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ABSTRACT
The influence of cell confluence on the β-adrenoceptor (β-AR)/cAMP/phosphodiesterase
(PDE) pathway was investigated in cultured rat aortic smooth muscle cells (RASMCs).
Cells were plated either at low density (LD: 3.103 cells/cm2) or high density (HD: 3.104
cells/cm2) corresponding to non-confluent or confluent cells, respectively, on the day of
experiment.
β-AR-stimulated cAMP was monitored in real-time using the fluorescence resonance energy
transfer (FRET)-based cAMP sensor, Epac2-camps. A brief application (15 s) of the β-AR
agonist isoprenaline (Iso) induced a typical transient FRET signal, reflecting cAMP production
followed by its rapid degradation. The amplitude of this response, which increased with the
concentration of Iso (10 or 100 nM), was higher in HD than in LD cells, whatever the Iso
concentration used. However, activation of adenylyl cyclase by L-858051 (100 µM) induced a
similar saturating response in both LD and HD cells. A β1-AR antagonist (CGP 20712A, 100
nM) reduced the Iso (100 nM) response in HD but not LD cells, whereas a β2-AR antagonist
(ICI 118,551, 5 nM) reduced this response in HD cells and almost abolished it in LD cells.
Competitive [125I]-ICYP binding experiments with betaxolol, a β-AR ligand, identified two
binding sites in HD cells, corresponding to β1- and β2-ARs with a proportion of 11% and 89%,
respectively, but only one binding site in LD cells, corresponding to β2-ARs. Total cAMP-PDE
activity (assessed by a radioenzymatic assay) was increased in HD cells compared to LD cells.
This increase was associated with a rise in mRNA expression of five cAMP-PDEs subtypes
(PDE1A, 3A, 4A, 4B and 7B) in HD cells, and a decrease in basal [cAMP]i (assessed by an
EIA assay). PDE4 inhibition with Ro-20-1724 (10 µM) strongly prolonged the Iso response in
LD and HD cells, whereas PDE3 inhibition with cilostamide (1 µM) slightly prolonged Iso
response only in LD cells. Interestingly, inhibition of PDE4 unmasked an effect of PDE3 in HD
cells.
Our results show that in cultured RASMCs, the β-AR/cAMP/PDE signalling pathway is
substantially modulated by the cell density. In HD cells, Iso response involves both β1- and β2AR stimulation and is mainly controlled by PDE4, PDE3 being recruited only after PDE4
inhibition. In LD cells, Iso response involves only β2-AR stimulation and is controlled by PDE4
and to a lower degree by PDE3. This low density state is associated with an absence of
membrane expression of the β1-AR, a lower cAMP-PDE activity and a higher basal [cAMP]i.
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This study highlights the critical role of the cellular environment in controlling the vascular βAR signalling.
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cAMP, cyclic AMP; cAMP-PDEs, PDEs hydrolysing cAMP; GPCR, G protein-coupled
receptor; PDEs, phosphodiesterases; RASMCs, rat aortic smooth muscle cells; SMC, smooth
muscle cell; VSMCs, vascular smooth muscle cells.
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1. INTRODUCTION
In the vascular system, cyclic AMP (cAMP) is a key physiological second messenger, which
inhibits contraction, proliferation and migration of the smooth muscle cells (SMCs)

[1, 2]

. β-

adrenoceptors (β-ARs) are G protein-coupled receptors (GPCRs) which primarily signal
through Gs proteins to stimulate cAMP synthesis by adenylyl cyclase (AC) isoenzymes. These
receptors are classified into three subtypes (β1, β2 and β3), encoded by 3 different genes [3].
All three β-ARs subtypes are expressed in vessels (in endothelial cells and/or SMCs) and
contribute to the regulation of vascular tone, by eliciting a vasodilation responsible for a
decrease in peripheral vascular resistance. The β2-AR subtype is classically described as the
most important in mediating this vasorelaxant effect

[4]

. In some vascular beds, functional

expression of β3-AR is reported to mediate endothelial NO-dependent vasorelaxation and/or
neoangiogenesis [5, 6].
Several cardiovascular pathologies, e.g. hypertension, myocardial infarction and heart failure,
are associated with a decrease in the vascular β-AR expression and/or the β-AR-mediated
vasorelaxation [7, 8, 9, 10].
In normal blood vessels, vascular SMCs (VSMCs) exhibit a contractile/quiescent differentiated
phenotype, characterised by an extremely low rate of proliferation, a low synthetic activity, and
the expression of a unique repertoire of contractile proteins, ion channels, and signalling
molecules required for the cell’s contractile function [11]. In response to changing environmental
cues, VSMCs exhibit a trans-differentiation toward a synthetic/proliferative state associated
with a large range of alterations in functional and structural properties, including changes in
morphological criteria, gene expression patterns, contractility or signalling mechanisms

[11]

.

The expression pattern of multiple protein markers is now admitted to be indicative of the
relative state of VSMCs differentiation. The phenotypic modulation from the contractile to the
synthetic phenotype is observed under pathological remodeling of the vascular wall, which is
known to play an important role in the development of atherosclerotic lesion and/or
postangioplasty neointimal formation

[12]

. It also occurs in isolated VSMCs maintained in

primary and secondary cultures [13]. However, specific conditions under which the cell seeding
is performed may influence this phenotype modulation. Indeed, it has been described that in
primary cultures of rat and pig aortic SMCs, the contractile phenotype was maintained when
the cells were seeded at a high initial density [14, 15].
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The expression and function of β-ARs under phenotypic modulation of VSMCs has been
scarcely investigated. In one study performed in cultured aortic SMCs, the authors showed a
decrease in cAMP synthesis under β-AR stimulation subsequent to consecutive passages of
these cells

[16]

. This alteration was not observed after direct AC stimulation by forskolin,

suggesting a phenotypic modulation upstream of AC activity

[16]

. Receptor binding studies

showed that both β1- and β2-ARs were expressed in cultured rat aortic SMCs (RASMCs) after
4 passages, with a proportion of 13% and 87%, respectively [17].
Intracellular concentration of cAMP ([cAMP]i) is controlled by its production by AC and its
degradation by specific enzymes, the 3',5'-cyclic nucleotide phosphodiesterases (PDEs). These
enzymes represent the main route to rapidly lower cAMP levels inside the cells. PDEs constitute
a highly diverse superfamily of enzymes including eleven families that differ in their primary
structure, catalytic properties, substrate specificity (cAMP versus cGMP) and/or affinity, as
well as in their mechanisms of regulation

[18, 19]

. PDE families are encoded by several genes,

which together generate close to 100 different PDE isoforms by alternative mRNA splicing.
VSMCs express a variety of mRNAs encoding cAMP-hydrolysing PDEs (cAMP-PDEs) [9, 20,
21]

