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Vascular smooth muscle cells (VSMCs) are thought to assume a
quiescent and homogeneous mechanical behavior after arterial tree
development phase. However, VSMCs are known to be molecularly
heterogeneous in other aspects and their mechanics may play a role in
pathological situations. Our aim was to evaluate VSMCs from differ-
ent arterial beds in terms of mechanics and proteomics, as well as
investigate factors that may influence this phenotype. VSMCs ob-
tained from seven arteries were studied using optical magnetic twist-
ing cytometry (both in static state and after stretching) and shotgun
proteomics. VSMC mechanical data were correlated with anatomical
parameters and ultrastructural images of their vessels of origin.
Femoral, renal, abdominal aorta, carotid, mammary, and thoracic
aorta exhibited descending order of stiffness (G, P < 0.001). VSMC
mechanical data correlated with the vessel percentage of elastin and
amount of surrounding extracellular matrix (ECM), which decreased
with the distance from the heart. After 48 h of stretching simulating
regional blood flow of elastic arteries, VSMCs exhibited a reduction
in basal rigidity. VSMCs from the thoracic aorta expressed a signif-
icantly higher amount of proteins related to cytoskeleton structure and
organization vs. VSMCs from the femoral artery. VSMCs are heter-
ogeneous in terms of mechanical properties and expression/organiza-
tion of cytoskeleton proteins along the arterial tree. The mechanical
phenotype correlates with the composition of ECM and can be
modulated by cyclic stretching imposed on VSMCs by blood flow
circumferential stress.

vascular smooth muscle; extracellular matrix; aorta; smooth muscle
cells

THE FACT THAT VESSELS DIFFER SO significantly in terms of
anatomic characteristics is commonly attributed to the hetero-
geneity of blood flow within their territories during the arterial
tree development phase, which determines vessel diameter and
thickness (13). In this scenario, vascular smooth muscle cells
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(VSMCs) orchestrate extracellular matrix (ECM) synthesis/
organization and are thought to assume a quiescent contractile
status after. However, VSMCs are known to play an important
role in the structural modifications that some vessels undergo
during pathologic conditions like atherosclerosis and hyperten-
sion (11), highlighting the fact that these cells are constantly
influenced by diverse stimuli and modulate their synthetic and
proliferative properties based on these stimuli. This puts into
question the homogeneous quiescent mechanical status of
VSMCs mentioned before.

Earlier studies have suggested that elimination of VSMC
function did not significantly change the static mechanical
properties of large vessels (42). Recent reports show that vessel
structural modifications, such as wall rigidity, may account for
the substantial contribution of the VSMC mechanical pheno-
type (32, 36) and that VSMC cytoskeleton proteins are posi-
tively influenced by the composition of surrounding ECM and
by the pattern of local shear stress (20, 37).

VSMC location in the vascular tree changes the patterns of
gene expression, mainly SMC marker genes, as well as their
molecular functioning (14, 45). Considering the key role
played by VSMC:s in controlling ECM production and organi-
zation to maintain vessel integrity, in reorganizing vessel
tunica media in the face of blood flow changes, and in regu-
lating tissue perfusion within smaller arteries, it may be ex-
pected that their mechanical properties might vary according to
the vessel of origin. Hypothetical factors that could influence
VSMC mechanics and cytoskeleton organization are their em-
bryological origin, the local blood flow, and the amount of
surrounding ECM.

Based on these findings, the main objective of this study was
to characterize VSMC obtained from different arterial beds in
terms of mechanics and protein expression and explore if
eventual differences in their mechanical profile correlate with
anatomical or blood flow diversities of their vessels of origin.

MATERIALS AND METHODS
Study Design

See Fig. 1.
Vessels

Fragments of abdominal aorta, femoral, renal, mammary, carotid,
coronary, and thoracic aorta arteries were collected from five same-
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Fig. 1. The study was designed to address the mechanical phenotype of
vascular smooth muscle cells (VSMCs) and its possible modulators along
arterial tree. Selected arteries were anatomically evaluated using conventional
Verhoeff and picrosirius staining, as well as using transmission electron
microscopy (TEM). VSMC rigidity was directly accessed using optical mag-
netic twisting cytometry (OMTC) assay, and protein expression was evaluated
using shotgun proteomics. ECM, extracellular matrix.

aged (4 mo) and -weighted female pigs (Susscrofadomesticus, lineage
MS60 EMBRAPA, Granja RG, Suzano-SP, 15-20 kg). The animals
were preanesthetized with ketamine hydrochloride (10 mg/kg) and
midazolam (0.4 mg/kg), and the anesthesia was performed with
sodium thiopental (10 mg/kg). Animals underwent tracheal intuba-
tion, and the anesthesia was maintained with isoflurane with 100%
oxygen in a ventilator during the procedure. Saline infusion was kept
throughout the procedure, and a single dose of 10,000 IU of heparin
was administered. Asepsis/antisepsis was performed over the regions
of interest for vessel extraction. After all vascular segments were
extracted, the animals, still under anesthesia, were killed by an
overdose of potassium chloride (KCI, ~30 ml). The procedure was
approved according to our local ethics committee (CAPpesq—Hospital
das Clinicas da Faculdade de Medicina USP-0272/11).

Cell Isolation and Culture

Fragments of the collected vessels were used to isolate VSMCs
using the primary explant technique. Vessel fragments had their
lumen opened and were cut into small pieces (4 X 4 mm), which were
placed on a six-well plate, previously coated with 3% cutaneous
porcine gelatin (catalog no. G9136; Sigma-Aldrich). Growth media
used consisted of high-glucose DMEM (catalog no. 12100-046;
GIBCO) supplemented with 20% fetal bovine serum (catalog no.
16000—-044; GIBCO), 100 unit/ml penicillin, and 100 pwg/ml strepto-
mycin (catalog no. 15140-122; GIBCO). VSMCs were stained for
alpha-smooth muscle actin (sc-53142, 1:400; Santa Cruz Biotechnol-
ogy) and characterized using confocal microscopy (>95% positiv-
ity). The staining protocol was identical to that described for
anti-vinculin antibody in Confocal Microscopy. VSMCs were ex-
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panded to subsequent passages at a 1:2 proportion. To limit
VSMCs progressive softening and dedifferentiation with serial
culture passaging, we performed the mechanical assay, the stretch-
ing experiment, and the acquisition of confocal images using
VSMCs up to the fifth passage (10).

