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Integrins mediate mechanical compression-induced endothelium-
dependent vasodilation through endothelial nitric oxide pathway
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Cardiac and skeletal muscle contraction lead to compression of intramuscular arterioles, which, in turn, leads to
their vasodilation (a process that may enhance blood flow during muscle activity). Although endothelium-derived
nitric oxide (NO) has been implicated in compression-induced vasodilation, the mechanism whereby arterial com-
pression elicits NO production is unclear. We cannulated isolated swine (7 = 39) myocardial (n = 69) and skeletal
muscle (n=60) arteriole segments and exposed them to cyclic transmural pressure generated by either intralumi-
nal or extraluminal pressure pulses to simulate compression in contracting muscle. We found that the vasodilation
elicited by internal or external pressure pulses was equivalent; moreover, vasodilation in response to pressure de-
pended on changes in arteriole diameter. Agonist-induced endothelium-dependent and -independent vasodila-
tion was used to verify endothelial and vascular smooth muscle cell viability. Vasodilation in response to cyclic
changes in transmural pressure was smaller than that elicited by pharmacological activation of the NO signaling
pathway. It was attenuated by inhibition of NO synthase and by mechanical removal of the endothelium. Stemming
from previous observations that endothelial integrin is implicated in vasodilation in response to shear stress, we
found that function-blocking integrin a;[3, or a5 antibodies attenuated cyclic compression—induced vasodilation
and NO, (NO™y and NO™5) production, as did an RGD peptide that competitively inhibits ligand binding to some
integrins. We therefore conclude that integrin plays a role in cyclic compression-induced endothelial NO produc-

tion and thereby in the vasodilation of small arteries during cyclic transmural pressure loading.

INTRODUCTION

The vascular tone in myocardium and skeletal muscle
circulation is not only regulated by hemodynamics (Kuo
et al., 1990; Goto et al., 1996; Sorop et al., 2002; Chiu
and Chien, 2011), butitis also affected by external mus-
cle contraction, which compresses the embedded blood
vessels (Spaan, 1985; Hoffman, 1987; Goto et al., 1991;
Clifford et al., 2006). It is well established that flow
shear stress acting on the endothelium regulates nitric
oxide (NO) and plays a key role in vascular biology (Kuo
et al., 1990; Goto et al., 1996; Sorop et al., 2002, 2003;
Chiu and Chien, 2011). The external compression on
the blood vessel wall during muscle contraction is also
recognized as an independent regulator of vascular
tone (Buckwalter et al., 1998; Naik et al., 1999; Clifford
etal., 2006; VanTeeffelen and Segal, 2006). Muscle con-
traction may generate ~600 mmHg of extravascular
pressure (Sejersted et al., 1984). Therefore, the intra-
muscular pressure may exceed intravascular pressure.
Although there is evidence that endothelial NO medi-
ates compression-elicited vasodilation in myocardium
and skeletal muscle (Sun etal., 2001, 2004), the involve-
ment of integrin in mechanotransduction is unclear.
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The extraluminal compression changes the transmural
pressure (equal to intraluminal minus the extraluminal
pressure) and in turns changes the lumen diameter and
hence the circumferential deformation of the blood
vessel wall. Moreover, extraluminal compression causes
radial compression, which may result in radial deforma-
tion. Because cyclic stretch plays an important role in
the regulation of endothelial NO in cell culture (Awolesi
et al., 1994, 1995; Ziegler et al., 1998; Kuebler et al.,
2003; Takeda et al., 2006), we can presume that the cir-
cumferential deformation induced by transmural pres-
sure may mediate vasodilation.

Integrins are well-established mechanosensors that con-
vert mechanical and chemical stimulation to cellular
signaling (Muller et al., 1997; Davis et al., 2001; Martinez-
Lemus et al., 2003). Endothelial integrin mediates blood
flow shear stress—elicited biological response (Muller
et al., 1997; Yano et al., 1997; Shyy and Chien, 2002).
PI3K (phosphoinositide 3-kinase) /Akt (protein kinase B)
mediates integrin activation-induced endothelial NO syn-
thase (eNOS) phosphorylation to produce NO (Morello
et al., 2009). The mechanosensory role of integrins in
stretch stimulus has been extensively investigated in the
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myogenic response of vascular smooth muscle (VSM)
cells (Williams, 1998; Davis et al., 2001; Martinez-Lemus
et al., 2003). It is unclear whether integrins play a role
in compression-induced vasodilation.

Here, we hypothesize that endothelial integrins are
implicated in the compression-induced vasodilation dur-
ing muscle contraction through cyclic circumferential
deformation. To test this hypothesis, we used in vitro cor-
onary and skeletal muscle small arteries (inner diameter
of 300-400 pm). Pressure myography equipped with an
extraluminal pressure generator was used to determine
the compression-induced vascular vasodilation. To verify
the role of circumferential deformation, isovolumic my-
ography (Lu and Kassab, 2011; Lu et al., 2013) was used
to monitor vascular vasodilation while the circumferen-
tial deformation was inhibited (i.e., no change in strain
but change in stress) during cyclic compression.

