbcAMP. At the end of this period, the
medium was removed and frozen immediately for subsequent en-
dothelin RIA. The cells were trypsinized and counted by hemocy-
tometer. Viability was assessed by trypan blue exclusion.
Samples were assayed for endothelin immunoreactivity using
a previously reported specific RIA (31). Briefly, assays were per-
formed in a final volume of 700 wl assay buffer comprising 0.06 M
sodium phosphate (pH 7.2) containing 0.3% (wt/vol) BSA, 10
mM EDTA, and 7 mM sodium azide. The antibody (designated
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Figure 1. Phenotypic and
growth characteristics of
two distinct human proxi-
mal PASMC isolates and
distal PASMC isolates
designated ADM(+) or
ADM(—) based on se-
cretion or lack of secre-
tion of adrenomedullin,
respectively. Represen-
tative photomicrographs
of the larger proximal
ADM(+) PASMCs (A),
the smaller proximal

(D)
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ADM(—) PASMC:s (B), and distal ADM(+) PASMCs (C). The graph (D) shows the proliferation of human PASMCs seeded at a den-
sity of 1.5 X 10* cells/well, grown in M199/10% FBS, and counted by hemocytometer on the days indicated. Points represent proximal
ADM(+) (solid triangles, solid line), proximal ADM(—) (solid squares, solid line), and distal ADM(+) PASMCs (solid diamonds,
dashed line). Data are expressed as mean = SEM for four wells and are representative of at least two experiments for each isolate.

BP6) was used at a final dilution of 1:5,000. The ['*I]ET-1 tracer
was prepared by iodination of synthetic human ET-1 using the
Iodogen method and purified by reversed-phase HPLC. Assays
were incubated at 4°C for 3 d. Bound and free tracers were sepa-
rated using dextran-coated charcoal. The detection limit of the
assay was 0.05 fmol/tube and the intra- and interassay coefficients
of variation were 3.5 and 10.3%, respectively. This assay cross-
reacts fully with ET-1 and displays 60% cross-reactivity and 40%
cross-reactivity with ET-2 and ET-3, respectively.

Statistical Analyses

All data for response studies were analyzed by one-way analysis
of variance (ANOVA) with post hoc Tukey’s test using Graph-
Pad Prism version 2.01 (GraphPad Software Inc., San Diego,
CA). A paired Student’s ¢ test was used to compare cAMP re-
sponses to different agonists within an isolate.

Results
PASMC Morphology and Growth Characteristics

Thirteen isolates from proximal pulmonary arteries were
studied, each derived from a different subject. Five iso-
lates from distal pulmonary arteries were studied, one of
which was from the same subject as one of the proximal
PASMC isolates. The smooth muscle phenotype of all pri-
mary cultures was confirmed by the lack of immunoreac-
tive human fibroblast surface protein, human proline-4-
hydroxylase, and CD31, and positive immunofluorescent
staining for vimentin, alpha smooth muscle actin, and
smooth muscle-specific myosin. When viewed by conven-

tional phase contrast microscopy, individual proximal
PASMC isolates appeared to possess one of two distinct
morphologies on the basis of cell size, nine isolates com-
prising large spindle-shaped cells (Figure 1A) and four iso-
lates comprising small stellate cells (Figure 1B). In con-
trast, the distal PASMCs (Figure 1C) displayed a similar
morphology to the larger spindle-shaped proximal PASMCs.
This morphology is characteristic of PASMCs we have iso-
lated from main pulmonary arteries of 40 different pa-
tients (data not shown), whereas the small stellate cells
have been isolated on only five occasions. There was no
apparent association between the cellular phenotype of
proximal PASMCs and the disease or normal status of the
patients. The phenotypic differences between the three
cell types studied are summarized in Table 1. The appar-
ent size difference between the proximal cell types was
confirmed by differences in relative cell size on fluores-
cence-activated cell sorter analysis of cell suspensions (not
shown). The stellate proximal PASMCs had an estimated
mean diameter of 32.5 = 9.5 um, whereas the spindle-
shaped cells were 49.67 = 11.44 um. The stellate proximal
cells and the distal PASMCs demonstrated higher serum-
stimulated growth rates than did the proximal spindle-
shaped PASMCs (Figure 1D).