, with PDE1, PDE3 and PDE4 families being the most abundant. Interestingly, the profile of

vascular cAMP-PDE activity depends on the SMC phenotype. Indeed, the vascular synthetic
phenotype is generally associated with a reduction in PDE3A activity and an increase in PDE1C
function [22], without any modification in PDE4 activity [23].
While there is evidence that specific culture conditions, including cell confluence, modulate
VSMCs phenotype, the specific influence of cell density on cAMP pathway has, however, not
been explored. Interestingly, in HEK cells, cell-cell contact has been shown to modulate the β2AR pathway

[24]

. Thus, the aim of the present study was to characterize the modulation of β-

AR/cAMP/PDE pathway by cellular density in RASMCs maintained in culture. Our objective
was to determine [cAMP]i under basal condition or following β-AR stimulation at low or high
culture density, and to evaluate the relative contribution of the β1- and β2-AR sub-types and the
two main cAMP-PDE families, PDE3 and PDE4, in the production and hydrolysis of cAMP,
respectively. For this purpose, we took advantage of the Fluorescence Resonance Energy
Transfer (FRET)-based imaging technique, using the Epac-based sensor Epac-2-camps which
allows cAMP dynamics monitoring in intact living cells

[25]

. This functional characterisation

was coupled to biochemical assays to quantify the density of the β1- and β2-AR sub-types (by
competition binding experiments) and to evaluate the expression and activity patterns of cAMP5

PDE families (by quantitative reverse transcription-polymerase chain reaction (RT-PCR)
experiments and PDE radioenzymatic assay, respectively).

6

2. MATERIALS and METHODS
2.1 Animals
All animal care and experimental procedures complied with the ARRIVE guidelines and
conform to the European Community guiding principles in the Care and Use of Animals
(Directive 2010/63/EU of the European Parliament), the local Ethics Committee (CREEA Ilede-France Sud) guidelines, and the French decree no. 2013-118 of February 1st, 2013 on the
protection of animals used for scientific purposes (JORF no. 0032, February 7th, 2013, p2199,
text no. 24). Authorisations to perform animal experiments according to this decree were
obtained from the French Ministry of Agriculture, Fisheries and Food (No. D-92–283,
December 13th, 2012).
2.2 Pharmacological agents
Betaxolol hydrochloride, CGP-20712A methanesulfonate salt (CGP), filipin III, ICI 118,551
hydrochloride (ICI), 3-isobutyl-1-methylxanthine (IBMX), (-)-isoprenaline hydrochloride
(Iso), methyl-β-cyclodextrin (MβCD) and propranolol were purchased from Sigma-Aldrich (StQuentin-Fallavier, France). Cilostamide (Cil) was from Tocris Bioscience (Bristol, UK), iodocyanopindolol ([125I]-ICYP) from PerkinElmer (Villebon-sur-Yvette, France), L-858051 (L85) from Biomol International (Enzo Life Sciences, Villeurbanne, France), and Ro-20-1724
(Ro) from Calbiochem (Merck Chemicals Ltd, Nottingham, UK).
As all PDE inhibitors stock solutions were prepared in dimethylsulfoxide (DMSO; SigmaAldrich), control experiments were performed in the presence of equivalent concentrations of
DMSO, not exceeding 0.03%.
2.3 Cell isolation and culture
RASMCs were isolated from the thoracic medial layer aorta of adult male Wistar rat as
previously described [21]. Cells were routinely seeded in flasks coated with collagen I (rat tail,
Corning, Amsterdam, Netherlands) and cultured in Dulbecco’s Modified Eagle Medium
(DMEM; GIBCO, Invitrogen, Cergy Pontoise, France) containing antibiotics / antimycotic (100
U/mL penicillin, 100 mg/mL streptomycine, 0.25 mg/mL amphotericin B; GIBCO) and
supplemented with 10% fetal bovine serum "Gold" (FBS; GIBCO). All experiments were
performed on cells at passage 2 to 6. As shown in Figure S1, typical genes being a hallmark of
SMC phenotype were expressed in cultured RASMCs. In order to prepare cells for experiments
7

testing the influence of cell density, cells were seeded on to collagen-coated glass coverslips
for FRET experiments or on to collagen-coated glass-bottom Petri dishes for other assays, either
at a density of 3.103 cells/cm2, referred to as the low density (LD) condition, or at a density of
3.104 cells/cm2, referred to as the high density (HD) condition.
2.4 FRET imaging
The Epac2-camps FRET-based cAMP sensor comprises the single cAMP-binding domain of
Epac2 protein fused to an enhanced yellow fluorescent protein (YFP) and an enhanced cyan
fluorescent protein (CFP) [25]. FRET between CFP and YFP occurs when cAMP does not bind
the probe. When an increase in intracellular cAMP concentration ([cAMP]i) occurs, this favors
cAMP binding to the Epac2 domain, promoting reversible conformational changes of the
sensor, resulting in a decrease in FRET between CFP and YFP [25].
RASMCs were infected with an adenovirus encoding Epac2-camps (MOI 500-1500 or 300
pfu/cell for the LD or HD condition, respectively) in DMEM containing 10% FBS. FRET
experiments were performed 48 hours after infection, as previously described
were diluted in Ringer solution

[21]

. All drugs

[21]

. Briefly, a transient increase in [cAMP]i under β-AR

stimulation was induced by perfusing the cell with Iso at 10 or 100 nM as a 15 s pulse. To
evaluate the effect of pharmacological agents on the dynamics of this response, PDE inhibitors
and β-AR antagonists were added 4 and 15 min before the application of Iso, respectively, and
maintained throughout the duration of the experiment. In one set of experiments, the direct AC
activator L-85 (a water-soluble forskolin analogue) was added and maintained in order to
maximally increase [cAMP]i. Then IBMX was subsequently added on the steady state.
In some experiments, cells were beforehand incubated with 10 mM MβCD (or Ringer solution
as a control) for 1 hour at 37°C, to extract membrane cholesterol and disrupt caveolae [26]. The
degree of cholesterol depletion was assessed by staining SMCs with the cholesterol-binding
agent filipin III

[27]

. Cells were fixed in 4% paraformaldehyde during 15 min at room

temperature, stained with 0.05 mg/ml filipin III which fluorescently labels unesterified
cholesterol and then observed using standard epifluorescence microscopy (Axio Observer.D1,
Zeiss).
FRET images were captured by an inverted epifluorescence microscope connected to a camera,
and average CFP and YFP emitted fluorescence intensities were measured on a region of
interest delimiting the entire cell, as previously described

[21]