MATERIALS AND METHODS

The swine were provided by Michigan State University and housed
at Indiana University School of Medicine Facilities (Laboratory
Animal Resource Center). The swine had ad libitum access to
water and food. A room temperature of 20-22°C and humidity of
30-70% were maintained. The animals were given a physical eval-
uation and acclimated for at least 3 d before the surgical proce-
dure. The animal experiments were performed in accordance
with national and local ethical guidelines, including the Princi-
ples of Laboratory Animal Care, the Guide for the Care and Use
of Laboratory Animals, and the National Society for Medical Re-
search, and an approved Indiana University School of Medicine
Institutional Animal Care and Use Committee protocol regarding
the use of animals in research.

39 male Duroc swine weighing 52 + 14 kg (33-69 kg) were used
in this study. The pigs were fasted overnight. Surgical anesthesia
was induced with TKX (10 mg/kg Telazol, 5 mg/kg ketamine,
and 5 mg/kg xylazine) and maintained with isoflurane 1-2%.
Ventilation was provided with a respirator to maintain physio-
logical Pcog and Py at ~35 and 100 mmHg, respectively. Electro-
cardiographic leads were attached to the animals’ limbs, and
cardiac electrical signals were monitored on a defibrillator
(Lifepak 9P; Physio-Control, Inc.). Body temperature was main-
tained at 37-38°C and blood pH at 7.4 + 0.1. The anesthesia was
monitored and recorded once per 10 min during the procedure.
The adequacy of anesthesia was confirmed by stability of respira-
tion and heart rate, absence of palpebral reflex and jaw tone,
pink mucous membrane, and no limb withdrawal reflex. Two to
three branches of artery (~330 pm in diameter) within vastus
intermedius muscle of the left leg was harvested and immedi-
ately stored in 4°C physiological saline solution (PSS;in mmol/L:
142 NaCl, 4.7 KCl, 2.7 sodium HEPES, 3 HEPES acid, 1.17 MgSO,,
2.79 CaCly, and 5.5 glucose). The chemicals in this study were
purchased from Sigma-Aldrich unless mentioned specifically.
The chest cavity was exposed, and the heart was excised and im-
mediately stored in 4°C PSS. Two to four branches of the left
anterior descending (LAD) coronary artery (~350 pm in diam-
eter) were excised from the subendocardium. 60 small branches
of artery in vastus intermedius muscle and 69 small branches
of LAD coronary arteries were measured. The distribution of
the vessel segments in the various groups is denoted in the leg-
end to Fig. 6.
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Experimental setup

To provide external pressure, the setup was assembled to create
an isovolumic system within a sealable transparent box. The iso-
volumic system consisted of a chamber with two connectors,
which bridge the blood vessel and rigid tubes. One tube con-
nected to a 50-ml flask with PSS, and the flask was pressurized
with a pressure regulator to inflate the vessel at the desired intra-
luminal pressure. Another tube connected with a Tuohy-Borst
adapter (Cook Medical) mounted with a solid-state pressure
transducer (SPR-524; Mikro-Tip catheter transducer; Millar, Inc.)
to monitor the intraluminal pressure. The PSS contained 1% dia-
lyzed albumin aerated with mixed gas (22% Oy, 5% CO, and bal-
anced with 73% Ny) that filled the chamber and tubes before
vessel cannulation. A CCD camera on a microscope transferred
the image of vessel to computer that digitized the external diam-
cter of the vessel. Because the sample rate of digital conversion
(200/5s) was higher than the rate of change in the vessel dimen-
sion, the diameter was tracked in real time. The sealable transpar-
ent box was a larger container to accommodate the chamber of
the isovolumic system and allowed the tubes of the isovolumic
system to channel through the wall of the container to connect
the blood vessel segment in the chamber with pressure source
and pressure transducer. The channels for the tubes crossing the
wall of the container were sealed using silicone sealant. The con-
tainer was sealed using a gastight cover so that an extraluminal
pressure could be applied to simulate the compression of the
arteries embedded in contracting myocardium or skeletal mus-
cle. Another pressure regulator was used to control the pressure
in the container. A pule pressure generator connected with
pressure regulators was used to generate either intraluminal or
extraluminal pulse pressures. The transmural pressure of the
vessel segment was defined as intraluminal pressure minus ex-
traluminal pressure.

The vessel was inflated to physiological pressure while the out-
let was closed off. Hence, the vessel was merely pressurized with
no flow (no axial shear stress). Isobaric and isovolumic proce-
dures were performed during either intraluminal or extraluminal
pressure variation. The vascular contraction or relaxation under
isobaric state (pressure myography) was characterized by the de-
crease or increase in diameter of the vessel segment. Under isovolu-
mic conditions, the contraction or relaxation was characterized
by the increase or decrease in intraluminal pressure during con-
stant lumen volume (Lu and Kassab, 2011; Lu et al., 2013).