Release of Immunoreactive Adrenomedullin from PASMC

The larger spindle-shaped proximal PASMC isolates (n =
9) and the distal PASMC isolates (n = 5) secreted immu-

TABLE 1
PASMC phenotypes, peptide release, and responses to adrenomedullin

Proximal ADM(—)  Proximal ADM(+)  Distal ADM(+)
Growth in serum +++ + ++
Size Small Large Large
Morphology Stellate Spindle Spindle
ADM release - +++ ++
Endothelin release +++ + +
cAMP response to adrenomedullin +++ +/— +/=
ADM binding ++ - -
Inhibition of [*H]thymidine uptake by adrenomedullin +++ - -
Inhibition of endothelin release by adrenomedullin +++ - -
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Figure 2. (A) Time course of adrenomedullin release from
ADM(+) PASMCs. Conditioned medium was removed at desig-
nated time points and stored until RIA for human adrenomedul-
lin and cells counted by hemocytometer. Data are expressed as
mean = SEM of the mean values for six proximal ADM(+) iso-
lates (solid triangles, solid line) and four distal ADM(+) isolates
(solid diamonds, dashed line). (B) FPLC of conditioned medium
from ADM(+) PASMCs eluted with a linear gradient of 10 to
50% acetonitrile over 60 min (dashed line) using a Pep-RPC C,/
C,g FPLC column. Fractions collected over 1-min periods were
dried and submitted for adrenomedullin RIA. The arrow indi-
cates the elution position of synthetic human adrenomedullin.

noreactive adrenomedullin into the culture medium at an
approximately linear rate and were designated ADM(+)
(Figure 2A). The mean rate of adrenomedullin secretion
by the proximal ADM(+) PASMCs was significantly
greater (P < 0.05) than that of distal ADM(+) cells (177 =
28 versus 62 = 11 fmol/10° cells/24 h). No immunoreactive
adrenomedullin could be detected in the medium from the
proximal stellate isolates described previously (n = 4) for
up to 48 h. These isolates were designated ADM(—).

Reversed-phase FPLC separation of conditioned me-
dium from ADM(+) cells showed that the majority of the
immunoreactivity co-eluted with synthetic human adreno-
medullin (Figure 2B), indicating that these cells release au-
thentic adrenomedullin.

Expression of Adrenomedullin Messenger RNA

Northern blot analysis of total RNA from each isolate
probed for adrenomedullin messenger RNA (mRNA) dem-
onstrated a band of the expected 1.6 kb (3) in six proximal
PASMC ADM(+) isolates (Figure 3), whereas no signal was
visible in the four ADM(—) isolates, even when the blots
were overexposed (not shown). Staining of the filter with
methylene blue confirmed the loading of RNA in all ten lanes.

ADM(+) Figure 3. Northern blot
of total RNA from
proximal ADM(+) and
ADM(—) cells probed
with a *?P-labeled adre-

16kp  nomedullin cDNA that
included the full adre-
nomedullin coding re-
gion (upper panel). A
1.6-kb band is detected
in ADM(+) cells as
expected for human

adrenomedullin. No hybridizing bands were observed on the
lanes for the ADM(—) cells. Blots were stripped of radioactive
probe and RNA loading checked by staining with methylene blue

(lower panel).

ADM(-)
—h—
123456781910

288 —
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Effect of Adrenomedullin on cAMP Accumulation

To determine whether PASMCs possessed functional ad-
renomedullin receptors, the effect of adrenomedullin on in-
tracellular cAMP accumulation was measured. Adrenomedul-
lin dose-dependently increased intracellular cAMP in ADM(—)
cells (Figure 4). The estimated mean ECs, value for the in-
crease in cAMP was 2.15 = 0.55 nM. The mean basal
cAMP concentration (4.5 = 1.0 pmol/10° cells) increased
to 104.4 = 37.0 pmol/10° cells in the presence of 100 nM
adrenomedullin. Human «CGRP (100 nM) also increased
intracellular cAMP in ADM(—) cells (Figure 4) (mean
18.0 + 7.6 pmol/10° cells), but the magnitude of the in-
crease was only 16.6 £ 2.8% of the response to 100 nM
adrenomedullin. The magnitude of the cAMP responses to
adrenomedullin in the ADM(—) subpopulations differed
markedly between isolates (Table 2).