Cell Cycle Analysis

VSMCs (1 X 10°, 4th passage) were plated in culture dishes at
concentrations determined to yield 90—100% confluence. Afterwards,
cells were harvested and centrifuged for 5 min at 1,699 g in 4°C.
Subsequently, cells were washed twice with ice-cold phosphate-
buffered saline (PBS), and then the supernatant was discarded, and the
pellets were fixed with 1 ml of ice-cold 70% ethanol at 4°C overnight.
Next, cells were centrifuged for 5 min in 4°C at 4,248 g and washed
twice with PBS. The supernatants were withdrawn, and the cells were
resuspended in 500 wl of DNA staining solution (20 pg/ml of PI, 100
ng/ml of RNase A in PBS, and 0.1% Triton-X) for 30 min at 37°C.
DNA content was analyzed using FACS Caliburflowcytometry equip-
ment (BD). The cell population in each phase of the cell cycle was
determined using CellQuestPro software.

Histological Characterization of Vessels

Paraffin-embedded sections of all artery sections were stained with
Verhoeff Van-Gieson (elastic stain kit, catalog no. HT25A; Sigma-
Aldrich) and picrosirius red solution (catalog no. P6744; Sigma-
Aldrich). Deparaffinized and hydrated sections were stained with
Verhoeff solution for 1 h, rinsed (twice), differentiated in 2% ferric
chloride (1-3 min), washed in tap water, treated with 5% sodium
thiosulfade for 1 min, washed for 5 min, counterstained in Van Gieson
solution for 3 min, dehydrated through 95% alcohol, and cleared in
xylene (3 min/twice). According to the picrosirius protocol, deparaf-
finized and hydrated sections were stained in picrosirius red for 1 h,
washed in acidified water (twice), dehydrated in 100% ethanol (3
times), and cleared in xylene.

Slides were analyzed using Leica Qwin software, and the percent-
age of elastic fibers (Verhoeftf-stained slices) and collagen (picro-
sirius-stained slices) within media tunica was calculated for each
vessel. Anatomical data referring to the vessel internal diameter and
media thickness were calculated using the same slides. Groups were
statistically compared in terms of percentage of elastin, percentage of
collagen, internal diameter, media thickness, and media thickness/
internal diameter ratio using one-way ANOVA. P < 0.05 was con-
sidered significant. The name of the vessel was not revealed to the
researcher that analyzed the slices. Instead, a numerical code was
given.

Transmission Electron Microscopy

Vessel fragments were preserved in modified Karnovsky solution
and processed according to the methodology described by Watanabe
(43). Images were acquired using Jeol-1010 equipment.

We calculated the extracellular matrix area/VSMC area ratio and
the mean size of membrane-dense bodies for each selected vessel
using Image] software. Groups were compared in terms of both
variables using one-way ANOVA. P < 0.05 was considered signifi-
cant. Data referring to dense body size underwent logarithm conver-
sion before statistical analysis to achieve a normal distribution. Im-
ages were acquired and analyzed by two different researchers and a
second one reanalyzed them to avoid subjectiveness.

Optical Magnetic Twisting Cytometry

Preparation of ferromagnetic beads. Ferromagnetic beads (4.5-pum
diameter, provided by Harvard School of Public Health, Boston, MA)
were covered with a synthetic peptide containing Arg-Gly-Asp (RGD)
sequence (cat no. 44-0-1913; American Peptide) and suspended into a
sterile carbonate buffer at a concentration of 1mg/ml.
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Optical magnetic twisting cytometry experiment. VSMCs (4th
culture passage) were plated on a 96-well plate (catalog no. 9102;
Corning) previously coated with 3% porcine gelatin (catalog no.
G9136; Sigma-Aldrich) at a concentration of 1 X 10* cells per well.
Twelve hours after plating, VSMCs were serum-deprived for 24 h and
then ferromagnetic beads were added at a concentration of 10 wg per
well. VSMCs were then incubated for 20 min and washed once to
remove loosely bound beads before the performance of mechanical
measurements.

Detailed descriptions and validations of optical magnetic twisting
cytometry (OMTC) have been published elsewhere (12, 31). Briefly,
OMTC is a method used to measure cell viscoelasticity based on the
application of a sinusoidal magnetic torque to ferromagnetic beads,
which are intrinsically attached to cytoskeleton. In our experiments,
beads were magnetized horizontally (9,000 Gauss) and, after, a
vertical magnetic field oscillating at 0.75 Hz was put into action (90
Gauss). The resulting bead displacement was optically registered by a
charge-coupled device camera mounted on an inverted microscope
(Leica DMI-4000).

The ratio between the Fourier transformation of the specific torque
and bead displacement defined a complex apparent stiffness of the cell,
g*(f), measured in units of Pa nm ™. Based on this value, it was possible
to compute the elastic modulus g’, the loss modulus g”, and hysteresivity
7 (the ratio g"/g") for the cell. The apparent stiffness g*(f) was converted
into a shear modulus G* after taking into consideration the shape and
thickness of the cell and the degree of bead embedding, based on
previous finite-element simulations (30). G* at 0.75 Hz was labeled
G. In half of experiments, contractile agonist histamine or antagonist
isoproterenol were added to wells 30 s after the beginning of magne-
tization, and bead displacement was registered for 5 min thereafter.

VSMCs from different arteries were compared in terms of G and .
Taking into consideration a random variation between the animals, we
calculated Z-score of G and m (ZG and Zn) using resultant G and m
of all analyzed wells (individually for each animal). After that, the
values of ZG and Zn were compared using the nonparametric
Kruskal-Wallis test and P < 0.05 was considered significant. A
Mann-Whitney test was performed as post hoc analysis, and Spear-
man’s rank order correlation was performed to correlate variables
obtained from histological analysis with ZG. We used SPSS software
(17th version) in all statistical analysis.