Experimental procedures

The vessel segment was cannulated in the chamber and warmed
up to 37°C slowly (2025 min) and equilibrated for 40 min at a trans-
mural pressure of 15 mmHg at in situ length. The coronary or
skeletal muscle arterial segments, inflated to physiological pres-
sure (~100 mmHg), were precontracted to an approximate 60%
diameter with endothelin-1 at a concentration of 107°~10~7 mol/L
or phenylephrine at 107-107° mol/L, respectively. The vessel
segments were then exposed to cyclic transmural pressure from
100 to 0 mmHg, which was generated either by pulse extralumi-
nal pressure from 0 to 100 mmHg at 1 Hz while the intraluminal
pressure was maintained at 100 mmHg or pulse intraluminal pres-
sure from 0 to 100 mmHg while the extraluminal pressure was
maintained at 0 mmHg. The standard period of pulse transmural
pressure acting on vessel segment was 2 min. After stimulation of
pulse transmural pressure, the endothelium-dependent vasodila-
tion of coronary small arteries was induced with bradykinin (BK;
1077-107° mol/L) or skeletal muscular small arteries with acetyl-
choline (ACh; 107-107° mol/L), respectively. The endothelium-
independent vasodilation was induced with sodium nitroprusside
(SNP; 107°-107° mol/L) to verify the sensitivity of VSM to NO.
To assess the role of endothelium in cyclic transmural pressure—
induced vasodilation, the vessel segments with intact endothelium
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were incubated with L-NAME (N“-nitro-L-arginine methyl ester
hydrochloride, a nonselective NOS inhibitor; 107% mol/L) for
30 min (Rees et al., 1990), or the endothelium were denuded
using an inner diameter—-matched wire (Lu et al., 2004). The role
of integrins was evaluated by intraluminally incubating the vessel
segments with either RGD peptide (10~° mol/L; GRGDSP; EZBi-
olab) or control RGE peptide (107% mol/L; GRGESP; EZBiolab)
for 60 min where RGD peptide inhibited mechanical stimuli—
induced integrin activation (Mogford et al., 1997; Schlaepfer and
Hunter, 1997; Yip and Marsh, 1997; Platts et al., 1998). In addi-
tional experiments to further confirm the involvement of integ-
rins in the cyclic transmural pressure-induced vasodilation, the
vessel segments were intraluminally incubated with mouse anti—
human integrin a;B; monoclonal antibody (25 pg/ml; clone
name, JBS5; EMD Millipore) for 60 min or mouse anti-human
integrin a,f3 monoclonal antibody (35 pg/ml; clone name,
LM609; EMD Millipore) for 60 min. A 50-pl microsyringe driven
by a microsyringe pump (UMP3; World Precision Instruments)
and controller (Micro4; World Precision Instruments) were used
to continuously administrate the antibodies to the lumen of vessel
segments at the rate of 0.5 pl/min. The agonist-induced endothe-
lium-dependent and -independent vasodilation were verified. At
the end of each experiment, the calcium free-induced vasorelax-
ation was used to verify VSM relaxation.

To identify the change of the diameter (cyclic stretch) in the
compression-induced vasodilation as the major stimulus, an
isovolumic myography was used to maintain constant vessel diam-
eter during cyclic transmural pressure induced by pulse extra-
luminal pressure. A constant intraluminal volume and pressure
(100 mmHg) were maintained by closing the inlet and outlet
Tygon tubing (ID, 0.6 mm, OD, 1.2 mm; Fisher Scientific) using
screw-driving clamps and a microsyringe to compensate for the
fluid filtration through the arterial wall (Lu and Kassab, 2011;
Lu et al,, 2013). The pulse extraluminal pressure was varied from
0 to 100 mmHg, which simulated the compression of the arteries
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within contractile myocardium, whereas the isovolumic myography
maintained a nearly constant diameter and allowed the change of
stresses in the vessel segment.

Nitrite/nitrate (NO,) analysis

To evaluate endothelial NO during vasodilation, we analyzed the
variation of NO,, which is a metabolite of NO in aqueous solu-
tion. Approximately 200 pl PSS in the bath was collected before
and after the vasodilation induced by either cyclic transmural
pressure or after the application of various vasodilators, and NOy
was analyzed using the ENO-20 NO, Analyzer (Eicom). This
method is based on a combination of the Griess reaction and high
performance liquid chromatography to detect <5-nM concentra-
tion in pH-neutral solution (Lu and Kassab, 2004).

Western blot analysis

The small coronary and skeletal muscle arterial segments were
grouped in line with the various treatments and homogenized in
lysis buffer (50 mM glycerophosphate, 100 pM sodium orthovana-
date, 2 mM magnesium chloride, 1 mM EGTA, 0.5% Triton
X-100, 1 mM DL-dithiothreitol, 20 pM pepstatin, 20 pM leu-
peptin, 0.1 U/ml aprotinin, and 1 mM phenylmethylsulfonyl fluo-
ride). Total protein concentration was measured by a BCA kit
(Bio-Rad Laboratories). 50 pg of proteins was electrophoresed on
4-20% Tris-glycine gel (Invitrogen) and transferred to a polyvi-
nylidene difluoride membrane (EMD Millipore). Immunoblot-
ting was performed with anti-Akt (a 1:300 dilution; Santa Cruz
Biotechnology, Inc.) or anti-phosphorylated Akt (1:200; Santa
Cruz Biotechnology, Inc.) in blocking buffer. The membrane was
then rinsed and incubated with horseradish peroxidase—conju-
gated secondary antibody (1:5,000; Santa Cruz Biotechnology,
Inc.). The membranes were developed with chemiluminescence
detection reagent (PerkinElmer). The densitometric analysis was
implemented, and the ratio of phosphorylated Akt and total Akt
was calculated.
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Figure 1. Typical diameter variation of
coronary arterial segment without pre-
constriction was caused by cyclic trans-
mural pressures that were generated
by either intraluminal or extraluminal
pressure variation. Py, the intralumi-
nal pressure constant at ~90 mmHg
and later cyclically varied from ~90 to
0 mmHg; Py, extraluminal pressure cy-
clically varied from 0 to ~90 mmHg and
later maintained constant at 0 mmHg;
Pin—Pex, the cyclic transmural pressure
calculated by the difference of P;, and
P.«. OD, outer diameter of the seg-
ment was automatically tracked during
cyclic transmural pressure. The defined
abbreviations here are applied in all
subsequent figures.
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Fluorescence microscopy

