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Abstract
Arteries in vivo are subjected to large longitudinal stretch, which changes significantly due to vascular
disease and surgery. However, little is known about the effect of longitudinal stretch on arterial
endothelium. The aim of this study was to determine the morphologic adaptation of arterial
endothelial cells (ECs) to elevated axial stretch. Porcine carotid arteries were stretched 20% more
than their in vivo length while being maintained at physiological pressure and flow rate in an organ
culture system. The ECs were elongated with the application of the axial stretch (aspect ratio 2.81 ±
0.25 vs. 3.65 ± 0.38, n=8, p<0.001). The elongation was slightly decreased after three days and the
ECs recovered their normal shape after seven days, as measured by the shape index and aspect ratio
(0.55 ±0.03 vs. 0.56 ± 0.04, and 2.93 ± 0.28 vs. 2.88 ± 0.20, respectively, n=5). Cell proliferation
was increased in the intima of stretched arteries in three days as compared to control arteries but
showed no difference after seven days in organ culture. These results demonstrate that the endothelial
cells adapt to axial stretch and maintain their normal shape.
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INTRODUCTION
Arterial endothelium plays a very important role in vascular biology, physiology, and
pathology (Nerem et al. 1998; Lehoux and Tedgui 2003; Chien 2007). It is well documented
that endothelial cell morphology and function are significantly affected by mechanical stresses
including the circumferential stretch generated by the blood pressure and the wall shear stress
generated by the flow (Ku 1997; Kakisis et al. 2004; Chien 2007). On the other hand, arteries
in vivo are also subjected to significant axial stretch that may change dramatically due to
vascular disease, surgery, or aging (Han and Fung 1995; Han et al. 1998; Nichols and O'Rourke
1998).The effects of axial stretch on arterial wall function and remodeling has been studied
recently by us and others (Jackson et al. 2002; Han et al. 2003; Davis et al. 2005; Gleason and
Humphrey 2005; Nichol et al. 2005). However, little is known about the effects of axial stretch
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on EC morphology, although the effect of blood flow on the EC morphology has been well-
documented.

The objective of this study was to examine the effect of elevated axial stretch on the morphology
of endothelium in organ culture.

MATERIALS AND METHODS
Artery Organ Culture

Porcine common carotid arteries were harvested from 6-7 month old farm pigs (100-150 kg)
and mounted in a perfusion organ culture system, as previously described (Han et al. 2003).
Briefly, arterial segments of 4-6 cm in length were maintained in flow loops inside incubators
(37°C, 5% CO2) with medium perfusion at physiological pressures oscillating between 80
mmHg and 120 mmHg and a mean flow rate of ~160 ml/min.

Axial Stretch
Arteries were stretched 20% over their in vivo length following the protocol described
previously (Han et al. 2003). Briefly, experimental arteries were stretched axially to an axial
stretch ratio of λ=1.8 while control arteries were maintained at their in vivo lengths (λ=1.5).
Left and right carotid arteries from each animal were harvested and randomly set as control or
stretched arteries. Arteries were cultured for a period of three or seven days to examine the
temporal changes.

Silver Staining
At the conclusion of the organ culture, arteries were removed from the flow loops and trimmed
off both ends. Each artery was divided into two to three short ring segments (~0.5 cm) for light
and fluorescent microscopy and a long segment (2-3 cm) for silver staining. The long segments
were treated with 10 μM SNP, cleaned off the connective tissue and much of the adventitia,
cut open with a longitudinal incision, and pinned down flat with the endothelium side up. The
width and length of segments were adjusted to their perimeter and length in organ culture. The
silver staining was then carried out to impregnate the endothelium using a protocol modified
from Lautsch et al., (Lautsch et al. 1953) as follows:

The arterial segments were incubated in warm 5% dextrose for 5-10 minutes and an aqueous
solution of 0.4% silver nitrate was dropped on the endothelial surface continuously for thirty
seconds to impregnate the ECs. The arterial segments were then exposed to UV light for 30
seconds, washed in 5% dextrose, followed by fixation with 10% formalin for several hours and
then washed in gently running tap water for 30 minutes. The specimens were then treated with
anhydrous glycerol (98-100%) for 48-72 hours, carefully peeled off the outer layer, and
mounted onto slides for en face microscopy.