Stretch Protocol

VSMCs were stretched using Flexcell FX-4000 cell stretching
system (Flexcell International). This system applies biaxial, homoge-
neous tensile strains to cells cultured on silicone rubber membranes
(2) and is suitable for simulating the physiological stretch applied by
blood flow to most arteries (17). Then, 2 X 10° cells (5th passage)
were plated in Bioflex plates previously coated with 10% porcine skin
gelatin (catalog no. G9136; Sigma-Aldrich) and underwent a 10%
stretch, at 1 Hz frequency, for 24 and 48 h. Control VSMCs were
plated using the same protocol (also in Bioflex plates) and were kept
within the same incubator as stretched VSMCs. After the end of the
stretch protocol, VSMCs were harvested and prepared for OMTC
experiments, as described previously. Control VSMCs were compared
with stretched VSMCs using a Mann-Whitney test, and P < 0.05 was
considered significant.

Confocal Microscopy

VSMCs were cultured on glass slides. After 48 h, cells were fixed
with 4% paraformaldehyde (catalog no. 158127; Sigma-Aldrich) for
60 min, permeabilized for 30 min with 0.1% PBS-Nonidet 40 (Sigma-
Aldrich), blocked overnight with 1% albumin from bovine serum
(catalog no. A9418; Sigma-Aldrich) diluted in PBS, and incubated for
3 h with phalloidin conjugated with Alexa (1:400; Alexa Fluor 488
Phalloidin; Invitrogen) or for 12 h with anti-vinculin primary antibody
(1:200; catalog no. V9131; Sigma-Aldrich), in this case followed by
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2 h incubation with anti-mouse secondary antibody (Alexa Fluor 555
goat anti-mouse IgG, 1:500; Invitrogen). The cell nucleus was stained
using 1:300 DAPI (catalog no. D9532; Sigma-Aldrich), which was
added to mounting media. Fluorescence image studies were per-
formed using a Zeiss laser-scanning confocal microscope LSM 510
META. Confocal images were acquired by one researcher, who knew
their vessel of origin, but were analyzed by a second researcher after
the name of the vessel had been removed and replaced by a sequential
number.

ImagelJ software and its plugin Orientation] were used to analyze
phalloidin-stained images regarding stress-fiber orientation, which
was calculated and expressed, using as unit, the percentage of coher-
ence: the more the fibers had a predominant orientation within the cell,
the higher the coherence was. VSMCs were studied in terms of shape
using ImagelJ software. The variables major axis/minor axis ratio (AR)
and circularity were chosen as shape descriptors, and the latter was
calculated using the formula 4w (area/perimeter"2), the maximum
value (one) was representative of a perfect circle and the decrease of
the value towards zero reflective of cell elongation. Finally, the size of
focal adhesions was calculated using vinculin-stained images and
Imagel particle analysis function.

Groups were compared in terms of stress-fiber orientation and
shape-descriptors (AR/circularity) using one-way ANOVA, and P <
0.05 was considered significant. Femoral and thoracic aorta were
compared in terms of the size of focal adhesions (vinculin-stained
images) using Student 7-test, and P < 0.05 was considered significant.

Proteomics

Protein extraction. Five aortic cell plates and six femoral cell plates
with 1.0 X 10° cells were extracted with 100 pl of extraction buffer
and mechanical lysis. Proteins were centrifuged at 16,000 g for 15 min
at 4°C. The supernatant was then quantified in triplicate using the
Bradford protein assay (Bio-Rad no. 500-0201) according to manu-
facturer’s specifications.

Protein digestion. The protein digestion was carried out according
to Camargo et al. (5) with a few modifications. Different from
Camargo et al., we diluted 50 pg of total protein in 50 mM ammo-
nium bicarbonate to a final volume of 60 pl, whereas Camargo et al.
diluted in Milli-Q water to a volume of 30 pl. We used 21 pl of the
internal standard (yeast alcohol dehydrogenase-PO0330 at 1 pmol/pl)
whereas Camargo et al. used 5 pl of the internal standard at 250
fmol/ml. Briefly, 50 g of total protein were diluted in 50 mM
ammonium bicarbonate to a final volume of 60 wl. The protein
samples were denatured with 0.2% (wt:vol) RapiGest SF for 15 min
at 80°C, reduced with 2.5 pl of 100 mM dithiothreitol at 60°C for 30
min, alkylated with 2.5 pl of 300 mM iodoacetamide at room
temperature, and enzymatically digested at 37°C overnight with tryp-
sin at a 1:100 (wt/wt) enzyme:protein ratio. Then, 10 wnl of 5%
trifluoroacetic acid were added to the digestion mixture to hydrolyze
the RapiGest, and the samples were incubated at 37°C for 90 min. The
tryptic peptide solution was then centrifuged at 16,000 g for 30 min at
6°C, and the pH of the supernatant was adjusted to 9.8 by the addition
of 5 ul 1 M NH4OH. Finally, 21 pl of the internal standard (yeast
alcohol dehydrogenase-PO0330 at 1 pmol/pl) were added to the
resulting solution.

Two-dimensional liquid chromatography/mass spectrometry analysis.
Separation of peptides was performed using two-dimensional high
performance liquid chromatography (2D-HPLC) employing reversed-
phase in both dimensions. Separation was achieved using pH 9.8 in
the first and pH 2.6 in the second LC dimension. The separation at pH
9.8 was performed in off-line mode on Acquity UPLC I-Class system
equipped with photodiode array (PDA) detector (Waters, Manchester,
UK), with Gemini NX 3 m 50 X 2.0 mm column mobile phase were
ammonium formate in water, 20 mM, pH 9.8 and acetonitrile. Eight
fractions of 0.5 min each were automatically collected and were
evaporated. The final pellet was resuspended in 50 wl of 0.1%
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trifluoroacetic acid in 5% acetonitrile. Each fraction was injected into
a second LC dimension through a nanoACQUITY system (Waters).
The samples were first trapped in a Symmetry C18 5 wm, 180 mm X
20 mm column (Waters) with 0.1% TFA in 3% acetonitrile, then
peptides were eluted from the trap column to a HSS T3 1.8 pum, 75
pm X 15cm analytical column (Waters) using as mobile phase A:
water with 0.1% formic acid and B: 0.1% formic acid in acetonitrile.

Mass spectrometric acquisition was achieved in a Synapt MS
Q-TOF mass spectrometer equipped with a NanoLockSpray source in
the positive ion mode (Waters). For all measurements, the mass
spectrometer was operated in the “V”” mode with a typical resolving
power of at least 12,500. Data-independent scanning (MSE) experi-
ments were performed by switching between low (3 eV) and elevated
collision energies (15-50 eV) applied to the trap “T-wave” cell filled
with argon. Scan times of 0.8 s were used for low- and high-energy
scans from m/z 50 to 2000.