The vessel segments for immunohistological analysis were fixed
in 4% paraformaldehyde for 4 h and transferred to 20% sucrose
for 30 min and 30% sucrose for overnight. The vessel segments
were embedded with tissue-freezing medium (Neg 50; Richard-
Allen Scientific) and sectioned with a cryostat (CM 1850; Leica).
The sections were proceeded to immunofluorescence proce-
dures, i.e., blocking, permeabilization, anti-phosphorylated Akt
(1:200; Santa Cruz Biotechnology, Inc.), and fluorescence sec-
ondary antibodies (Alexa Fluor 546; Life Technologies) incuba-
tion. The nuclei were stained with a fluorescent probe (Hoechst
33342; Life Technologies). The internal elastic lamina of vessel

x>

segments were visualized by fluorescence (excitation/emission:
470/540 nm) microscope (Eclipse TE300; Nikon).

Data analysis and statistics

The degree of vasodilation to reflect the recovery of diameter
from pre-constriction was calculated as follows: Vasodilation (%)
= (AD,;/AD,,;) x 100. AD,, was equal to the difference of the peak
diameter during vasodilation induced by cyclic transmural pres-
sure or vasodilators to the diameter of the pre-constriction in-
duced by vasoconstrictors. AD,, was equal to the difference of the
diameter at 1 min before the administration of the vasoconstrictors
for pre-constriction to the stable diameter during pre-constriction
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Figure 2. The cyclic transmural pressure induced the vasodilation in the precontracted coronary and skeletal muscular small arterial

segments. P;, was cyclically varied from ~90 to 0 mmHg and later maintained constant at ~90 mmHg. P, was maintained constant
at 0 mmHg and later cyclically varied from 0 to ~90 mmHg. P;,~Pc, was similar regardless of intraluminal or extraluminal variations.
(A) The vasodilation in coronary and skeletal muscle arteries. ODCA was the OD of coronary arterial segment, which was tracked in real
time during variations of transmural pressure. VC, vasoconstrictor (endothelin-1); AD,., diameter change by vasoconstrictor; ADNP, peak
diameter change by cyclic transluminal pressure; AD.q,, peak diameter change by endothelium-dependent vasodilator; BK and ACh,
bradykinin and acetylcholine (endothelium-dependent vasodilator). ODSMA was the OD of skeletal muscular arterial segment, which
was tracked in real time during variations of transmural pressure. Vasodilation (%) = AD(IP/ AD,.. The defined abbreviations here are
applied in all subsequent figures. (B) The vasodilation in response to the magnitude of the cyclic transmural pressure.
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(Fig. 2). The preparation of vessel segments was standardized so
that the maximal endothelium-dependent relaxation in response
to the endothelium-dependent vasodilator was >85%. The data
were discarded when the segments did not meet these criteria.
The data were presented as mean + SD, and significant differ-
ences between two groups were determined by Student’s ¢ test. A
probability of P < 0.05 was considered to be indicative of a statisti-
cally significant difference.

