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Recent in vitro experiments demonstrated that arteries under increased internal pressure or decreased axial
stretch may buckle into the tortuous pattern that is commonly observed in aging or diseased arteries
in vivo. It suggests that buckling is a possible mechanism for the development of artery tortuosity. Vascular
tone has significant effects on arterial mechanical properties but its effect on artery buckling is unknown.
The objective of this study was to determine the effects of smooth muscle cell contraction on the critical
buckling pressure of arteries. Porcine common carotid arteries were perfused in an ex vivo organ culture
system overnight under physiological flow and pressure. The perfusion pressure was adjusted to determine
the critical buckling pressure of these arteries at in vivo and reduced axial stretch ratios (1.5 and 1.3) at
baseline and after smooth muscle contraction and relaxation stimulated by norepinephrine and sodium
nitroprusside, respectively. Our results demonstrated that the critical buckling pressure was significantly
higher when the smooth muscle was contracted compared with relaxed condition (97.3 mmHg vs
72.9 mmHg at axial stretch ratio of 1.3 and 93.7 mmHg vs 58.6 mmHg at 1.5, p <0.05). These results

indicate that arterial smooth muscle cell contraction increased artery stability.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Tortuous arteries are seen in various locations of the vascu-
lature, such as the internal carotid arteries, iliac arteries, coronary
arteries, retinal arteries, and conjunctival arteries (Metz et al,,
1961; Jakob et al., 1996; Del Corso et al., 1998; Amemiya and
Bhutto, 2001; Cheung et al., 2001; Owen et al., 2008; Han, 2012).
Arterial tortuosity has been associated with high blood pressure,
aging, atherosclerosis, and other pathological changes (Del Corso
et al,, 1998; Pancera et al., 2000; Han, 2012). Studies have also
demonstrated that axial elongation and reduced axial tension
could lead to artery tortuosity (Leipzig and Dohrmann, 1986;
Jackson et al., 2005), suggesting a possible role of mechanical
stress in the development of artery tortuosity. Recent studies, on
the other hand, have demonstrated that arteries buckle under
increased lumen pressure, weakened wall and decreased axial
tension (Han, 2007, 2008, 2011; Liu and Han, 2012). Model
analysis and in vitro experiments demonstrated that buckled
arteries exhibit a tortuous pattern, suggesting buckling as a
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possible mechanism for the development of artery tortuosity
(Han 2007, 2009, 2012; Lee et al., 2012). Therefore, it is important
to understand the behavior of artery buckling.

Computational and experimental studies have demonstrated
that the critical buckling pressure, at which the arteries start to
deform into wavy shapes, depends on artery dimensions, wall
stiffness and axial stretch ratio. Arteries with larger diameters,
thicker walls, and higher levels of axial tension all exhibit more
stability (Han, 2007; Martinez et al., 2010; Lee et al. 2012). In vivo,
mechanical properties of the artery wall are also influenced by
smooth muscle tone. Vasomotion driven by smooth muscle cell
(SMC) contraction and relaxation is one mechanism through which
the arteries regulate local blood pressure and flow (Humphrey, 2002).
Smooth muscle contraction decreases lumen diameter (vasoconstric-
tion) but increases artery stiffness (Wilkinson and McEniery, 2004;
Tremblay et al., 2010). However, it is unclear how SMC tone affects
artery stability.

Accordingly, the objective of this study was to determine how
SMC tone affects the critical buckling of the artery, by examining the
critical buckling pressures of arteries challenged with norepinephrine
(NE) and sodium nitroprusside (SNP).

2. Materials and methods

Porcine common carotid arteries were collected from farm pigs post-mortem
(6-7 months, 100-150 kg) with the approval by the Texas Department of State
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Health Service and the University of Texas at San Antonio (UTSA) Institutional
Biosafety Committee. Arteries were transported to the lab in ice cold phosphate
buffered saline (PBS) supplemented with 1.4% antibiotic/antimycotic (Gibco,
Grand Island, NY). Excess loose connective tissue was removed and an inflation
test was performed to verify arterial wall integrity. The arteries were tied onto
cannulas in a tissue chamber of an ex vivo organ culture system (Lee et al., 2010a,
2010b) and perfused with DMEM (Sigma, St. Louis, MO) supplemented with
sodium bicarbonate (3.7 g/L), antibiotic/antimycotic (1.4%, Gibco), L-glutamine
(1%, Sigma), calf serum (10%, Sigma), HEPES buffer (2.5%, Gibco) and dextran
(50-55 g/L, Sigma) to increase viscosity to a physiological level (~4 cP). The
arteries were immersed in the same media without dextran and cultured over-
night (~12 h, 37 °C, and 5% CO,) under a flow rate of 160 ml/min and a pressure of
80 + 2 mmHg to allow the arteries to regain their basal tone. Our previous studies
have demonstrated that vasomotor responses were similar under steady or
pulsatile pressure after 3 days in organ culture (Hayman et al., 2012).