Protein identification and database analysis. Protein identification
was performed in Global Server v.2.5 (PLGS) with human UniProtKB
Complete Proteome database. Maximum missed cleavages by trypsin
allowed were up to 1, fixed modification by carbamidomethylation
(cistheine), and variable modifications by acetyl NH,-terminal and
oxidation (methionine) were considered. Label-free quantification was
obtained by the PLGS processing, and the lists of identified and/or
quantified proteins in each condition (aortic and femoral) were per-
formed.

Statistical analysis. The data were analyzed using the Student 7-test
and fold change to assess differences between aortic and femoral cells
with statistical significance (P < 0.05 and fold change >1.5). Net-
work analyses were performed using MetaCore version 6.14 (http://
portal.genego.com).

RESULTS
Structural Characterization of the Vessels

Studied vessels (coronary, thoracic aorta, mammary, carotid,
abdominal aorta, renal, and femoral) differed in terms of
thickness (P < 0.001), internal diameter (P < 0.001), thick-
ness/internal diameter ratio (P < 0.001), percentage of elastin
(P < 0.001), and percentage of collagen (P = 0.02), both
measured within tunica media (Fig. 2). Descriptive data are
available in the Table 1.

The content of elastin decreased significantly as the vessels
moved away from the heart, consistent with previous observa-
tions (35), and the thoracic aorta exhibited the highest percent-
age of elastin (Fig. 2, A and C). The thickness/internal diameter
ratio was significantly higher in abdominal aorta branches
(femoral and renal arteries) compared with the abdominal aorta
itself and to thoracic vessels (thoracic aorta, mammary, and
coronary; P < 0.001; Fig. 2B). Differences found regarding
internal diameter and media thickness were striking because of
the higher dimensions of the thoracic aorta. Even though the
percentage of collagen was different among the vessels, a
pattern for this variation has not been identified.

The proportion of ECM within tunica media of different
vessels was calculated using transmission electron microscopy
(TEM) images and was expressed as the ratio ECM area/
VSMC area. The thoracic aorta exhibited the highest amount of
ECM surrounding VSMCs, followed by the mammary artery
(Fig. 2D). The thoracic aorta and mammary ECM/VSMC ratio
was approximately times higher than the highest ECM/VSMC
ratio of the infra-diaphragm arteries (abdominal aorta, renal,
and femoral; P < 0.001; Fig. 2D). As well as the higher
amount of ECM, the thoracic aorta and mammary also exhib-
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ited less aligned VSMCs compared with femoral and renal
arteries (Fig. 2E).

Our results regarding the structure of different arteries were
consistent with previous data from literature, which show that
elastin predominates in the thoracic aorta and decreases sig-
nificantly in the extra thoracic arteries, followed by an increase
in both the elastic modulus and the pulse wave velocity (16).
Also, vessel diameters were proportional to those previously
described for humans (33). Considering the striking differences
regarding distance from the heart and ECM composition be-
tween the thoracic aorta and femoral artery, those vessels were
chosen to be contrasted in some of our analysis.

Morphometric Analysis of VSMCs and Membrane Dense
Bodies

As a step before the mechanical evaluation of VSMCs, we
chose to directly access their membrane dense bodies (MDB)
using TEM, as the ultrastructural evaluation allowed us to most
closely visualize VSMCs as they were arranged in vivo,
especially regarding the linkage to ECM. MDB (focal adhe-
sions) anchor actin filaments to plasma membrane, influence
SMC cytoskeleton remodeling and linkage to ECM, and may
be directly related to vessel rigidity (19, 36). MDB mean size
was significantly different between VSMCs from different
territories (P < 0.001): femoral had the largest MDBs, and
thoracic aorta had the smallest (Fig. 3, A-C). To evaluate if this
difference regarding focal adhesion area was persistent in vitro,
we have analyzed vinculin-stained immunofluorescence im-
ages of VSMCs and the results were consistent: VSMCs from
the thoracic aorta presented with significantly smaller focal
adhesions compared with VSMCs from the femoral artery (Fig.
3, F and G). As larger MDB/focal adhesions are positively
associated with greater cell rigidity, this finding highlights that
femoral VSMCs may have a different final mechanical behav-
ior compared with other arteries, especially regarding cytoskel-
eton organization and linkage to ECM.

Phalloidin-stained confocal images were studied regarding
VSMC shape and actin stress-fiber orientation (Fig. 3, D and
E). We decided to evaluate VSMC shape based on previous
observations that have correlated the morphology of VSMCs
and their phenotype: spindle-shaped VSMCs were always
associated with a more differentiated phenotype (contractile)
compared with thomboid SMCs (proliferative) (15, 38). In our
analysis, VSMCs were morphologically different (P < 0.001,
for both AR and circularity): femoral and coronary VSMCs
were more elongated compared with VSMCs from the other
vessels (Fig. 3D). We did not find a significant difference
regarding stress-fiber orientation between the vessels (P =
0.242).

Cell-Cycle Analysis

VSMCs obtained from different arteries were subjected to
cell-cycle analysis. VSMCs cultured in vitro were homoge-
neous in terms of percentage of cells within each stage of the
cell cycle, irrespective of their vessel of origin (Fig. 4). We
identified, on average, 0.89 £ 0.34% cells in Go-G;, 73.28 =*
9.2% in S phase, 3.99 = 1.6% in G, and 12.21 = 5.7% in
sub-Go.
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Fig. 2. Structural characterization of studied arteries. A: amount of elastin within tunica media decreased as vessels moved away from heart. Thoracic aorta presented
with the highest amount of elastic fibers, while femoral and renal arteries presented the lowest ones. In the graph, arteries are disposed in descending order of distance
from the heart. Points: mean value; error bars: 95% confidence interval. B: thickness/internal diameter ratio was higher in the branches of the abdominal aorta, compared
with thoracic vessels. Points: mean value, error bars 95% confidence interval. C: Verhoeff Van-Gieson staining of femoral and thoracic aorta. Thoracic aorta presented
the highest thickness and the highest amount of elastin within its media layer, compared with all other vessels. Femoral and thoracic aorta are compared in terms of tunica
media thickness (main pictures) and in terms of percentage of elastin (smaller pictures, in which elastic fibers are stained in deep purple). D: amount of ECM surrounding
VSMC was lower in heart-distant femoral and renal arteries compared with thoracic aorta and mammary arteries. Transmission Electron Microscopy (TEM) images of
all vessels (E) clearly expose that difference and also highlights that femoral and renal VSMCs are more aligned than thoracic aorta and mammary VSMCs.