RESULTS

We verified the passive diameter change of an arterial
segment in response to changes in transmural pres-
sure (Fig. 1) by either intraluminal or extraluminal pres-
sure, as the diameter was dictated by the transmural
pressure in this isolated vessel preparation. As expected,
the passive changes of peak diameter were essentially
identical when transmural pressure was imposed by either
cyclic intraluminal or extraluminal pressure (Fig. 1). We
also found that the vasodilation induced by either cyclic
intraluminal or extraluminal pressure in a precontracted
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vessel segment was determined by the transmural pres-
sure (Fig. 2 A). As shown in Fig. 2 A, the diameter of
coronary or skeletal muscle arterial segment decreased
via contractile response to endothelin-1 (1077 mol/L).
After the diameter of contractile vessel reached a stable
value, the cyclic intraluminal pressure (~90 to 0 mmHg)
was applied during a constant extraluminal pressure
(0 mmHg) to generate cyclic transmural pressure. The
diameter shows an oscillatory change during the cyclic
transmural pressure, which significantly increased over
time; i.e., the vessel vasodilated. When the transmural
pressure remained constant at 100 mmHg (no pulsatil-
ity), the diameter gradually decreased toward the level
before the cyclic transmural pressure was applied, i.e.,
vasoconstriction. While the cyclic extraluminal pressure
(0 to ~90 mmHg) was then applied during a constant
intraluminal pressure (~90 mmHg) to generate cyclic
transmural pressure, the diameter showed an oscilla-
tory change during the cyclic transmural pressure with
transient vasodilation. The two ways to generate cyclic
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Figure 3. Endothelial role in the cyclic transmural pressure—induced vasodilation. The cyclic transmural pressure induced the vasodila-
tion in precontracted coronary and skeletal muscular small arterial segments, and the vasodilation was inhibited by nonselective NOS in-
hibitor or denuded endothelium. (A) Cyclic transmural pressure—induced vasodilation persisted for at least 20 min. (B) Administration
of L-NAME caused a dynamic vasoconstriction during cyclic transmural pressure. SNP, sodium nitroprusside (a NO donor). (C) Cyclic
transmural pressure—induced vasodilation was inhibited by the mechanical removal of endothelium by a vessel diameter—matched wire.
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transmural pressure, constant extraluminal with cyclic
intraluminal pressure or constant intraluminal pressure
with cyclic extraluminal pressure, resulted in similar va-
sodilation (Fig. 2 A). At the end of study, the endothe-
lial function was verified by endothelium-dependent
vasodilator BK (10”7 mol/L). In fact, the progressive
vasoconstriction during the cessation of cyclic loading
underscored its role in vasodilation. We varied the mag-
nitude of the cyclic transmural pressure (Fig. 2 B). We
found that the magnitude of transmural pressure must
be ~86.3 + 11.6 mmHg (n = 3) to induce the vasodila-
tion. The in vivo magnitude of pulse pressure caused by
cardiac systole and diastole is below the threshold to in-
duce the vasodilation. We also found that the frequency
of the cyclic transmural pressure from 0.5 to 1.5 did not
change the vasodilation.

After a transient change of the vasodilation for
~20 min, we verified that [-NAME was sufficient to inhibit
the cyclic transmural pressure—-induced endothelium-de-
pendent vasodilation. Fig. 3 A shows a dynamic vasodilation

Cyclic transmural pressure

400 - i

for 20 min induced by cyclic transmural pressure. Fig. 3 B
shows that the cyclic transmural pressure-induced vaso-
dilation was gradually attenuated by L-NAME adminis-
tration; i.e., L-NAME gradually replaced L-arginine, which
is the substrate for eNOS to produce NO. The agonist-
induced endothelium-dependent or -independent vaso-
dilation was also verified after cyclic transmural pressure
by use of BK, ACh, or SNP. The observations suggest that
NO mediates cyclic transmural pressure—induced vasodi-
lation. Because L-NAME also inhibits iNOS and nNOS
(Pou etal., 1992; Haul et al., 1999), we further determined
that the cyclic transmural pressure—induced vasodilation
was eliminated after the endothelium was mechanically
denuded by a diameter-matched wire (Fig. 3 C); i.e.,
endothelial NO mediates the cyclic transmural pressure—
induced vasodilation.

To assess the role of integrins, we investigated the ef-
fect of RGD peptide and the function-blocking integrin
a5, and o,B5 antibodies on the cyclic transmural pres-
sure—induced vasodilation. RGD peptides competitively
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Figure 4. Role of integrins in the cy-
clic transmural pressure—induced vaso-
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T/ST\?I: dilation. (A) RGD peptide (GRGDSP)

BK incubated with the vessel segments for
60 min prevented the vasodilation in-
duced by the cyclic transmural pressure.
(B) Control RGE peptide (GRGESP)
BK did not affect the cyclic transmural
pressure-induced vasodilation. (C) Func-
tion-blocking integrin o;B; or o,fBs
antibodies compromised the cyclic
transmural pressure—induced vasodila-
tion. The top two panels represent the
coronary arteries, and bottom two pan-
cls represent the skeletal muscle arter-
ies. The vessel segments were incubated
with function-blocking integrin osB3,
and o5 antibodies, which were contin-
uously administrated into lumen with a
microsyringe pump.
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combine with integrin to attenuate mechanical stim-
uli-induced integrin activation (Mogford et al., 1997;
Schlaepfer and Hunter, 1997; Yip and Marsh, 1997;
Platts et al., 1998). In Fig. 4 A, using a typical sample of
diameter tracings, we show that the preincubation of
the vessel segments with RGD peptide inhibited the cy-
clic transmural pressure—induced vasodilation. GRGESP
(a control RGE peptide) did not attenuate the cyclic
transmural pressure-induced vasodilation (Fig. 4 B). The
diameter tracings of the vessel segments preincubated
with the function-blocking integrin a;B3; or o,Bs anti-
bodies also show that the antibodies attenuated the cyclic
transmural pressure—induced vasodilation (Fig. 4 C).
We used isovolumic myography to identify the role
of circumferential deformation, as the vasodilation
in isovolumic myography is reflected by a decrease in
intraluminal pressure at a constant diameter (Fig. 5 A).
Isovolumic myography restricts the change of diameter by
maintaining constant fluid volume in the vessel segment,
and the cyclic transmural pressure can only be generated
by extraluminal pulse pressure. We found that the cyclic
transmural pressure—induced vasodilation was elimi-
nated under constant diameter condition (Fig. 5 B).
Fig. 6 summarizes the vasodilation and NOy produc-
tion of coronary and skeletal muscle arteries exposed to
various treatments. We verified that the changes of the