In addition, a group of eight fresh arteries were cut into two segments of equal lengths each,
stretched to 1.5x and 1.8x of their free lengths, respectively, and silver stained using the same
protocol to determine the initial EC shape changes due to axial stretch.

Characterization of EC shape
EC morphology was examined en face under a light microscope and photographed at several
(6-8) fields per specimen. The area, perimeter, major axis and minor axis lengths and
orientation angle of several hundred cells were measured for each specimen using Image-Pro®
Plus 4.5. Cell shape were quantified by the shape index and aspect ratio (Levesque and Nerem
1989):
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(1)

(2)

The shape index is one for a circle and zero for a line. The aspect ratio is one for a circle and
become larger in an elongated cell. The average values for all cells from each specimen were
averaged to represent the value for the specimen.

Observation of Endothelial Nuclei
In a subset of arteries, the actin filaments and cell nuclei were labeled by rhodamine-phalloidin
and Hoechst 33258 and examined en face using fluorescent microscopy following the methods
described previously (Liu 1998;Han et al. 2003). Briefly, arteries were fixed with 4%
formaldehyde under a pressure of 100 mmHg for 30 minutes, cut longitudinally into strips,
and pinned down flat in a petri dish. The specimens were incubated with rhodamine-phalloidin
at a concentration of 165 nmol/L (Molecular Probes) mixed with 1% BSA (bovine serum
albumin) in PBS at 37 °C for 60 minutes. The specimens were then counterstained with Hoechst
33258 and examined under a Zeiss confocal microscope (Han et al. 2006).

Cell Proliferation Labeling, Immunostaining and Proliferated Cell Counting
Cell proliferation in the arteries were detected using bromodeoxyuridine labeling (BrdU at 5
μg/L, added 24 hours before harvesting) and anti-BrdU staining, then measured as described
previously (Han et al. 2006). BrdU index, the percentage of BrdU-positive cells, was calculated
to quantify cell proliferation.

Statistical Analysis
All values are presented as the mean ± SD. Statistical significance between means was
determined using one way ANOVA with Tukey's pairwise comparisons and the significance
level was set as a p value less than 0.05.

RESULTS
Arterial vasomotor responses were checked after three and seven days in organ culture as
described previously (Han et al. 2003). The diameter responses showed no statistically
significant difference between the stretched arteries and the corresponding control arteries.
Visual inspection and measurements by an observer blinded to conditions failed to identify
difference in microstructure and wall dimensions.

Adaptation of EC Shape
The ECs in the arteries were significantly elongated after the initial application of a 20%
increase in axial stretch (p<0.01, Figs. 1 and 2). The ECs in the stretched arteries remained
elongated after three days but regained their normal shape after seven days. While ECs in
control arteries demonstrated no statistical differences among the fresh, three-day, and seven-
day groups in terms of either shape index or aspect ratio, ECs in stretched arteries changed
significantly among the fresh, three-day, and seven-day groups (p<0.005). There were no
statistical differences between the 7-day stretched and control groups in terms of either shape
index or aspect ratio. In addition, ECs in all arteries aligned in the axial direction and there was
no statistical difference in the cell alignment angle between the stretched and control arteries
(88.2° ± 6.7° versus 87.0° ± 8.1° for fresh (n = 8) and 84.5° ± 3.3° versus 89.2° ± 7.4° for 7-
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day (n = 5), respectively). No significant difference in cell density was observed between the
stretched and control arteries after 7 days either (31.5 ± 2.1 versus 33.5 ± 4.6 nuclei per view
field). The shape index and aspect ratios of EC nuclei (Fig. 3) of the stretched arteries were
not statistically different from those of control arteries (0.76 ± 0.02 versus 0.78 ± 0.03 and 1.60
± 0.05 versus 1.58 ± 0.05, respectively).

Cell Proliferation
Across the arterial wall, the BrdU index was significantly higher in the intima than in the media
in both stretched and control arteries (p<0.05, Fig.4). Within the media, there were no statistical
differences between the inner half layer (Media I) and the outer half layer (Media II) suggesting
a uniform distribution of proliferating cells across the media. The BrdU index in the intima
was significantly higher in the stretched arteries cultured for three days than in the
corresponding controls (Fig 4, Top, p<0.05). Overall, stretched arteries showed a slightly
higher BrdU index in the intima and media than the control arteries, but the difference was
statistically insignificant.