AJP-Heart Circ Physiol « doi:10.1152/ajpheart.00655.2013 - www.ajpheart.org
Downloaded from journals.physiology.org/journal/ajpheart at CAPES-USP (143.107.135.170) on June 28, 2022.



H510

VARIABILITY OF VSMC MECHANICS AND PROTEOMICS

Table 1. Anatomical and structural differences of studied vessels

Femoral Renal Abdominal Aorta Carotid Mammary Thoracic Aorta Coronary
Media thickness, pm 324 £ 21 207 = 39 318 £ 16 270 £ 42 142 = 21 1,242 = 56 94 = 10
Internal diameter, wm 1,645 = 12 944 * 134 4,500 = 500 1,896 = 340 1,924 * 244 12,876 = 251 1,284 = 90
Thickness/internal diameter 0.2 = 0.01 0.22 £ 0.04 0.071 = 0.01 0.149 = 0.04 0.076 = 0.02 0.096 = 0.002 0.074 = 0.01
Colagen, % 12.78 = 6.57 24.17 £5.63 12.76 = 3.82 22.34 = 8.45 14.7 £3.5 18.13 =39 19.23 =99
Elastin, % 143 +29 9.2 %35 122 =45 174 =53 43.1 £7.7 56 = 2.8 32=*1
ECM/VSMC ratio 0.44 = 0.09 0.31 = 0.09 0.62 =0.2 0.53 £0.22 1.18 £ 0.35 1.4 +£0.27 0.83 0.3

Data are expressed as means = SD. ECM, extracellular matrix; VSMC, vascular smooth muscle cell.

Mechanical Characterization of VSMCs

VSMCs from different arteries were evaluated using OMTC
assay. We performed the following number of valid OMTC
experiments: 51 (renal), 33 (abdominal aorta), 49 (femoral), 51
(mammary), 63 (carotid), 16 (coronary), and 33 (thoracic
aorta). An experiment was considered valid if the following
conditions were met: /) VSMCs were confluent, 2) a minimum
of 150 ferromagnetic beads were identified within the well, and
3) VSMCs exhibited a regular morphology pre- and post-
OMTC experiment.

VSMCs differed in terms of G among the different arterial
beds, being the results consistent in all analyzed animals. The
Z-score of G was calculated for each artery (ZG), as exposed
in MATERIALS AND METHODS, and a significant difference was
found (P < 0.001; Fig. 5A). The thoracic aorta exhibited the
lowest value of ZG and femoral artery exhibited the highest
ones (P < 0.001; Fig. 5A). In a more comprehensive analysis,
thoracic aorta VSMCs exhibited significantly lower ZG than
VSMC s from infra-diaphragm vessels (abdominal aorta, renal,
and femoral arteries; P < 0.001), reflecting a less rigid behav-
ior of VSMCs originating from that vessel. Regarding vessel
distance from the heart, a clear tendency of ZG elevation with
the increase of that distance was observed (Fig. 5A). This
statement does not apply to the coronary artery, which receives
blood irrigation during diastoles. The m median Z-score (nZ)
did not statistically differ between the different vessels, mean-
ing that histeresivity did not change significantly between the
VSMC (P = 0.115).

In all experiments with histamine, regardless of the animal,
an increase of G after the addition of drug was observed and
was reflected by a median normalized G (final postdrug
G/basal predrug G) of 1.604 (interquartile range: 0.559). Re-
sponse to isoproterenol was more heterogeneous (median nor-
malized G of 0.816; interquartile range: 0.416) and signifi-
cantly varied between animals (P < 0.001). This behavior has
already been described elsewhere (47) and may reflect the
amount of beta-receptors present within cell membrane.
VSMCs from different vessels did not differ regarding their
intensity of response to both antagonists and agonists drugs
(P = 0.327 for histamine and P = 0.234 for isoproterenol).

Identification of Possible Modulating Factors of VSMCs
Mechanics

After the recognition that VSMCs static rigidity varied
according to their position in the arterial tree, we studied
whether the ECM composition and the cyclic deformation of
the arterial wall due to blood flow had any influence on this
behavior.

Correlation between ECM data and VSMC rigidity. When
OMTC results are contrasted with our previous presented
vessels anatomic data, it is clear that VSMCs from arteries with
less elastic fibers and less surrounding ECM (femoral and
renal) were stiffer compared with the thoracic aorta VSMCs
(elastin and ECM-rich). We found a strong negative correlation
between the vessel percentage of elastin and the VSMC rigidity
(ZG; P < 0.01, correlation coefficient: —0.724 and > = 0.524)
and between the ECM/VSMC ratio and the VSMC rigidity
(ZG; P < 0.01, correlation coefficient: —0.847 and » =
0.718). Femoral VSMC higher rigidity was consistent with our
previous observations that those cells presented larger MDB in
ultrastructural analysis.

VSMC mechanical behavior after prolonged stretching. Our
main objective with this experiment was to verify if cyclic
circumferential stress applied over artery walls could influence
VSMC mechanical behavior and not to reproduce each vessel-
specific stretching condition. We chose the 10% intensity/1-Hz
rate protocol, as it is classically considered as physiological (7,
22) and has proven to reproduce an arterial regimen (6).

VSMCs from each studied vessel underwent cyclic stretch-
ing (10%, 1 Hz) for 24 and 48 h. Each experiment was repeated
twice, on different occasions and with VSMCs from different
animals, to guarantee reproducibility. We performed the fol-
lowing valid OMTC experiments after 24 h of stretching/48 h
of stretching: 12/12 (carotid), 12/9 (femoral), 12/12 (renal),
12/8 (abdominal aorta), 12/8 (thoracic aorta), and 12/8 (coro-
nary). The same number of control experiments was done.

The 24-h-stretched VSMCs from the mammary artery were
less stiff compared with their static controls (P < 0.001; Fig.
5B). VSMCs from other vessels did not significantly change
their elastic behavior after 24 h of stretching. By contrast, after
48 h of stretching, VSMCs from all vessels were less stiff
compared with controls and the magnitude of G reduction,
expressed in terms of normalized poststretching G (G of
poststretched VSMCs/median G of control wells), was similar
for all vessels (P = 0.675; Fig. 5B).