. FRET data were expressed as
8

percentage of the initial ratio of CFP/YFP emitted fluorescence intensities measured just before
Iso or L-85 application. Kinetic parameters of the Iso (or L-85)-induced variations of the FRET
signal (tmax: time to peak, t1/2on: time to half-peak, t1/2off: time from the peak to obtain half
recovery) were determined using Microsoft® Office Excel software. In some experiments, the
Area Under the Curve (AUC) was calculated over all the duration of the signal (600 s) with
GraphPad Prism software. The “corrected AUC” corresponds to the subtraction of the AUC of
the signal obtained in the corresponding control condition (Iso alone) from that obtained in the
presence of the PDE inhibitor.
2.5 [125I]-ICYP binding experiments
Cells, maintained in culture medium for 48 hours after plating, were washed with cold PBS,
and harvested by scraping in 1 ml ice-cold culture medium. Cell suspensions were homogenized
with a Polytron homogenizer (Janke & Kunkel Ultra-Turrax T25) three times for 5 s at the
maximal setting. The lysate was centrifuged at 450 g for 5 min at 4 °C, and the supernatant was
then centrifuged at 50,000 g for 45 min at 4°C. The final pellet was resuspended in cell culture
medium. Binding assays were carried out in a final volume of 250 µl, containing cell
suspension, 145 pM of the radioligand [125I]-ICYP and betaxolol at concentrations ranging from
10-12 M to 10-4 M. Incubation was carried out for 2 hours at 25°C under shaking and terminated
by addition of 4 ml PBS. Then, rapid filtration was performed through Whatman GF/C glass
fiber filters previously soaked in PBS containing 0.3% polyethyleneimine (to reduce
nonspecific binding) using a compact cell harvester (Millipore® 1225 Sampling Vacuum
Manifold). Filter-bound radioactivity was measured in a gamma counter. All determinations
were performed at least in duplicates. Non-specific binding of [125I]-ICYP was determined in
the presence of 10 µM propranolol. Specific binding was defined as the difference between
total and non-specific binding [28].
[125I]-ICYP binding isotherms were blindly analyzed by computerized nonlinear curve fitting
using the EBDA-LIGAND program of Munson and Rodbard [30], modified by McPherson [31].
Raw data (dpm) were initially processed by the EBDA program in order to calculate Hill
coefficients (nH), to give first estimates of the binding parameters ([125I]-ICYP binding
densities (B) and betaxolol affinity (Ki)) and to create files that are used by the LIGAND
program for the final evaluation. Exact values for Ki and B were calculated for each experiment
and compared with a partial F test implemented in the LIGAND software between a one-site

9

and a two-site model, as estimated through Eaddie Hofstee plots implemented in EBDA. Such
a procedure was also applied to a co-analysis of the various experiments for each experimental
condition; this possibility has the great advantage to largely increase the power of the individual
analysis and is thus pivotal for the characterization of multiple populations of binding sites with
a small difference in affinity and/or an unbalanced proportion of high/low affinity (e.g.
10%/90%) [32]. In this respect, raw data were first scaled on the basis of the levels of [125I]-ICYP
binding densities in the absence of betaxolol (B0) and then co-analysed with correction
parameters (B0 ratios) as fixed values.
2.6 Quantitative RT-PCR
Cells, maintained in DMEM containing 10% FBS for 48 hours after plating, were washed twice
with cold PBS, detached with 0.05% trypsin containing 0.53 mM EDTA (GIBCO) then
centrifuged at 1,300 rpm for 3 minutes. Pellets were homogenized using a tissue homogenizer
(Bertin Technologies, Paris, France) in ice-cold TRI reagent (Molecular Research center,
Cincinnati, Ohio, USA). Total RNA was extracted using standard procedure

[21]

. cDNA was

synthesized from 1 µg total RNA using iScript cDNA synthesis kit (BioRad, Marnes-laCoquette, France). Negative controls were performed by omitting the reverse transcriptase.
Then, qPCR was performed using a SYBR®-Green method on a CFX96 real-time PCR
detection system (BioRad), according to the protocol detailed previously

[21]

. Sense and anti-

sense primers for subtypes of PDE 1 to 8, β1- and β2-AR sub-types, cell phenotype markers
(Type 1 collagen, Col1a1; type 3 collagen, Col3a1; non-muscle myosin heavy chain, NMMHC; smooth-muscle myosin heavy chain, SM-MHC; transgelin, Tagln) and housekeeping
genes (TBP: Tata Box Binding Protein, and Ywhaz: 14-3-3 protein zeta/delta) were tested
(Table 1). Negative controls were performed without cDNA template to check for exogenous
contamination. For each target gene, a standard curve was constructed from the analysis of
serial dilution of cDNA and was used to determine efficiency (E). Threshold cycle (Ct) for the
targeted gene was subtracted from the average Ct in the LD RASMCs group to calculate
(1+E)ΔCt according to the 2ΔCt method. Then, the same process was applied for the geometric
mean of Ct for housekeeping genes. The final relative mRNA expression was defined as the
following ratio: (1+E)ΔCt(targeted gene) / (1+E)ΔCt(housekeeping genes).

2.7 Cyclic AMP-PDE activity assay
10

Cells, maintained in DMEM containing 10% FBS for 48 hours after plating, were washed twice
with cold PBS, detached with 0.05% trypsin containing 0.53 mM EDTA (GIBCO), counted
with a cell counter chamber (Malassez) and then centrifuged at 1,300 rpm for 3 min. Pellets
were homogenized using a tissue homogenizer (Bertin Technologies) in ice-cold lysis buffer
(containing: NaCl 150 mM, HEPES 20 mM, EDTA 2 mM, NP40 0.5% and protease inhibitors
cocktails) and centrifuged at 12,000 g for 10 min at 4°C. Protein concentration was determined
using the bicinchoninic acid protein assay, according to the manufacturer’s protocol (Pierce,
Thermo Fisher Scientific, Brebières, France). Cyclic AMP-PDE activity was measured
according to the method described by Thompson and Appleman [29], as previously reported [21].
To evaluate activities of specific PDE families, the assay was performed in the absence or
presence of selective PDE inhibitors: 1 µM Cil for PDE3, 10 µM Ro for PDE4 and 1 mM IBMX
as a non-selective PDE inhibitor. The residual hydrolytic activity observed in the presence of
PDE inhibitors was expressed as a percentage of the cAMP-PDE activity in the absence of
inhibitor (Vehicle), defined as the total cAMP-PDE activity.
2.8 Cyclic AMP measurement
Cyclic AMP content was determined by an enzyme immunoassay (monoclonal anti-cAMP EIA
kit; NewEast Biosciences, King of Prussia, PA, USA). Cell pellets, prepared as for cAMP PDE
activity assay, were homogenized using a tissue homogenizer (Bertin Technologies) in ice-cold
lysis buffer (containing: HCl 0.1 M and Triton X-100 1%). Lysates were centrifuged at 12,000
g, for 10 min at 4°C. Supernatants containing cyclic nucleotides were used for the measurement
according to the manufacturer’s protocol. Results were expressed in pmol of cAMP per µg of
proteins.
2.9 Statistics
All results were expressed as mean ± SEM of n cells in FRET imaging experiments and filipin
III staining or of N experiments in other assays. Statistical analysis was performed using
GraphPad Prism software (GraphPad software, Inc., La Jolla, CA, USA). Statistical comparison
was performed using a Mann-Whitney test or Student’s t-test when appropriate. Differences
with P-values <0.05 were considered as statistically significant.
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3. RESULTS
3.1 Characterisation of LD and HD RASMCs phenotype
After 48 hours of culture, RASMCs seeded at low (LD) or high (HD) density reached 20%
confluence or 100% confluence, respectively (Figure 1).
We compared the expression pattern of cellular phenotype markers in these two groups of
cultured RASMCs. Expression of mRNA encoding two contractile markers, the transgelin
(Tagln) and SM-MHC proteins [15, 33], were not different between the two groups of cells. There
was also no difference in the expression of mRNA encoding the type 3 collagen and the NMMHC, two synthetic phenotype markers