vessel diameter during the cyclic transmural pressure
were the stimuli to elicit a statistically significant endo-
thelium-dependent vasodilation. The vasodilation attenu-
ated by RGD peptide but not the control RGD peptide
implicates the role of integrin. Furthermore, we verified
the involvement of integrins in the cyclic transmural
pressure—induced vasodilation using function-blocking
integrin a;B; and o,Bs antibodies. Interestingly, func-
tion-blocking integrin a;B; or o5 antibody alone did
not attenuate the vasodilation to an equivalent level of
RGD peptide (Fig. 6, A and B). The vasodilation was at-
tenuated similar to RGD peptide when the vessel seg-
ment was incubated with both integrin o;@3, and o,
antibodies (Fig. 6, A and B).

We also verified that the cyclic transmural pressure—
induced vasodilation was significantly smaller than ag-
onistinduced vasodilation in both coronary and skeletal
muscular small arteries (P <0.05). The agonists-induced
endothelium-dependent vasodilation was also attenu-
ated by the RGD peptide (Fig. 6). Endothelium-inde-
pendent vasodilation did not change significantly under
various treatments. The NOy production in the vessel
segments exposed to various treatments showed a
similar response to vasodilation, which confirms the
role of NO in the cyclic transmural pressure (Fig. 6,
Cand D).
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The phosphorylated Akt of the vessel segments was
measured to provide further evidence of integrin sig-
naling pathway activated by the cyclic transmural pres-
sure (Fig. 7 A). The group of denuded vessel segments
served as control. The cyclic transmural pressure up-
regulated Akt phosphorylation. The constant diameter
(isovolumic) condition, RGD peptide, and function-
blocking integrin a;B3;/o,Bs antibodies prevented up-
regulation of Akt phosphorylation in the vessel segments
exposed to cyclic transmural pressure. To verify the en-
dothelial Akt phosphorylation in response to the cyclic
transmural pressure, we used immunofluorescence to
visualize the distribution of Akt phosphorylation across
the vessel wall. A dense fluorescence (red) was observed
in the endothelial layer in the stimulation of the cyclic
transmural pressure (Fig. 7 B), which indicates higher
activation of Akt phosphorylation in the endothelial
layer in response to cyclic transmural pressure.

DISCUSSION

We applied cyclic extraluminal pressure on vessel seg-
ments to induce vasodilation, which simulates com-
pression-induced vasodilation in arteries embedded in

A Coronary small arteries
120 1 OCyclic Transmural Pressure @BK BSNP
< 100
§ 80
S 60 A
e
% 40 A
> 20 4
0 4
IUT IVC L-NA D-ECs RGD RGE og8; ofB; 2ABs
C Coronary small arteries
0.08 1 OCyclic Transmural Pressure  BBK BSNP
Q 0.06 A
©°
£ 0.04 |
% 0.02 A
0 4

IUT IVC L-NA D-ECs RGD RGE oagf; o83 2ABs

myocardium or skeletal muscle. The major finding of
this study is that cyclic circumferential deformation is
the mechanical stimulus of compression-induced vaso-
dilation of coronary and skeletal muscular small arter-
ies, which is mediated through endothelial NO. We also
found that integrins, likely integrins a3, and o5, are
involved in the mechanotransduction of the compres-
sion-induced endothelium-dependent vasodilation.
Physiologically, the blood vessel embedded in skeletal
muscle or myocardium may be exposed to pulse ex-
traluminal pressure caused by contraction of muscle.
Contraction of myocardium or muscle can generate
high pressure within the muscle (intramuscular pres-
sure), which compresses the external surface of the em-
bedded blood vessel, e.g., ~600 mmHg in skeletal muscle
contraction or ~120 mmHg during cardiac systole
(Sejersted et al., 1984; Heineman and Grayson, 1985;
Spaan, 1985; Hoffman, 1987; Goto et al., 1991). The
compression of muscular contraction can result in vaso-
dilation of arterioles in the muscle, which is one mecha-
nism of increase in peripheral perfusion during exercise
(Buckwalter et al., 1998; Naik et al., 1999; Clifford et al.,
2006; VanTeeffelen and Segal, 2006). In myocardium,
the compression-induced vasodilation may enhance

Skeletal muscular small arteries
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80 A
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40 A
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IUT IVC L-NA D-ECs RGD RGE ogf; o,; 2ABs