In ADM(+) cells, two separate response profiles were
evident. Two of five distal and five of nine proximal
ADM(+) isolates demonstrated significant (P < 0.05)
equipotent elevation of cAMP by either 100 nM adreno-
medullin or 100 nM CGRP (Table 2, responsive ADM(+)
PASMCs), but the magnitude of this response was small
compared with ADM(—) cells. In contrast, neither 100 nM
adrenomedullin nor 100 nM CGRP stimulated intracellu-
lar cAMP in the remaining proximal or distal ADM(+)
PASMCs (Table 2, nonresponsive ADM(+) PASMCs).
The mean basal cAMP level in ADM(+) cells (3.9 = 1.9

400 Figure 4. Stimulation
of cAMP production
by adrenomedullin in
ADM(—) PASMCs. In-
tracellular cAMP was
measured (n = 4 wells
per treatment) in the pres-
ence of 50 pM IBMX
P P O S T~ w1t}_1 increasing concen-
trations of adrenome-
dullin (solid squares).
Control or basal cAMP
was measured using SFM instead of adrenomedullin. CGRP
(solid triangles) at 100 nM increased cAMP to a lesser extent that
did adrenomedullin. Results are expressed as mean = SEM for
three experiments with one representative isolate (PM1). **P <
0.001, one-way ANOVA with respect to SFM.

3004

cAMP (pmol/10° cells)
— (]
> <o
> (=]
1 1

=

Log [peptide] (mol/L)
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TABLE 2
Effects of adrenomedullin (100 nM) on cAMP, PD GF-stimulated thymidine
uptake and endothelin release and CGRP (100 nM) on cAMP in ADM(+)
isolates and individual ADM(—) isolates

cAMP

(% of basal)

[*H]Thymidine
Inhibition by
Adrenomedullin

ET-IR Release
Inhibition by
Adrenomedullin

Isolate Phenotype Adrenomedullin CGRP (% of PDGF) (% of control)
Nonresponsive ADM(+) 105 = 4 107 = 4 No effect No effect
Responsive ADM(+) 148 + 18* 146 = 17* No effect No effect
ADM(-) PM4 820 * 328* 183 =52 79.8 = 6.4° 87.3 + 0.3°
ADM(—) PM3 1,818 = 6787 152 =29 86.4 = 1.57 81.1 £ 9.2F
ADM(—) PM2 1,966 = 4797 417 = 221 66.1 = 2.0 66.9 = 11.27
ADM(-) PM1 3,780 + 1,207+ 667 + 2697 40.6 + 4.3° 38.6 = 8.21

*P < 0.05 with respect to control for each experiment, one-way ANOVA with post-hoc Tukey’s honest significant difference.
TP < 0.01 with respect to control for each experiment, one-way ANOV A with post-hoc Tukey’s honest significant difference.
#P < 0.001 with respect to control for each experiment, one-way ANOVA with post-hoc Tukey’s honest significant difference.

pmol/10° cells) was similar to that detected in ADM(—)
cells (4.6 = 1.0 pmol/10° cells).

Binding Sites for Adrenomedullin and CGRP

To further characterize adrenomedullin binding sites on
ADM(—) cells, radioligand binding studies were per-
formed using '®I-rat adrenomedullin, which is selective
for adrenomedullin receptors (5). Specific binding of radio-
labeled adrenomedullin demonstrated dose-dependent
competition by unlabeled adrenomedullin in these cells.
The highest specific binding in the ADM(—) isolates was
observed in ADM(—) PM1 (Table 2) (mean specific bind-
ing, 31 = 13 Bq/10° cells; 17,811 = 7,527 binding sites/cell)
and was 51.5 = 2.5% of total binding (n = 3 experiments).
For this isolate, competition curves were constructed (Fig-
ure 5). The K, for adrenomedullin was calculated to be
0.76 = 0.16 nM (n = 3 experiments). Nonlinear regression
analysis of the competition curves as one- or two-site fit
models revealed adrenomedullin binding to be best ex-
plained by a single site. In contrast, a very low level of spe-
cific binding of ['*I]CGRP (mean specific binding, 4 = 2
Bq/10° cells) was observed in ADM(—) cells.