[15, 34]

, while type 1 collagen expression, another

synthetic phenotype marker, was decreased by about 30% in HD compared to LD RASMCs
(Figure S2). Overall, these data suggest that the difference in cell density was not associated to
a widespread modification of the expression pattern of cellular phenotype markers in cultured
LD and HD RASMCs.

3.2 Comparison of cytosolic cAMP signals in response to β-AR stimulation in cultured LD
and HD RASMCs
We first determined the basal intracellular cAMP concentration ([cAMP]i) in both LD and HD
cells by using an enzyme immunoassay. We observed that the basal [cAMP]i was 1.54x102

 0.38x10-2 pmol/µg prot (n=9) in LD RASMCs and 1.07x10-2  0.22x10-2 pmol/µg prot

(n=10) in HD RASMCs (data not shown). These data show that HD cells exhibit 30 % lower
basal [cAMP]i compared to LD cells (P<0.05).
We then evaluated the cAMP production induced by β-AR stimulation in cultured LD and HD
RASMCs. Real-time [cAMP]i was monitored in a single cell expressing the FRET-based cAMP
sensor Epac2-camps by fluorescence imaging. A pulse of Iso at 10 or 100 nM induced a
transient increase in CFP/YFP ratio, reflecting the production of cytosolic cAMP upon β-AR
stimulation (Figure 2). The maximum response induced by 10 nM Iso was significantly higher
in HD cells (16.22  1.75%; n=15) compared to LD cells (10.85  0.91%; n=41; p<0.01)
(Figure 2A). Relative to Iso 10 nM, 100 nM Iso was associated with higher cAMP signal, both
in HD (+ 66%) and LD (+ 79%) (Figure 2B). Interestingly, the maximum response to 100 nM
Iso was also significantly higher in HD than LD cells (Figure 2B). Independently of Iso
concentration, the kinetic parameters of the Iso-induced FRET signals were similar in LD and
HD cells, except for a slight modification of the onset phase.
12

The lower amplitude of the FRET response to Iso in LD cells may be due to the higher basal
[cAMP]i causing saturation of the FRET sensor. To test this hypothesis, we studied the FRET
responses to a saturating concentration of L-85 (100 µM), an adenylyl cyclase activator,
maintained until steady state was obtained. Then, a non-selective PDE inhibitor, IBMX at 100
µM, was added in the presence of L-85. As shown in Figure 3, the relative increase of [cAMP]i
response to L-85 and IBMX was similar in LD and HD RASMCs, suggesting that the FRETprobe was saturated at the same level in the two groups of cells. To further analyse the kinetics
of the L-85 response, we used an exponential fit according to the equation A (1-e-t/). The 
parameter was slightly but not significantly higher in LD compared to HD cells ( = 95.7± 20.0
s and 70.1±16.9 s, respectively; n=9).
3.3 Role of β1- and β2-AR sub-types in the cytosolic cAMP signals upon Iso stimulation in
cultured LD and HD RASMCs
The specific contributions of β1- and β2-AR sub-types in cAMP production elicited by Iso were
evaluated in RASMCs incubated in the presence of a selective β1- or β2-AR antagonist, CGP
100 nM or ICI 5 nM, respectively, during 15 min before an Iso pulse at 100 nM. These
concentrations were previously shown to be selective towards each β-AR sub-type [21]. In LD
RASMCs, the selective β1-AR antagonist CGP had no effect on Iso response (Figure 4A),
whereas the selective β2-AR antagonist, ICI, strongly decreased the amplitude of Iso response
(Figure 4B). In contrast, in HD RASMCs, both CGP and ICI induced a significant decrease in
the maximum Iso response by 26% and 74%, respectively, and a shortening of its recovery
phase (Figure 4 C&D). This suggests that in HD RASMCs, both β1-and β2-AR sub-types were
involved in the Iso-induced cAMP response, whereas in LD RASMCs, only the β2-AR sub-type
was involved in this response.
One possible explanation for this difference could be that some β-ARs are confined in caveolae
in HD cells, and that these functional microdomains would be not present in LD cells,
precluding efficient response to β-AR stimulation. This hypothesis was evaluated by treating
HD RAMSCs with 10 mM MβCD, a cholesterol chelator, prior to Iso stimulation. As shown in
Figure 5A, cells treated with MβCD exhibited a major decrease in filipin III staining,
confirming a decrease in cholesterol membrane content in these cells. However, this MβCD
treatment did not alter the cAMP response to 100 nM Iso (Figure 5B), suggesting that
cholesterol-enriched membrane domains were not crucial for β-AR signalling in HD RASMCs.
13

To identify and quantify β1- and β2-AR expression in the LD and HD RASMCs, we performed
competitive [125I]-ICYP binding experiments with betaxolol, a selective β1-AR competitive
antagonist, which exhibits Ki values of 5.01 ± 1.27 nM and 210 ± 49 nM, for β1- and β2-AR
subtypes, respectively

[35]