Two groups of arteries were cultured overnight at a physiological axial stretch
ratio of 1.5 (n=5, which was at their in vivo lengths; Han et al., 2003) and a sub-
physiological axial stretch ratio of 1.3 (n=7). Buckling tests, as described
previously (Martinez et al., 2010; Lee et al., 2012), were performed at the stretch
ratios under which the arteries were cultured. Briefly, perfusion pressure in the
arteries was gradually reduced to a low level (~15 mmHg) by fully loosening the
resistance clamp. The pressure was then gradually increased until buckling
occurred and a visually significant deflection (3-8 mm) occurred post-buckling.
The buckling test was performed for arteries at baseline, and then repeated after
the arteries were contracted by NE (10~ M for ~5 min). It was repeated again
after the arteries were relaxed by SNP (10~° M for ~5 min; Hayman, 2011). Our
previous studies have demonstrated that arteries were fully contracted or relaxed
at these concentrations (Lee et al., 2010a; Hayman et al., 2012). The buckling
process was recorded using a Sony DCR-SX63 camcorder. Arterial outer diameter
and deflection (displacement of the central axis at the middle of the arterial
segments) were measured from images extracted from the video at increments of
~10 mmHg using Image-Pro Plus.

Artery diameters were measured over the range of pressures in the buckling
test (70-170 mmHg and 20-120 mmHg for the groups of stretch ratios 1.3 and
1.5, respectively). Both the diameter at a lumen pressure of 80 mmHg and the
average over the entire range were used to describe the contraction and relaxation
of the arteries. Artery contraction was calculated as the difference between the
baseline and the NE-induced contracted diameters divided by the baseline
diameter. Artery relaxation was quantified as the difference between the
NE-induced contracted diameter and the SNP-induced relaxaed diameter divided
by the NE-induced contracted diameter. The basal tone was taken as the percent
diameter increase from the baseline to the SNP-induced relaxaed condition. The
critical buckling pressure was taken as the pressure at which the deflection
reached 0.5 mm; this point was interpolated from the pressure deflection curve
using the TREND function in EXCEL.

The average critical buckling pressure for each group was calculated and
statistical significance was determined using a two-way ANOVA followed by a
Tukey’s post hoc analysis (JMP version 8).

3. Results

Arteries regained their vasomotor tone after being cultured
overnight. When pressurized, arterial diameter increased with
increasing pressure, at all axial stretch ratios and agonists.
Compared to baseline, arterial diameter decreased across all
arteries by NE-induced SMC contraction and increased by SNP-
induced SMC relaxation (Fig. 1). For the artery group tested under
axial stretch ratio 1.3, the contraction and relaxation (mean + SD,
n=6) averaged over the entire pressure range (70-170 mmHg)
were 6.0+ 8.4% and 13.9+9.0%, in response to NE and SNP,
respectively (p <0.05), with a basal tone of 10.4+9.3%. At a
lumen pressure of 80 mmHg, the contraction and relaxation
(mean + SD, n=6) were 4.9+ 1.3% and 5.7 4+ 1.2%, respectively,
in response to NE and SNP, with a basal tone of 5.1+ 0.9%.
Similarly, for the artery group cultured under axial stretch ratio
1.5, the contraction and relaxation (mean + SD, n=5) averaged
over the entire pressure range (20-120 mmHg) were 3.7% + 1%
and 22.7%+ 7%, in response to NE and SNP, respectively
(p <0.05), with a basal tone of 18% + 9%. At a lumen pressure of
80 mmHg, the contraction and relaxation (mean + SD, n=5) were
5.9+ 1.1% and 8.1 + 1.9% in response to NE and SNP, respectively,
with a basal tone of 5.9 + 1.7%.

During the buckling test, artery deflection was initiated at a
critical pressure and gradually increased with increasing lumen
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Fig. 1. Comparison of outer diameter change as a function of lumen pressure of
representative arteries at baseline, after administration of norepinephrine (NE),
and sodium nitroprusside (SNP). The arteries were tested at a stretch ratio of
1.3 (a) and 1.5 (b).

pressure (Fig. 2). NE-induced contraction shifted the pressure-
deflection curve to the right while SNP-induced relaxation shifted
the curve to the left, indicating that NE-induced SMC contraction
increased the critical pressure and SNP-induced SMC relaxation
decreased the critical buckling pressure (Fig. 3). The pressure-
deflection curves all exhibit a nonlinear accelerated increase
immediately at post-buckling but tend to slow down at higher
pressures further beyond buckling (Fig. 3a). This trend has been
observed previously (Lee, 2011, 2012), so we did not measure the
high pressure range for most of these arteries. In comparison, the
critical buckling pressures of the arteries at NE-induced contrac-
tion were significantly higher than those at SNP-induced relaxa-
tion condition, at both axial stretch ratios of 1.3 and 1.5 (p < 0.05,
Fig. 4). No significant difference was observed between the critical
buckling pressures of arteries at the baseline and SNP-induced
relaxation condition.

4. Discussion

Our results indicate that contraction of the arteries signifi-
cantly increases the critical buckling pressure compared with the
dilated state. Interestingly, the critical buckling pressure of
arteries at baseline showed no significant difference from that
at the fully relaxed condition. This suggests that the critical
buckling pressure measured in vitro in fully relaxed arteries is
close to in vivo value though it may slightly underestimate the
critical buckling pressure in vivo.
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