Growth Responses to Adrenomedullin

To determine whether adrenomedullin affected DNA syn-
thesis in quiescent PASMCs, uptake of [methyl-*H]thymi-
dine was studied in ADM(—) cells. Adrenomedullin (100
nM) had a small but significant (P < 0.05) inhibitory effect
on basal 24-h [*H]thymidine uptake in two of the four

120 Figure 5. Equilibrium

or
£ 1004 competition binding for
£ 5 . [°T]adrenomedullin with
£ ] unlabeled adrenomedul-
g 60 linin ADM(—) PASMCs
= 40l (PML1). The specific bind-
= ) ing represented 51.5 +
= 7 2.5% of the total bind-
0 I -
Ji 5 2 o o 5 § 5 I, ing Data are expressed

as a percentage of the
maximum specific bind-
ing and are mean = SEM for three wells. The graph is represen-
tative of three separate experiments.

Log [adrenomedullin| (mol/L)

ADM(—) isolates (data not shown). Incubation of ADM(—)
cells with 100 nM adrenomedullin resulted in significant
(P < 0.001) inhibition of PDGF-BB-stimulated [*H]thy-
midine uptake over 24 h in all four ADM(—) isolates (Fig-
ure 6A). This inhibitory effect of adrenomedullin was
potentiated in the presence of 50 uM IBMX. The nonhy-
drolyzable cAMP analogue dbcAMP also significantly in-
hibited PDGF-BB-stimulated thymidine incorporation.
The inhibitory effect of adrenomedullin, in the presence of
50 pM IBMX, was dose-dependent (Figure 6B). The mag-
nitude of the inhibitory effect of adrenomedullin on PDGF-
BB-stimulated thymidine uptake differed between the four
ADM(—) isolates (Table 2).

In contrast, there was no effect of adrenomedullin on ei-
ther basal or PDGF-BB-stimulated thymidine incorpora-
tion in any of the ADM(+) isolates, regardless of whether or
not they demonstrated a cAMP response to adrenomedullin.

Effect of Adrenomedullin on Basal Immunoreactive
Endothelin Release

ADM(—) cells released immunoreactive endothelin into
the culture medium at a mean rate of 21.1 = 4.0 fmol/10°
cells/24 h. In contrast, endothelin release from both distal
and proximal ADM(+) cells was very low (highest rate,
0.2 fmol/10° cells/24 h). Incubation of ADM(—) cells with
adrenomedullin for 24 h resulted in a dose-dependent de-
crease in basal immunoreactive endothelin release (Figure
7). There were differences in the magnitude of basal ET-1
inhibition in the four ADM(—) isolates, with a tendency
for a greater degree of inhibition in isolates with a greater
increase in adrenomedullin-stimulated cAMP (Table 2).
In addition, incubation of ADM(—) cells with 0.1 mM db-
cAMP reduced endothelin release to a mean level of 15.2 =
3.8% of basal endothelin release in ADM(—) isolates.

Discussion

The main finding of this study is that three subpopulations
of smooth muscle cells derived from the human pulmo-
nary arterial media are distinct with regard to expression
of adrenomedullin and responsiveness to the growth in-
hibitory properties of this peptide. Isolates designated
ADM(+) derived from either proximal or distal pulmo-
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Figure 6. Inhibition of [*H]thymidine incorporation in ADM(—)
PASMC s by adrenomedullin. (A) Cells were incubated with 5 ng/
ml PDGF, and the effect of 100 nM adrenomedullin (AM) on
[*H]thymidine uptake in the presence or absence of 50 uM IBMX
was assessed. The effect of dbcAMP was also assessed. (B) Dose-
dependent inhibitory effect of 0.1 to 100 nM adrenomedullin on
PDGF-stimulated [*H]thymidine uptake. Data are representative
of at least three experiments and are expressed as mean = SEM.
*P < 0.01, **P < 0.001 with respect to PDGF.