. Level of total β-AR binding sites was estimated by extrapolation

from total [125I]- ICYP binding sites to 1.54±0.51 and 1.49±0.33 fmol/100,000 cells in LD and
HD cells, respectively. Testing 21 concentrations of betaxolol ranging from 10-12 to 10-4 M
yielded [125I]-ICYP competition curves with a slope factor equal to 1.09 ± 0.5 in membrane
preparations derived from LD cells and 0.86 ± 0.1 in similar preparations from HD cells (Figure
6).
For LD RASMCs, the best fit for the betaxolol curve was for a "one site" model, with a Ki of
445 ± 11 nM, consistent with the range of its affinity with the β2-AR sub-type (Figure 6). For
HD RASMCs, the best fit was for a "two sites" model, with Ki values of 2.8 ± 1.1 nM and 651
± 2 nM, in agreement with the high and low affinity of betaxolol for the β1-AR and β2-AR subtypes, respectively. Respective subtype fractions of this low and high affinity sites were 0.11
and 0.89 (Figure 6). These data suggest that both β1- and β2-AR sub-types were expressed at
the membrane of HD RASMCs, whereas the membrane of LD cells displayed only the β2-AR
sub-type.
We also evaluated the expression of mRNA encoding β1- and β2-AR sub-types. A subtle but
not significant decrease in β1- and β2-AR mRNA expression was observed in HD compared to
LD cells (Figure S3). It is noteworthy that the cycle threshold (Ct) for β2-AR detection was
significantly lower than the β1-AR Ct value (28 ± 0.2 versus 33 ± 0.6, respectively; P<0.001),
suggesting that the expression of mRNA encoding β2-AR is higher than the expression of
mRNA encoding β1-AR in RASMCs.
3.4 Role of PDEs in the control of cytosolic cAMP concentrations in cultured LD and HD
RASMCs
We first characterised the expression pattern of cAMP-PDE subtypes in cultured LD and HD
cells. The expressions of 14 subtypes of cAMP-PDEs (PDE1A, 1B, 1C, 2A, 3A, 3B, 4A, 4B,
4C, 4D, 7A, 7B, 8A and 8B) were analysed by quantitative RT-PCR by using primer pairs
designed to detect all known variants of the related PDE subtype, except PDE4D3 isoform for
PDE4D. The PCR products of PDE1B, 2A, 4C and 8B were not detected. Among the 10
detectable subtypes, mRNA expression of PDE1B, 1C, 2A, 3B, 4C, 4D, 7A, and 8B was similar
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in both groups of cells (Figure 7). However, mRNA expression encoding PDE1A, PDE3A,
PDE4A, PDE4B and PDE7B was significantly increased in HD compared to LD RASMCs,
whereas mRNA encoding PDE8A was decreased.
We then analysed the cAMP hydrolysis activity in cultured LD and HD RASMCs, especially
the contributions of the two main vascular cAMP-PDEs, namely PDE3 and PDE4. Total cAMPPDE activity was significantly higher in HD compared to LD RASMCs (50.0 ± 2.9 versus 41.4
± 2.0 pmol/min/mg prot, respectively; P<0.05) (Figure 8A). PDE3 and PDE4 inhibitors
significantly reduced the cAMP hydrolytic activity by 37% and 29%, respectively, in LD
RASMCs and by 38% and 32%, respectively, in HD RASMCs. The broad-spectrum PDE
inhibitor, IBMX, almost completely abolished the total cAMP-PDE activity in both groups of
cells (Figure 8B). These results show that, whereas the total cAMP-PDE activity was higher in
HD RASMCs, relative contributions of PDE3 and PDE4 in controlling basal cAMP hydrolysis
were similar in LD and HD RASMCs.
Finally, we evaluated the functional contribution of PDE3 and PDE4 families in regulating the
cAMP dynamics to β-AR stimulation. RASMCs were incubated in the presence of selective
PDE3 and/or PDE4 inhibitors during 4 min preceding the 10 nM Iso pulse and maintained
during the whole recovery period. In LD RASMCs, the PDE3 inhibitor (Cil, 1 µM) had no
effect on the amplitude of Iso response but prolonged slightly its duration with a significant
35% increase in t1/2off (P<0.05) (Figure 9A). The response of Iso in the presence of Cil was
not modified by CGP (100 nM), the β1-AR antagonist (data not shown). The PDE4 inhibitor
(Ro, 10µM) delayed the Iso response onset phase (time to peak increased by 62%; P<0.01) and
markedly prolonged its recovery phase (t1/2off increased by 146%; P<0.001) (Figure 9B). We
also evaluated the effect of the simultaneous inhibition of PDE3 and PDE4, and observed that
combined addition of Cil and Ro (Cil + Ro) increased the time to peak of Iso response by 84%
(P<0.01) and strongly hampered its recovery phase (t1/2off measurement being not applicable)
(Figure 9C). To compare the effect of Cil+Ro to the effect of Cil or Ro alone, we calculated
the “corrected AUC” for these 3 conditions, as explained in the Methods part. As shown in
Figure S4, the “corrected AUC” for Cil+Ro was significantly higher than that of Cil alone but
was not different from that of Ro alone. These results suggest that in LD RASMCs, both PDE3
and PDE4 contribute to the degradation of cytosolic cAMP generated by β-AR stimulation,
PDE4 being the main contributor, and PDE3 acting via a non-additive mechanism.
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In HD RASMCs, PDE3 inhibition by Cil had no effect on the Iso response except for a slight
decrease in the t1/2on value by 26% (P<0.05) (Figure 9D). PDE4 inhibition by Ro did not affect
the amplitude of Iso response but significantly delayed its recovery phase by increasing the
t1/2off by 110% (P<0.001; Figure 9E). In the presence of Cil+Ro, the Iso response was
significantly increased in duration (t1/2off increased by 302%), but not in amplitude (Figure
9F). In the Cil+Ro condition compared to the Ro condition, we observed an increase in the
t1/2off parameter (by 91%; P<0.001), as well as an increase in the “corrected AUC” (by 130%;
Figure S4), indicating that Cil+Ro further delayed the recovery phase of Iso response compared
to Ro alone. These results suggest that, in HD RASMCs, PDE4 plays a prominent role in the
degradation of cytosolic cAMP generated by β-AR stimulation and that its inhibition uncovers
the hydrolytic activity of PDE3.
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4. DISCUSSION
In this study, we characterised the influence of cell density of RASMCs on the βAR/cAMP/PDE signalling pathway. Our main results can be summarised as follows: (i) In HD
RASMCs, both β1- and β2-ARs are functionally expressed at the membrane and contribute to
cAMP synthesis after Iso stimulation. PDE4 plays a prominent role in degrading this cAMP
increase. (ii) In LD RASMCs, only the β2-AR is involved in the cAMP production after Iso
stimulation, since no membrane expression of functional β1-AR could be detected. The β-ARmediated cAMP response in these cells is controlled by PDE4 but also, to a lesser degree, by
PDE3.
This study was carried out on RASMCs maintained in culture between passages 2 and 6 in the
presence of FBS and on monomeric collagen coating, two experimental conditions promoting
a VSMC synthetic phenotype and proliferation

[15, 36]