Comparison of Protein Expression Between VSMCs with
Different Rigidity Using Shotgun Proteomics

VSMC:s from the thoracic aorta and femoral artery, which had
highly heterogeneous mechanical behaviors, were quantitatively
compared using shotgun quantitative proteomics (Fig. 6). This
methodology was chosen based on its high sensitivity and
reproducibility in profiling protein content in biological sam-
ples and, in our case, in comparing two different dynamic
proteomes, as well as due to its high-throughput capacity. A
total of 1,628 proteins were quantified and/or identified, of
which 232 were exclusively identified in aorta VSMCs, 168
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Fig. 3. VSMCs from different arteries were significantly different in terms of shape and membrane dense body dimensions (MDB; ANOVA, P < 0.001).
A: femoral VSMC had an average area of MDB significantly larger than the other vessels. Graph: bars represent logarithm conversion of MDB area and error
bars represent 95% confidence interval. Asterisks mark post hoc comparisons of the arteries in relation to the femoral artery. B: X2,500 TEM image of femoral
VSMCs. Arrow point: one MDB. C: X5,000 TEM image of thoracic aorta VSMCs. Arrow point one MDB. D: femoral VSMCs were more elongated than the
others (except for coronary). In the first graph, the studied variable was circularity and, in the second graph, major axis/minor axis ratio (AR). Bars represent
mean and error bars represent 95% confidence interval. E: confocal images of femoral and thoracic aorta VSMC stained with phalloidin. Femoral VSMC are
more elongated than thoracic aorta VSMC. Both the size of MDB and the VSMC shape may have an influence on their final mechanical behavior. These results
highlight that femoral VSMC differently organize the cytoskeleton. F: in vitro size of focal adhesions (FAs) was compared between VSMCs from femoral and
thoracic aorta arteries using vinculin-stained immunofluorescence images (G and H, red: vinculin, blue: nucleus). Consistent with our previous results using TEM
images (A), the thoracic aorta presented significantly smaller FAs compared with the femoral artery (F, bars: mean value of FA area after logarithm conversion,
error bars: 95% confidence interval).

AJP-Heart Circ Physiol - doi:10.1152/ajpheart.00655.2013 - www.ajpheart.org
Downloaded from journals.physiology.org/journal/gjpheart at CAPES-USP (143.107.135.170) on June 28, 2022.



H512

Renal

Femoral

g g
24 23
L8] 8]
8 28
3 8g]

™ ™. ™ e M

<4 EE
o -

200 400 600 800 1000

200 400 €00 80 1000

Abdominal Aorta

& g
24 283
£ s
e 293
3s L
M b M: M. ™M
B3 < M
, -
2o o el o 10w W wo__ o 00 100
g Mammary g Thoracic Aorta
24 2
85 28
£.] 8
Y I °

8-
8]
253
ds
<] M. i M.
-
200 400 600 800 1000

Fig. 4. Histograms representing cell cycle analysis of VSMCs from all arteries.
M1: phase Go-Gi; M2: phase S; M3: phase Gz; and M4: phase sub-Go.
Percentage of cells within each phase of the cell cycle was homogeneous,
irrespective of the vessel of origin.

exclusively identified in femoral VSMCs, and 1,233 were
identified in both groups (Fig. 6A). Quantified proteins were
submitted to statistical analysis, 10 proteins were overex-
pressed in aorta VSMC group and 3 overexpressed in femoral
VSMC group (P < 0.05, Fig. 60).

Based on enrichment analysis, aorta expressed significantly
higher amounts of proteins related to the biological processes
of contraction and cytoskeletal organization (Fig. 6C). Proteins
involved in the cytoskeletal biological network, mainly regard-
ing regulation of cytoskeleton rearrangement and actin fila-
ments, were strikingly more expressed in VSMC from the aorta
than in those from the femoral artery. In statistical analysis, we
identified the differential proteins of the aorta as microtubule-
associated protein, a-actinin 4, fructose-bisphosphatealdolase
A, vinculin (isoform 2), a-actinin 2, actin, 22-« smooth muscle
protein, malate dehydrogenase, phosphoglycerate mutase-1,
and protein DJ-1.

VARIABILITY OF VSMC MECHANICS AND PROTEOMICS

Of these differential proteins, actin stands out as the most
important structural cytoskeletal protein, directly responsible
for cell deformability and integrity, followed by microtubule-
associated protein. The increased expression of actin by aorta
VSMCs was accompanied by an also increased expression of
proteins involved in the organization of actin stress fibers
(a-actinin and vinculin isoform 2). Those “organizer” proteins
form VSMC dense bodies/focal adhesions, which play an
important role in determining cell mechanics through rear-
rangement of actin fibers. The impression is that aorta VSMC
protein machinery is intensely dedicated to meeting the con-
tinuous need of cytoskeleton reorganization due to cyclic
fluidization and re solidification of cell cytoplasm.

Femoral differential proteins (quantitatively most different
from aorta) were related to the cell cycle network. Based on
our cell-cycle analysis, this finding does not mean that femoral
VSMC s have a higher replicative behavior than aorta VSMCs,
but maybe this reflects that different levels of proteins are
required to achieve a similar rate of replication in different
environments, as previously observed (18).

DISCUSSION

Our results point out that VSMCs from different vessels of
the arterial tree differ in terms of mechanical phenotype:
VSMCs from the thoracic aorta are significantly less rigid than
VSMCs from heart-distant renal and femoral arteries. VSMC
rigidity was lower in the vessels with the higher percentage of
elastin and higher amount of ECM, suggesting a common
modulator for all parameters or an influence of ECM on VSMC
rigidity. Cyclic stretching of VSMCs (simulating elastic artery
regimens) led to homogeneous reduction of their rigidity. This
finding highlights the finding that regional mechanical forces
have an influence on VSMC mechanics independent of ECM
cross-signaling and that some interarterial static differences
regarding this phenotype may be due to the intensity of cyclic
wall deformation imposed by blood flow. The amount of
cytoskeletal proteins expressed in VSMCs with extreme com-
pliant behavior (thoracic aorta) was significantly higher than
that present in their stiffer opponent (femoral), which ex-
pressed more proteins involved in the cell cycle process. This
may be reflective of different regional mechanical stresses and
ECM composition, which influence VSMC cytoskeletal orga-
nization.