nary arteries expressed and released adrenomedullin, but
only released low levels of the potent vasoconstrictor and
smooth muscle mitogen endothelin. These ADM(+) iso-
lates were further distinguished as demonstrating either a
modest cAMP elevation to adrenomedullin or CGRP, or
no cAMP response to either peptide. In contrast, the sec-
ond proximal PASMC phenotype, designated ADM(—),
possessed functional adrenomedullin receptors and re-
leased high levels of endothelin but did not express
adrenomedullin. Although distal and proximal ADM(+)
PASMCs were similar in their morphology and size, the
ADM(—) PASMCs were shown to be smaller by light mi-
croscopy and flow cytometry. However, the distal ADM(+)
PASMCs and the ADM(—) PASMCs demonstrated sub-
stantially faster serum-stimulated growth rates compared
with proximal ADM(+) isolates. Furthermore, we have
identified a potential role for adrenomedullin in the para-
crine inhibition of PASMC growth since adrenomedullin
inhibited mitogen-stimulated DNA synthesis in ADM(—)
cells via specific adrenomedullin receptors linked to eleva-
tion of intracellular cAMP. Adrenomedullin also inhibited
release of endothelin by ADM(—) cells. These findings are

120
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Figure 7. Adrenomedullin dose-dependently inhibits endothelin
release from proximal ADM(—) PASMCs. Cells were treated
with M199/0.1% FBS alone (Control) or with 0.1 to 100 nM
adrenomedullin for 24 h. Data are the mean of at least three ex-
periments and are expressed as mean * SEM. *P < 0.01, **P <
0.001 with respect to control.

consistent with the hypothesis that adrenomedullin may
be an important paracrine inhibitor of pulmonary vascular
remodeling. The main differences between the subpopula-
tions of cells isolated in this study are summarized in Table 1.
We isolated thirteen vascular smooth muscle isolates
from the tunica media of human proximal pulmonary ar-
teries and five distal PASMC isolates. Immunostaining con-
firmed the smooth muscle cell phenotype of these isolates
and eliminated the possibility of significant contamination
by either fibroblasts or endothelial cells. Our findings sug-
gest the presence of distinct subpopulations of cells within
the proximal human pulmonary artery media and further
differences between cells isolated from proximal and distal
vessels. Heterogeneity of VSMCs in the bovine pulmonary
arterial media is well recognized (25) with important func-
tional implications for the regulation of vascular homeo-
stasis. The morphologic characteristics of the smaller, fast-
growing stellate cells identified in this study are similar to
the faster growing cells identified in the adult bovine pul-
monary artery media by Frid and coworkers (25). The
larger, slower growing proximal PASMCs display morpho-
logic characteristics similar to the more differentiated
PASMC:s found in the adult bovine pulmonary artery me-
dia (25). Our observations extend the concept of PASMC
heterogeneity to humans and provide functional relevance
for PASMC heterogeneity based on differential expres-
sion of adrenomedullin and receptors for adrenomedullin.
Although not previously reported in isolated PASMCs,
our finding of adrenomedullin expression and release is in
accordance with previous reports showing high levels of
adrenomedullin production by systemic VSMCs (2).
Adrenomedullin can bind to specific adrenomedullin
receptors or CGRP; receptors on vascular cells (7, 32). A
pulmonary vasodilator response to adrenomedullin has
been demonstrated in animals (10, 33), and plasma adreno-
medullin levels decrease across the human pulmonary cir-
culation, implicating the pulmonary vasculature as an im-
portant site of clearance (34). Our data provide evidence
for specific adrenomedullin receptors on human ADM(—)
PASMCGs. First, ADM(—) cells showed significant in-
creases in intracellular cAMP with either adrenomedullin
or CGRP, but the response to 100 nM adrenomedullin was
consistently 6-fold greater than the response to an equiva-
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lent dose of CGRP (29). Adrenomedullin increases intra-
cellular cAMP in systemic vascular cells (13, 14, 32). Sec-
ond, we demonstrated specific binding of ['*I]adrenomedullin,
which is selective for adrenomedullin receptors (5, 32).
The affinity of the binding sites (K4 = 0.76 = 0.16 nM) was
similar to that previously reported for rat tissues (5, 6). In
contrast to the large cAMP responses in ADM(—) PASMCs,
small but significant cAMP elevations were elicited by 100
nM adrenomedullin or CGRP in half of the ADM(+) iso-
lates, whereas the other half did not respond to either pep-
tide. This small response to adrenomedullin or CGRP im-
plies that receptors on the responsive ADM(+) isolates
are downregulated or expressed at a low level. Reasons for
this may include an artifact of the cells being in an in vitro
environment, or as a result of receptor downregulation or
fast turnover due to the high levels of adrenomedullin
present in the culture medium. The observation that basal
levels of cAMP were identical in ADM(+) and ADM(—)
isolates implies that secreted adrenomedullin is not acti-
vating adrenomedullin receptors by autocrine feedback in
ADM(+) cells. The low level of receptor expression in dis-
tal PASMCs is not inconsistent with the pulmonary va-
sorelaxation elicited by adrenomedullin in vivo because
adrenomedullin may also indirectly mediate pulmonary
vasodilation, stimulating nitric oxide release from endo-
thelial cells (33).