. Redifferentiation of VSMCs to a

contractile phenotype was previously reported in primary cultures grown at confluence or on
fibrillary collagen [15, 34, 37]. Here, we observed that among the phenotype markers studied only
the type 1 collagen expression was altered by cell density, with a 30% smaller amount in HD
RASMCs, in agreement with the data obtained by Ang et al. [34] in primary cultures of rabbit
SMCs. However, we did not observe any modification of the SM-MHC expression with cell
density, unlike what was observed by Vallot et al. [15], suggesting that the synthetic phenotype
of RASMCs was not fully reversed in primary cultures of RASMCs maintained at high density
during 6 days. Two differences might explain the absence of effect of cell density on SM-MHC
expression in our study: firstly, the use of sub-cultured cells undergoing passages, and secondly,
the shorter culture time (2-day). Overall, our results show that a high cell density of cultured
RASMCs is associated with partial modification of the expression pattern of cellular phenotype
markers.
Cyclic AMP controls key elements of vascular function, such as contractile tone, proliferation
and migration of SMCs. The level of intracellular cAMP is set by its synthesis by AC balanced
by its degradation by PDEs. We observed that the basal [cAMP]i was significantly decreased
in HD compared to LD RASMCs. This is unlikely related to a weaker AC activity in HD cells
as the direct AC activator, L-85, produced a similar maximal cAMP-FRET signal in both cell
types. On the contrary, the onset phase of the L-85 response appeared to be slightly delayed in
LD compared to HD cells. This would deserve further investigation to confirm this observation
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and to evaluate if a different expression pattern of AC isoforms between LD and HD cells might
be responsible for this alteration. On the other hand, we observed a clear raise in total cAMPPDE activity in HD cells compared to LD cells, that may certainly contribute to the decrease in
basal [cAMP]i observed in this condition. Furthermore, mRNA expression of five cAMP-PDEs
subtypes (PDE1A, 3A, 4A, 4B and 7B) was found to be increased in HD cells. It would be
interesting to determine if all variants of these PDE subtypes are similarly affected by these
changes. However, the overexpression of several PDE subtypes leads to an increase in total
cAMP hydrolytic activity in HD cells, without affecting the relative contributions of PDE3 and
PDE4 families. The main differences in vascular PDE expression generally associated with the
switch from contractile to synthetic phenotype are a relocalisation of PDE1A from cytosol to
nucleus [38], an increase in PDE1C expression [22] and a decrease in PDE3A expression [23] with
minor modification of PDE4. Sustained incubation with cAMP-elevating agents has been
shown to increase the expression of PDE3 and PDE4 variants, an effect observed between 4 to
16 hours after treatment [39, 40]. In our study, the increase of PDE3 and PDE4 variant expression
observed in RASMCs after 48-hour culture at high density was not associated with an increase,
but rather with a decrease, in [cAMP]i. Thus, the mechanism responsible for these modifications
of mRNA expression remains unidentified. PDE7B is a “novel” cAMP-PDE which was
reported to be expressed in synthetic RASMCs

[21]

. Interestingly, it has been reported that an

increase in PDE7B expression occurs in glioblastoma cells in response to direct contact with
endothelial cells

[41]

. Thus, an increase in cell contact might be involved in PDE7B

overexpression in HD RASMCs.
We also explored the cAMP responses to a β-AR stimulation in RASMCs by using FRET
imaging. The application of a non-selective β-AR agonist, Iso, induced a higher increase in
[cAMP]i in HD than LD cells, independently of the Iso concentration tested. By testing the
hypothesis that the difference in Iso response is due to confinement of some β-AR in caveolae,
we observed that the Iso response was actually not altered in HD cells treated with MβCD, an
agent used to solubilize cholesterol and extract it from membranes, leading to caveolae
destruction [26]. Indeed, we confirmed that MβCD treatment decreased by more than 50% the
membrane cholesterol content, a treatment previously shown to mostly disassemble the plasma
membrane caveolae of rat aorta smooth muscle

[42]

. Thus, our data support that functional β-

ARs do not localize in cholesterol-enriched microdomains of RASMC membrane. This is
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consistent with previous study showing that β1- and β2-ARs are substantially present in noncaveolar fractions extracted from cultured RASMCs [43].
Interestingly, the weaker Iso-induced cAMP response in LD cells appears to be related to the
loss of functional β1-AR. Indeed, CGP, used at 100 nM to potently block β1-ARs without
antagonising β2-AR-mediated responses [21], significantly reduced the Iso response in HD cells
without affecting the response in LD cells. By contrast, ICI, a selective β2-AR antagonist,
decreased the amplitude of Iso response by 74% in HD cells and almost abolished it in LD cells.
These pharmacological data suggest that both β1- and β2-AR subtypes mediated the Iso response
in HD cells, whereas only the β2-AR subtype was involved in LD cells. Consistently,
competitive [125I]-ICYP binding experiments with betaxolol, a β-AR ligand with higher affinity
for β1-AR subtype, identified two binding sites in HD cells, but only one binding site in LD
cells. According to the affinity values calculated for these binding sites (Ki values in the range
of nM concentration for the high-affinity site and in the range of 500 nM concentration for the
low-affinity site) and those described in the literature [35], our data suggest that both β1- and β2AR sub-types are expressed at the membrane of HD RASMCs, whereas the membrane of LD
cells expresses only the β2-AR sub-type. The calculated fractions of β1- and β2-AR sub-types
expressed in HD cells (i.e. 11% and 89%, respectively) support the predominance of β2-AR
over β1-AR sub-type, which is consistent with our results showing higher antagonism of Iso
response by ICI than CGP in these cells, as well as with literature reporting a β2-AR proportion
of 87% in cultured RASMCs [17]. In this study, we did not directly address the expression of the
β3-AR sub-type. However, our FRET data (showing a major inhibition of Iso response with β1and β2-AR antagonists) as well as the [125I]-ICYP binding experiments (that did not reveal a
third binding site for betaxolol, which exhibits an affinity for the β3-AR in the range of µM
concentrations

[44]

), are not in favour of its expression in our conditions, in agreement with

published evidence showing that rat aorta β3-ARs are localised in endothelial cells rather than
VSMCs [6].
The inability to detect β1-AR binding sites in LD cells might be associated to a very low β1-AR
expression, under the limit of sensitivity of the assay. However, the absence of β1-AR binding
sites in LD cells fits well the observed lack of effect of the β1-AR antagonist CGP on the cAMP
response to Iso in these cells. This loss of functional β1-ARs at the membrane of LD cells could
be related to a post-transcriptional mechanism, as mRNA expression of the β1-AR was not
decreased compared to HD cells. One seducing hypothesis would be that β1-AR response may
19

be masked by the activity of a specific PDE isoform. Indeed, upon non selective β-AR
stimulation, it appeared that PDE3 differentially controlled cAMP dynamics depending on cell
density. However, neither PDE3 inhibition nor non-selective PDE inhibition with IBMX had
any effect on cAMP production under selective stimulation of β1-AR in LD cells (data not
shown). This rules out the possibility that cAMP produced by β1-AR stimulation would be
readily hydrolysed by PDEs and therefore not detected. Other factors might be responsible for
a downregulation of the β1-AR at the membrane of LD cells, such as an alteration of the β1-AR
translational process or its trafficking to the membrane, or a desensitization of the β1-AR
leading to internalization of the receptor. Another attractive explanation would be receptor
oligomerization, a process known to affect GPCR trafficking, signalling and pharmacological
properties