Skeletal muscular small arteries
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Figure 6. Vasodilation and NOy (nitrate/nitrite) production of coronary and skeletal muscular small arteries were induced by the
mechanical or pharmacological stimulations. (A) Vasodilation of coronary small arteries was induced by the cyclic transmural pressure
or stimulated by BK, ACh, or SNP after the treatments. (B) Vasodilation of skeletal muscular small arteries was induced by the cyclic
transmural pressure or stimulated by BK, ACh, or SNP after the treatments. (C) NOy production of coronary small arteries was exposed
to stimulations after treatments. (D) NO, production of skeletal muscular small arteries was exposed to stimulations after treatments.
The treatments included intact and untreated vessel (IUT), isovolumic condition (IVC) to maintain the diameter constant during cyclic
transmural pressure, L-NAME incubation (I-NA), endothelial cells mechanically removed using a wire (D-ECs), GRGDSP peptide incu-
bation (RGD), GRGESP peptide incubation (RGE), incubation with function-blocking integrin a;@3; antibody (as8;), incubation with
function-blocking integrin o83 antibody (o,3), and incubation with function-blocking integrin a5, and o35 antibodies (2ABs). The
number of the vessel segments in the various groups was as follows: coronary segments: n = 15 for IUT, n = 6 for L-NA, n = 5 for D-ECs,
n =6 for RGD, n =6 for RGE, n =5 for IVC, n =6 for a3, n=>5 for o33, and n = 11 for 2ABs; skeletal muscular vessel segments: n =10
for IUT, n=5 for L-NA, n=>5 for D-ECs, n = 6 for RGD, n =5 for RGE, n =4 for IVC, n = 6 for a5, n= 6 for o33, and n = 10 for 2ABs.
*, P < 0.05 versus incubations; #, P < 0.05 versus stimulations. Error bars represent mean + SD.
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perfusion of subendocardium under physiological con-
ditions (Spaan, 1985; Hoffman, 1987; Goto et al., 1991,
1996; Sorop et al., 2002). Because endothelial NO has
been implicated in the compression-induced vasodila-
tion (Sun et al., 2001, 2004), we focused on endothelial
mechanotransduction of compression-induced vasodi-
lation in this study.

Mechanical compression caused by muscular contrac-
tion may decrease the transmural pressure of blood

A 04 i

vessel within the muscle or myocardium. Although
compression is an important determinant of blood ves-
sel diameter, the muscle-vessel mechanical interaction
during contraction also includes potential tethering be-
tween muscle and blood vessel and axial bending, both
of which can also affect the dimension of blood vessel
(Hamza et al., 2003). Our experiments focus on the
representation of blood vessel exposed to external pres-
sure, i.e., isotropic external loading. We confirmed that

%
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D-ECs IVC IuT

SMA

uTt

o, B;antibody 053, antibody

RGD RGE asB; s

Figure 7. Akt phosphorylation of the small arterial seg-
ments stimulated by the cyclic transmural pressure after
treatments. (A) Expression of Akt phosphorylation. Akt,
protein kinase B; p-Akt, phosphorylated Akt. The treat-
ments included the endothelial cells mechanically de-
nuded using a wire (D-ECs), intact and untreated vessel
segment (IUT), isovolumic condition (IVC) to maintain
diameter constant during the cyclic transmural pressure,
GRGDSP peptide incubation (RGD), GRGESP peptide
incubation (RGE), incubation with function-blocking
integrin o;B; antibody (asB1), and incubation with func-
tion-blocking integrin .83 antibody (a,Bs). *, P < 0.05
versus IVC. Error bars represent mean + SEM. (B) Immuno-
fluorescence to verify Akt phosphorylation in endothelial
cells. Fluorescent secondary antibody (Alexa Fluor 546;
red) indicated that the signal of Akt phosphorylation was
stronger in endothelial cells than that in the medial layer
of both coronary small arteries (CA) and skeletal muscular
small arteries (SMA) in IUT, and no difference between
endothelial cells and the medial layer in both CA and SMA
at IVC, asB, antibody inhibition, or «,83 antibody inhibi-
tion. Internal elastic lamina was indicated by green and the
nucleus by blue.
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the dynamic peak changes of diameter are equivalent dur-
ing either pulse intraluminal or extraluminal pressures
at the same transmural pressures (Fig. 1). The vasodila-
tion induced by either pulse intraluminal or extralumi-
nalis also equivalent (Fig. 2 A);i.e., the pulse transmural
pressure also induces vasodilation. Furthermore, con-
stant diameter during pulse transmural pressure elimi-
nates the compression-induced vasodilation (Fig. 5).
Therefore, change of diameter or cyclic circumferential
deformation is likely the actual mechanical stimulus in the
compression-induced vasodilation. In fact, it is well es-
tablished that cyclic deformation stimulates an increase
in NO production in cultured endothelial cells (Awolesi
et al., 1994, 1995; Ziegler et al., 1998; Kuebler et al.,
2003; Takeda et al., 2006). Our observations on cyclic
deformation-induced endothelium-dependent vasodi-
lation underscores a physiological role of cyclic deforma-
tion on endothelial NO production in the blood vessel.

Generally, integrin mediates extracellular remodel-
ing and intracellular signal transduction in response to
both chemical and mechanical stimulation. Integrins
convert mechanical stimuli to cytoplasmic signaling and
therefore play a pivotal role in mechanotransduction of
vascular biology (Davis et al., 2001; Martinez-Lemus et al.,
2003). Without intrinsic enzymatic activity, integrin
clustering stimulates signal transduction via the recruit-
ment of crucial intracellular signaling molecules, such
as FAK, c-Src, Fyn, etc. (Schlaepfer and Hunter, 1997;
Shyy and Chien, 2002; Tucker, 2002). In endothelial
cells, cyclic stretch can induce integrin reorganization,
which may activate the PI3K/Akt signaling pathway,
and in turn, its signaling promotes NO release through
eNOS phosphorylation (Yano et al., 1997; Morello et al.,
2009). Here, we used RGD peptide and function-blocking
integrin antibodies to investigate the role of integrins
in compression-induced vasodilation. The RGD peptide
may inhibit mechanical stimulus—elicited integrin acti-
vation (Muller et al., 1997). Our result indicates that
the RGD peptide attenuates compression-induced vaso-
dilation (Figs. 4 A and 6, A and B).