Having established that ADM(—) cells possess func-
tional receptors coupled to a adenylyl cyclase, we exam-
ined the effect of adrenomedullin on mitogenesis in these
cells. Adrenomedullin caused a small reduction in basal
thymidine incorporation in ADM(—) cells. Importantly,
we did not observe stimulation of basal DNA synthesis by
adrenomedullin in any of the isolates, as has been reported
in quiescent rat VSMCs (35). Adrenomedullin significantly
inhibited PDGF-BB-stimulated thymidine uptake in all
four ADM(-) isolates, and the nonspecific phosphodi-
esterase inhibitor IBMX enhanced this response. The non-
hydrolyzable cAMP analogue dbcAMP also significantly
inhibited PDGF-stimulated mitogenesis. Adrenomedullin
did not affect PDGF-BB-stimulated thymidine incorpora-
tion in any of the ADM(+) isolates, despite the low level
increases in cCAMP seen in these cells. The degree of inhi-
bition of PDGF-stimulated mitogenesis by adrenomedul-
lin seemed to reflect the relative levels of intracellular
cAMP stimulated by adrenomedullin in proximal ADM(—)
PASMC s, similar to a previous report in rat aortic VSMCs
(14). Our results indicate that the inhibitory effect of adreno-
medullin is likely to be mediated, at least in part, through
adenylyl cyclase.

ET-1is a potent vasoconstrictor peptide in human blood
vessels and also stimulates mitogenesis in human PASMCs
(22). In addition, plasma ET-1 is raised in patients with
pulmonary hypertension (23). We demonstrated immu-
noreactive endothelin release by human PASMCs. Inter-
estingly, ADM(+) and ADM(—) cells were distinct with
regard to endothelin release, as ADM(—) cells secreted
large amounts of endothelin into the medium, whereas the
release from distal and proximal ADM(+) PASMCs was
very low. Adrenomedullin has been reported to inhibit
basal ET-1 release in systemic vascular cells (15, 16). In
the present study, basal endothelin release from human

ADM(—) PASMCs was dose-dependently inhibited by
adrenomedullin, and this effect was mimicked by db-
cAMP. There was an apparent relationship between the
stimulation of intracellular cAMP and inhibition of endo-
thelin release by adrenomedullin in ADM(—) PASMCs.
Interestingly, 0.1 mM dbcAMP inhibited mitogenesis and
endothelin release to similar extents in ADM(—) PASMCs,
whereas the magnitude of the responses to adrenomedul-
lin differed considerably, probably reflecting differences in
adrenomedullin receptor densities between isolates.

In conclusion, we have isolated two phenotypically dis-
tinct subpopulations of PASMCs from the proximal hu-
man pulmonary arterial media. These subpopulations dif-
fer with regard to cell size, serum-stimulated growth rates,
adrenomedullin peptide and receptor expression, and re-
lease of endothelin. This apparent heterogeneity in vitro
will require confirmation that these cell types coexist in
the arterial wall. In addition, we also found differences be-
tween PASMC:s isolated from proximal and distal vessels,
in that the latter grew faster and released lower amounts
of adrenomedullin. Furthermore, adrenomedullin inhib-
its PDGF-stimulated mitogenesis, probably via a cAMP-
dependent mechanism. In addition, adrenomedullin in-
hibits ET-1 release in these cells. We demonstrated weak
cAMP responses to adrenomedullin and CGRP in half of
the proximal and distal ADM(+) isolates, implying these
cells may also be responsive. We propose that adrenom-
edullin in the adult human pulmonary artery media acts as
a paracrine inhibitor of smooth muscle cell growth, which
may be partly mediated by attenuation of endothelin re-
lease.
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