[45, 46]

. Finally, two hypotheses to explain the modification of the β-AR/cAMP

signalling pathway according the cell confluence would involve either a soluble factor or the
direct cell contact. Interestingly, in HEK cells, cell-cell contact has been shown to modulate the
β2-AR-mediated ERK phosphorylation [24]. This would deserve further investigation.
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5. CONCLUSION
To conclude, our results show that in cultured RASMCs, the β-AR/cAMP/PDE signalling
pathway is substantially affected at various levels by the cellular density. The low density state
is associated with a loss of membrane expression of the β1-AR, a lower cAMP-PDE activity
and a higher basal [cAMP]i. Thus, this study highlights the critical role of the cellular
environment in controlling the vascular β-AR signalling. This might have pathophysiological
impact in diseases where vascular remodeling occurs. Furthermore, our results pointed out the
importance of specific culture condition in experimental exploration of the β-AR/cAMP/PDE
system, and more generally to cell signalling.
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Table 1. Primers pairs used in RT-PCR to quantify mRNA expression.
Target

Accession number

Primers
forward 5’→3’
reverse 3’→5’

Product
size (Bp)

Annealing
temperature
(°C)

96

60

65

60

82

60

77

60

65

60

100

60

190

60

81

60

99

60

98

60

97

60

56

60

189

60

98

60

212

60

287

60

99

60

89

60

155

60

183

60

179

60

82

60

127

60

PDE isoforms
PDE1A

NM_030871

PDE1B

NM_022710

PDE1C

NM_031078

PDE2A

NM_001143847

PDE3A

NM_017337

PDE3B

NM_017229

PDE4A

NM_ 013101

PDE4B

NM_017031

PDE4C

XM_214325

PDE4D

NM_001113328

PDE7A

NM_031080

PDE7B

NM_080894

PDE8A

NM_198767

PDE8B

NM_199268

GAAGTTTCGCAGCATTGTCC
GCAGGATATGTCAAACCAACC
TGCAGTCCACAACTGTCTCA
CCCGGTTCAAAGAGAAGACA
GCAGTGCAAGCTGGGATATT
TTACAGCCGGTGGATAGCTC
CTGTGCTGGCTGCACTCTAC
GAGGATAGCAATGGCCTGAG
ACCTCCCTGCCCTGCATAC
CCTCTCTTGTGGTCCCATTC
GTGGCTACAAATGCACCTCA
CTGGGCGAGAAAGATACAGA
CGTCAGTGCTGCGACAGTC
CCAGCGTACTCCGACACACA
GATGAGCAGATCAGGGAACC
GATGGGATTTCCACATCGTT
GACCCTGTCCTTCCTGTTGA
AACCGTCTCAGGATCACACC
GCCAGCCTTCGAACTGTAAG
ATGGATGGTTGGTTGCACAT
TTGGAATTTTGATATCTTTCTGTTTG
CTCAATCAATCCATGAAGACTAAA
GGCCATGCACTGTTACTTGA
CCAGAGGTGTGAGGAAGCTC
TGAGGTCTAGACAGCGATGG
CACATGCCCTGTAGAATCCA
GCCTCATTCGTTCAGACACA
GGCGATTCTGTAGGCTTGG

β-AR sub-types
β1-AR

NM_012701

β2-AR

NM_012492

GCTGCAGACGCTCACCA
GCGAGGTAGCGGTCCAG
CACAGCCATTGCCAAGTTCG
CGGGCCTTATTCTTGGTCAGC

Cell phenotype markers
Col1a1

NM_053356

Col3a1

NM_032085

NM-MHC

NM_013194

SM-MHC

NM_001170600

Tagln

NM_031549

CTCAAGATGTGCCACTCTGACT
CTCCATGTTGCAGTAGACCTTG
GATGGAAACCCTGGATCAGA
GCACCAGGAGAACCATTTTC
GGGAGACTCCACAGACCTCA
TCTTCTTCAGGGCCATGTTC
TGGTGGAAAACGGAAAGAAG
CACAGAAGAGGCCCGAGTAG
GATGGAACAGGTGGCTCAAT
TGGGATCTCCACGGTAGTGT