The specificity of integrins involved in the compres-
sion-induced vasodilation cannot be determined solely
by the treatment of RGD peptide, as several vascular
integrins recognize the RGD integrin-binding motif
(Mogford et al., 1997; Yip and Marsh, 1997; Platts et al.,
1998; Martinez-Lemus et al., 2003). Therefore, we used
function-blocking integrin o5, and o5 antibodies to
verify the involvement of endothelial integrin in the cy-
clic transmural pressure-induced vasodilation (Figs. 4 C
and 6, A and B), as integrins o53; and o3 play a domi-
nant role in endothelial mechanotransduction. We also
investigated the effect of obtustatin (ligand of integrin
a131), Biol211 (the inhibitor of integrin a4f;), and
shikonin on the compression-induced vasodilation (not
depicted). Obtustatin and Biol211 failed to attenuate
the compression-induced vasodilation in this study.

230 Cyclic stretch activates integrins and endothelial nitric oxide

Because shikonin acutely activates protein kinase B
(Nigorikawa et al., 2006; Wang et al., 2013), even
though it has been suggested to inhibit integrin o33
expression (Hisa et al., 1998), the attenuation of the
vasodilation by shikonin in this study may not be attrib-
uted to integrin. The endothelial Akt phosphorylation in
the compression-induced vasodilation (Fig. 7, A and B)
confirms the involvement of integrins. We also washed
out the RDG peptide to determine the reversibility of
the compression-induced vasodilation (not depicted).
We found that the vasodilation only recovered by ~20%
over the 4 h of washing, which suggests that integrin
mechanotransduction in the vasodilation may have been
prevented by the previous bindings. Future studies are
needed to identify the precise mechanistic pathways
connecting integrin to eNOS.

The wall shear stress on the vessel wall is a well-known
regulator of endothelial NO (Kuo et al., 1990; Sorop
etal., 2003; Takeda et al., 2006; Chiu and Chien, 2011).
Although our experimental setup did not establish axial
fluid flow in the artery segment during pulse pressures,
wall shear stress may not be zero because of radial flow
or filtration through the wall (Lu et al., 2013). We esti-
mated the maximal wall shear stress to be <0.3 dynes/ cm?
by calculating the ratio of volume change of arteriole
segment during cyclic stretch. This shear stress is far
below the physiological level in artery (12 dynes/cm?)
and hence not likely to affect endothelial NO. The hy-
drostatic pressure is also thought to regulate cellular
function and signaling pathway. A hydrostatic pressure
(80-160 mmHg) was suggested to reduce basal NO re-
lease in cultured endothelial cells for 8 h but had no effect
on the pressure-induced endothelin-1 increase when
pretreated with a NOS inhibitor, L-NMMA (Hishikawa
et al., 1995). Because we did not observe different vaso-
dilation regardless of whether we varied internal or ex-
ternal pressure, it may be that the instantaneous effect
of hydrostatic pressure is relatively small.

The pulse pressures may activate VSM myogenic re-
sponse (Davis et al., 2001; Martinez-Lemus et al., 2003).
Pulse transmural pressure can elicit coronary arteriole
vasodilation, which is endothelium independent (Goto
et al., 1996). Pulse transmural pressure also affects coro-
nary arteriole sensitivity to endothelium-dependent
vasodilator (Sorop et al., 2002). To limit the effect of
myogenic response from VSM, we pre-constricted the
small arterial segment using a vasoconstrictor to obtain
a constant tone, which is a standard method for evalua-
tion of endothelial function (Muller et al., 1997). The
observation from L-NAME incubation and endothe-
lium denudation determined that the vasodilation in-
duced by pulse pressures was not the myogenic response
of VSM (Fig. 3); i.e., endothelial NO removal drastically
attenuated pulse pressure—induced vasodilation. There-
fore, myogenic response is not the likely mechanism of
the vasodilation in the current vessel preparation.
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In this study, we did not quantify the magnitude of
cyclic circumferential strain, as we used the variation of
diameter at isobaric pressure to indicate vascular reactiv-
ity. For example, we can see that the cyclic diameter (or
deformation) decreases during vasoconstriction (Fig. 3).
To show that cyclic deformation (and not pressure) is
the stimulus for vasodilation, we used the isovolumic
method to maintain circumferential isometric state (Lu
and Kassab, 2011). The results show that pulse pressure
fails to elicit endothelial NO at the same magnitude and
frequency of pulse pressure if diameter or cyclic stretch
is maintained constantly under isovolumic conditions.

In summary, we showed that the diameter change (cy-
clic deformation) provides a compression-induced vaso-
dilation in small intramural arteries of myocardium or
skeletal muscle. We also found that integrins are impli-
cated in the cyclic deformation—stimulated endothelial
NO production and compression-induced vasodilation.
This finding underscores the role of blood vessel-mus-
cle interaction in the regulation of vasoreactivity.
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