The present study is the first to confirm the heterogeneity of
VSMCs mechanics along arterial tree through direct measuring
of cytoplasm rigidity and through evaluation of global protein

Fig. 5. VSMC rigidity varied according to the position in arterial tree (Z-score G and G, Kruskall-Wallis, P < 0.001). A: Z-scores of the variable G for each
artery are disposed in the first graph and, in the second graph, raw data (G) is presented. In both graphs, arteries are displayed in descending order of distance
from the heart (femoral, renal, abdominal aorta, carotid, mammary, thoracic aorta, and coronary), and an increase in VSMC rigidity as their vessel of origin moves
away from the heart is noticed. When those mechanical data are interpreted taking into consideration previously exposed vessel anatomy, it is clear that VSMCs from
arteries with less elastic fibers and less surrounding ECM (femoral and renal) were stiffer compared with the thoracic aorta VSMCs. In both graphs, asterisks mark the
post hoc comparisons of the arteries in relation to the femoral artery. B: to evaluate if mechanical differences found between VSMCs from different arteries were due
to the differences in regional mechanical forces, we subjected cells to 24- and 48-h-cyclic stretching protocol. After 24 h of stretching, only mammary VSMCs acquired
a less rigid behavior. However, after 48 h of stretching, all VSMCs were less rigid compared with their controls (black bars represent median G of control
non-stretched VSMC and gray bars represent median G of stretched VSMC, error bars are 95% confidence interval). C: as it was demonstrated that cyclic
stretching is a regulator of VSMC mechanical phenotype, we compared VSMC rigidity after 48-h stretching between 4 different vessels (femoral, renal, carotid,
and thoracic aorta) to evaluate if the mechanical differences we initially found persisted after a course of peristalsis, which would represent a more physiological
in vitro model. We chose four vessels to assure that VSMC were stretched within the same experiment, avoiding biased comparisons. The persistence of
mechanical differences between VSMCs from different origins is shown in the graph, in which asterisks mark the post hoc comparisons of the arteries in relation
to the femoral artery. This finding reinforces that VSMC rigidity varies according to their position in arterial tree.
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expression, as well as the first to identify regional forces and and relied mainly on evaluating expression of SMC marker
ECM as possible modulating factors of this specific phenotype. genes and their transcription factors (45).

Previous studies that have addressed the heterogeneity of The observation that VSMCs are mechanically different
SMCs from different origins mostly compared VSMCs with along arterial tree is indeed relevant, as it goes against indis-
visceral SMCs (23) or arterial VSMCs vs. venous VSMCs (28)  criminate labeling of VSMC mechanical and synthetic behav-
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Fig. 6. Aorta VSMCs were compared with femoral VSMCs using quantitative
shotgun proteomics. A: 1,628 proteins were identified/quantified (232 exclu-
sively in aorta VSMC and 168 exclusively in femoral VSMC). B: volcano plot
analysis: 10 proteins were overexpressed in aorta VSMC and they were mainly
related to the cytoskeleton structure and organization (P < 0.05). C: molecular
functions of aorta differential proteins are quantitatively exposed in this graph
(black: aorta VSMC, gray: femoral VSMC). The amount of proteins related to
cytoskeleton organization expressed by aorta VSMC was strikingly higher than
that expressed by femoral VSMC. This finding is consistent with our results
showing the dichotomous mechanical behavior of VSMC from these 2 terri-
tories.

iors, both in physiological and pathological situations. VSMCs
from different vessels synthesize ECM quantitatively and qual-
itatively heterogeneously, depending on the regional blood
flow during the arterial tree development phase. After this
period, VSMCs classically assume a quiescent, low-prolifera-
tive and contractile phenotype (29). Considering that static
VSMC mechanics are considerably variable among different
arteries, classifying all of them as “contractile” does not seem
to be correct. Even the concept of “phenotypic switching,”
commonly used to explain the assumption of a more prolifer-
ative and synthetic behavior of VSMCs in pathological situa-
tions (19), needs to be considered carefully, as it does not
foresee heterogeneous cell mechanics and, consequently, does
not take into consideration a plausible heterogeneity in this
process along the arterial tree.

The embryological origin of vessels is always pointed out as
one of the things responsible for VSMC phenotypical diversity,
as cells from vessels of distinct embryological origin differ in
terms of morphology, growth, and response to growth factors
(40). Differences regarding VSMC mechanical behavior, as
demonstrated by our results, may also be related to the embry-
ological origin of the vessels: thoracic aorta and mammary,
whose VSMCs were less rigid, are para-axial mesoderm and

VARIABILITY OF VSMC MECHANICS AND PROTEOMICS

cranial neural crest derived, while the abdominal aorta and its
branches, whose VSMCs were more elastic, are derived from
splanchnic mesoderm. However, based on our results, ECM
and circumferential stress also play a role in determining
VSMC mechanical phenotypes.

We found a clear correlation between VSMC rigidity and the
amount/composition of ECM within the media layer. There
was a negative correlation between the amount of medial ECM
and VSMC rigidity, the thoracic aorta being the vessel with the
greatest amount of surrounding ECM and with the least elastic
VSMC. The progressive decrease in elastin content as vessels
moved away from the heart was accompanied by an increase in
VSMC rigidity towards the same direction. One hypothesis is
that VSMC mechanical phenotype may be influenced by ECM
properties. Indeed, elasticity and thickness of ECM are known
to influence cytoskeletal organization and cell mechanics: rigid
ECM leads to formation of large and stable focal adhesions,
whereas soft matrices lead to the establishment of transient
ones (4, 36). Our ultrastructural analyses of VSMCs are in
accordance with these previous observations, as cells from the
thoracic aorta (higher amount of elastin) exhibited smaller
focal adhesion compared with cells from the femoral artery
(lower amount of elastin).

The presence of elastin within ECM has been previously
demonstrated to regulate VSMC functioning, as it positively
influences VSMC cytoskeletal organization and negatively
influences their proliferative rate (20). In our analysis, we
found neither significant differences regarding stress fiber ori-
entation between the territories, nor significant differences
regarding proliferative behavior. Even though cell adhesion to
ECM is known to regulate cytoskeleton organization mainly
through focal adhesion plasticity (36) an alternative explana-
tion to our findings is that, as VSMC secrete ECM during
development, the correlation of composition/amount of ECM
and VSMC mechanics may be reflective of a common modu-
lator of both parameters.