Housekeeping genes
TBP

NM_001004198

Ywhaz

NM_013011

CGGTTTGCTGCAGTCATCAT
GTGCACACCATTTTCCCAGA
AGACGGAAGGTGCTGAGAAA
GAAGCATTGGGGATCAAGAA
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LEGENDS
Figure 1. Representative phase-contrast photomicrographs of RASMCs seeded at low
(LD) or high (HD) density and maintained for 48 hours in culture. Lower panels represent
higher magnification of the area outlined in upper panels. HD cells reached confluence with a
typical hill-and-valley pattern. (magnification X10).
Figure 2. Effect of isoprenaline on β-AR-induced cytosolic cAMP signals in LD and HD
RASMCs.
cAMP measurements were conducted in cultured RAMSCs using the FRET-based cAMP
sensor Epac2-camps following a brief application of isoprenaline (Iso, 15 s) on LD cells (□) or
HD cells (■). A: 10 nM Iso. B: 100 nM Iso. Top and lower panels represent the mean variation
of CFP/YFP ratio and the associated kinetic parameters, respectively. Data are mean ± SEM of
9-41 independent cells as indicated. * P<0.05, ** P<0.01 versus LD cells.
Figure 3. Maximum FRET-based cAMP signal in response to direct AC activation (L858051, 100 µM) in the presence of a non-selective PDEs inhibitor (100 µM IBMX) in
LD and HD RASMCs.
cAMP measurements were conducted in cultured RAMSCs using the FRET-based cAMP
sensor Epac2-camps in response to sustained application of L-858051 (L-85, 100 µM, 500 s).
At steady state, a non-selective PDE inhibitor (100 µM, IBMX) was added on top of L-85. The
left panel represents the mean variation of CFP/YFP ratio and the right panel the maximum
increase in CFP/YFP ratio, measured at 500 s after L-85 addition. Data are mean ± SEM of 9
cellular recordings.
Figure 4. Effect of β1-AR and β2-AR antagonists on β-AR-induced cAMP signals in LD
and HD RASMCs.
cAMP measurements were conducted in cultured RAMSCs using the FRET-based cAMP
sensor Epac2-camps following a brief application of isoprenaline (Iso, 0.1 µM, 15 s) in the
absence (□) or presence (■) of β-AR antagonists. A, C: Effect of the β1-AR antagonist (100
nM CGP-20712A, CGP) on Iso response in LD (A) and HD (C) cells, respectively. B, D:
Effect of the β2-AR antagonist (5 nM ICI 118,551, ICI) on Iso response in LD (B) and HD (D)
cells. Top and lower panels represent the mean variation of CFP/YFP ratio and the
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corresponding kinetic parameters, respectively. Data are mean ± SEM of 7-11 independent
cells, as indicated. * P<0.05, ** P<0.01, *** P<0.001 versus Iso alone. ND: not determined.
Figure 5. Effect of methyl-β-cyclodextrin treatment (MβCD) on β-AR-induced cytosolic
cAMP signals in HD RASMCs.
A: Effect of MβCD treatment (10 mM, 37°C, 1 hour) on RASMCs staining with filipin III.
Left histograms represent the mean of fluorescence recorded in cells. On the right,
representative pictures of the cells treated (MβCD) or not (control). B: Cytosolic cAMP
measurements were conducted in cultured RAMSCs using the FRET-based cAMP sensor
Epac2-camps following a brief application of isoprenaline (Iso, 0.1 µM, 15 s) on HD cells
treated (■) or not (□) with MβCD. Left and right panels represent the mean variation of
CFP/YFP ratio and the corresponding kinetic parameters. Data are mean ± SEM of 11-43
separate recordings cells as indicated. *** P<0.001 versus control RASMCs.
Figure 6. Competition of [125I]-ICYP binding with betaxolol in membrane preparations
derived from LD and HD RASMCs. Competition of [125I]-ICYP binding with betaxolol for
LD cells (□) and HD cells (■). Slope factor (Hill number) of the plots were 1.09 ± 0.5 for LD
cells and 0.86 ± 0.1 for HD cells. Ki values and fraction of receptors from fit with LIGAND
program are given on the figure. Data are mean ± SEM of 3-6 independent experiments.
Figure 7. Expression analysis of mRNA encoding cAMP-PDE isoforms in LD and HD
RASMCs.
RT-qPCR reactions were carried out on mRNAs isolated from RASMCs. The expression of
PDE1A (1A), PDE1C (1C), PDE3A (3A), PDE3B (3B), PDE4A (4A), PDE4B (4B), PDE4D
(4D), PDE7A (7A), PDE7B (7B), PDE8A (8A) were analyzed. mRNA quantification was
expressed using the 2ΔCt method as described in materials and methods. Data are mean ± SEM
of mRNA expression relative to that in LD RASMCs. n = 6-23 experiments. * P<0.05, **
P<0.01, *** P<0.001 versus LD RASMCs.
Figure 8. cAMP-PDE activity in LD and HD RASMCs.
A: Total cAMP-PDE activity was determined in the presence of 1 μM cAMP in lysates of
cultured RAMSCs. B: cAMP-PDE activity profile was determined in the absence (vehicle,
Veh) or presence of a selective PDE3 inhibitor (cilostamide, Cil, 1 μM) or PDE4 inhibitor
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(Ro 20-1724, Ro, 10 μM) or a non-selective PDE inhibitor (IBMX, 1 mM). Results are
expressed in fraction (%) of the total cAMP-PDE activity measured in the absence of
inhibitor. Data are means ± SEM of 6 independent experiments. * P<0.05 versus LD
RASMCs. $$ P<0.01 versus relevant vehicle.
Figure 9. Effect of PDE inhibition on β-AR-induced cytosolic cAMP signals in LD and
HD RASMCs.
cAMP measurements were conducted in cultured RAMSCs using the FRET-based cAMP
sensor Epac2-camps following a brief application of isoprenaline (Iso, 10 nM, 15 s) in the
absence (□) or presence (■) of selective PDE inhibitor. A, D: Effect of a PDE3 selective
inhibitor (1 µM cilostamide, Cil) on Iso response in LD (A) and HD (D) cells. B, E: Effect of
a PDE4 selective inhibitor (10 µM Ro 20-1724, Ro) on Iso response in LD (B) and HD (E)
cells. C, F: Effect of a combination of PDE3 and PDE4 inhibitors (1 µM Cil and 10 µM Ro)
on Iso response in LD (C) and HD (F) cells. Top and lower panels represent the mean variation
of CFP/YFP ratio and the corresponding kinetic parameters, respectively. Data are mean ±
SEM of 8-29 cellular recordings as indicated. * P<0.05, ** P<0.01, *** P<0.001 versus Iso
alone. ND: not determined.
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SUPPLEMENTARAY FILE
Legend of supplementary figures
Figure S1. Characterisation of the phenotype of cultured RASMCs.
Immunolabeling of cultured RASMCs with antibodies specific for smooth muscle α-actin
(A), transgelin (B) and calponin (C), used as markers of the smooth muscle. Scale bar: 20
µm.
Figure S2. Expression analysis of mRNA encoding cell phenotype markers in LD and HD
RASMCs.
RT-qPCR reactions were carried out on mRNAs isolated from RASMCs. Expressions of
transgelin (Tagln), smooth muscle myosin heavy chain (SM-MHC), as contractile phenotype
markers, and type 1 (Col1a1), type 3 (Col3a1) collagen, non-muscle myosin heavy chain (NMMHC), as synthetic phenotype markers, were analyzed. mRNA quantification was expressed
using the 2ΔCt method as described in materials and methods. Data are mean ± SEM of mRNA
expression relative to that in LD RASMCs. n = 12-14 experiments. ** P<0.01 versus LD
RASMCs.
Figure S3. Expression analysis of mRNA encoding β-AR (β1 and β2) in LD and HD
RASMCs.
RT-qPCR reactions were carried out on mRNAs isolated from RASMCs. The expression of
β1-AR and β2-AR were analyzed. mRNA quantification was expressed using the 2ΔCt method
as described in materials and methods. Data are mean ± SEM of mRNA expression relative
to that in LD RASMCs. n = 12 experiments.
Figure S4. Quantification of the effect of PDE inhibition on β-AR-induced cytosolic
cAMP signals in LD and HD RASMCs presented in Figure 9.
“Corrected AUC” were calculated as the AUC measured on the FRET signal obtained in the
presence of the PDE inhibitor [Cil (Figure 9A and D), Ro (Figure 9B and E) or Cil+Ro (Figure
9C and F)] minus the AUC measured on the FRET signal obtained in the corresponding
control condition (Iso alone), in LD (Figure 9A-C) and HD (Figure 9D-F) cells. AUC are
expressed in arbitrary unit (a.u.). Data are mean ± SEM of the 8-29 cells shown in Figure 9.
* P<0.05, *** P<0.001 versus Cil+Ro.
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