Circumferential stress applied towards the vessels by blood
flow influences VSMC mechanical heterogeneity, as chronic
cyclic axial stretching at a fixed intensity was able to change
static VSMC rigidity in our experiments, this response being
homogeneous for all studied vessels. Stretching conditions sim-
ulated in our experiments are best compared with the condition
that VSMCs from elastic vessels undergo during physiological
situations. VSMCs from the thoracic aorta, which undergoes the
most intense circumferential stress, exhibited a static compliant
profile. Femoral and renal VSMCs, which were more rigid,
assumed a more compliant static behavior after cyclic stretching,
shedding light on circumferential stress as a determinant of
VSMC mechanical heterogeneity.

Cyclic stretching is known to stimulate some SMC signaling
pathways (GTPase Rac, protein kinase A, protein kinase, and
p38 mitogen-activated protein kinase) (21, 27) and to increase
both the ECM synthesis (26) and the expression of SMC
contractile marker-genes proteins (alpha-actin, sm-22, cal-
ponin, and smooth muscle myosin heavy chain) (38). Also,
stretching may lead to reorientation of stress fibers, depending
on the cell type, substrate characteristics and intensity of
deformation (9) and may change VSMC proliferative behavior
(7). However, most studies assess the final results of cyclic
stretching-induced cytoskeletal reorganization. It must be high-
lighted that, to fluidize and resolidify their cytoplasm during
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cyclic deformation, VSMCs suffer assembly/disassembly of
their stress fibers, as well as growth and disruption of focal
adhesions (36). Therefore, the process is much more dynamic.

Our proteomics analysis of VSMCs with opposing mechan-
ical behaviors (thoracic aorta and femoral) clearly demon-
strates that these cells quantitatively differ in terms of proteins
involved in the processes of muscle contraction and cytoskel-
eton organization. VSMCs from the thoracic aorta expressed a
significantly higher amount of cytoskeleton proteins, both
constituents of cytoskeleton structure itself (actin, microtubule-
associated protein) and members of focal adhesions (vinculin,
alpha-actinin). On the contrary, VSMCs from the femoral
artery expressed significantly more proteins involved in cell
cycle network. As presented earlier, the thoracic aorta’s VSMC
had a static mechanical behavior more compliant than femoral
VSMCs, and in ultrastructural analysis the thoracic aorta had
significantly smaller membrane focal adhesions. Both thoracic
aorta and femoral arteries had similar amounts of cells in each
stage of cell cycle. The common sense understanding would be
that VSMCs with higher amounts of cytoskeletal proteins have
a more rigid cytoplasm and that VSMCs with higher amounts
of cell cycle proteins proliferate more. In our observations, this
extrapolation proved not to be true, and carefully studying cell
physiology before the interpretation of any proteomics data is
essential to avoid inaccuracies.

The organization of actin stress fibers is highly dynamic and
involves a large array of actin-binding proteins and focal-
adhesion associated proteins, which regulate stress fibers as-
sembly and stability, allowing cells to properly adapt to dif-
ferent mechanical forces (39). Even if the amount of actin is
kept constant, cytoplasm rigidity can change due to modifica-
tions in the rate of stress fiber assembly (44) and focal adhesion
enlargement, which is dependent on mechanical stress (34, 36).
In our results, VSMCs from the aorta were less rigid than
VSMCs from femoral, but the former presented with smaller
focal adhesions. Even though we could not detect differences
regarding stress fibers alignment, VSMCs from aorta and
femoral were heterogeneous regarding their shape, which may
indirectly reflect their cytoskeleton organization.

Based on previous observations of Trepat et al. (41) and
Chen et al. (8), cell response to stretch is cytoplasm fluidiza-
tion. Considering mechanical forces imposed by blood flow in
the thoracic aorta, VSMCs from this area experience both
fluidization during systole and resolidification during diastole.
The quick and effective reorganization of the cytoskeleton,
especially through focal adhesion plasticity, allows VSMCs to
meet ECM cyclic deformation due to circumferential stress. As
this process may be less intense in peripheral arteries, it may
justify the lower expression of proteins related to cytoskeletal
organization within their VSMCs.

Finally, the contribution of VSMC rigidity to the resultant
mechanical property of any vessel has always been considered
nonsignificant (1). This concept has recently begun to change,
as there is evidence that senescent arterial rigidity may be due
to the stiffening of VSMCs (32), that selective removal of
VSMCs from tunica media may alter vessel morphology (24),
and that mutations in the myosin heavy chain (MYHI11) may
alter aorta contractility due to modifications in the VSMC
cytoskeleton (25). In our experiments, VSMC-measured rigid-
ity was consistent with previously described compliance and
ECM elasticity of their vessels of origin, so that a more rigid
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behavior was observed in VSMCs from more rigid vessels that
exhibited lower elastin content. However, a causal relationship
cannot be established, as this subject was not addressed di-
rectly in the present study.

Our study has some limitations. The first is that the regula-
tory function that endothelial cells may exert on VSMC me-
chanical behavior was not specifically studied. It is known that
this influence may be mostly related to changes in shear stress,
which are directly sensed by these cells (37). VSMC behavior
in vitro may not be completely extrapolated to their properties
in vivo, but restricting culture passage and selecting a primary
culture may have helped in preserving cell phenotype (10).
Vessel intrinsic tone, which is regulated by adrenergic stimulus
(46), may influence VSMC rigidity by modifying substrate
stiffness (3). In our study, the influence of this factor on VSMC
behavior was not directly evaluated. Finally, our choice in
focusing on the media layer was an attempt to evaluate the
environment surrounding terminally differentiated VSMCs,
which might have a direct influence on their behavior, but it is
known that adventitia may also contribute to vessel mechanics.

In conclusion, VSMCs are heterogeneous in terms of vis-
coelasticity and the amount of cytoskeletal proteins expressed
along the arterial tree, their mechanical phenotype possibly
being influenced by ECM characteristics (amount and compo-
sition) as well as being modulated by cyclic circumferential
stress applied to vessel walls by blood flow.
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