DISCUSSION AND CONCLUSION
We studied the adaptation of the EC shape in arteries under axial stretch using an organ culture
model. The results showed that ECs were initially elongated by the axial stretch but eventually
adapted to the axial stretch, regaining their normal shape.

It has been well documented that ECs change their shape, cytoskeleton, and function under
shear flow and cyclic stretch (Nerem et al. 1998; Kakisis et al. 2004). It was suggested that the
“wisdom of the cell” is to adjust its structure and function to maintain its homeostasis in face
of the external perturbations (Chien 2007). Our results demonstrate the capability of ECs to
maintain their normal shape, and probably their cellular function, under axial stretch. This
adaptation is an important aspect of the wall remodeling and is closely related to the adaptation
of their subcellular structure, cellular functions, and extracellular matrix (Jackson et al. 2002;
Sipkema et al. 2003).

Our results showed that the adaptation of EC shape is slower in the arteries than in cell culture
(Nerem et al. 1998; Kakisis et al. 2004). The slower adaptation may be due to the either the
presence of flow or the strong binding between ECs and their natural extracellular matrix
environment. It has been documented that extracellular matrix has significant effect on the
shape, alignment, and migration of ECs (Levesque and Nerem 1989; Sprague and Palmaz
2005). This speculation is also supported by the observation that EC migration is slower in
natural arteries than in cell culture in vitro (Sprague et al. 2007).

In contrast to a previous report that cyclic axial stretch of arteries could realign the EC to the
circumferential direction in the absence of blood flow (Sipkema et al. 2003), we did not see
EC realignment under the steady axial stretch. This may be due to the differences in the stretch
load (static vs cyclic), the extracellular matrix (Asanuma et al. 2003; Gupta and Grande-Allen
2006), or the presence of lumen flow and cyclic circumferential stretch. The shear stress and
circumferential cyclic stretch, which are known to influence the EC alignment, may have
played a more dominant role in regulating the EC alignment than the step increase in axial
stretch ratio. The recovery of normal cell shape could be a response to the normal flow in the
arteries.

Associated with the EC shape changes, we found that the cell proliferation was significantly
increased in the intima of stretched arteries after three days, which is consistent with previous
in vivo results (Jackson et al. 2002). The increase in cell proliferation may have led to the
normalization of the cell density in the stretched arteries. Furthermore, we observed a
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homogenous distribution of the proliferating cells across the media thickness which is different
from the proliferating cell distribution in hypertensive arteries (Han et al. 2006). This difference
may be due to the difference in wall stress: while an increase in pressure results in a higher
increase in the circumferential stress at the inner wall than at the outer wall (Matsumoto and
Hayashi 1996), an elevation in axial strain leads to an nearly homogenous increase in the axial
stress and the circumferential stress remains nearly unchanged (Gleason and Humphrey
2005).

One limitation of this study was that only one level of step increase in axial stretch was studied
based on the fact that changes in axial stretch ratio due to vascular surgery are often a step
change. Different level of axial stretch and cyclic axial stretch may lead to different cell
proliferation and EC shape adaptation (Sipkema et al. 2003; Nichol et al. 2005) and their long-
term effects need to be examined in future studies. Nevertheless, our data clearly demonstrated
the effects of axial stretch on EC adaptation. Furthermore, previous reports have showed that
stretch lead to cellular protein changes and extracellular matrix remodeling (Asanuma et al.
2003; Lehoux and Tedgui 2003; Gupta and Grande-Allen 2006). These changes need further
investigation.

In conclusion, our results demonstrated that endothelial cells can regain their normal shape
after the arteries are moderately stretched axially. These results enhance our understanding of
vascular remodeling and endothelial response to injury, which is very important to
atherosclerotic pathology and the prognosis of artery after grafting or repairing operations.
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Figure 1.
Micrographs from en face light microscopy illustrating the contour of endothelial cell
visualized by silver nitrate. A) control fresh artery, B) stretched fresh artery, C) control artery
cultured for 3 days, D) stretched artery cultured for 3 days, E) control artery cultured for 7
days, and F) stretched artery cultured for 7 days. Magnification 100X.
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Figure 2.
Comparison of the shape index (Top) and aspect ratio (Bottom) of the endothelial cells in the
stretched and control arteries in fresh (n =8), 3 and 7 days after organ cultured (n = 5). **
P<0.01, ***P<0.001 vs. Fresh control; # P<0.05, ## P<0.01 vs. Fresh stretched.
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Figure 3.
Microscopic photographs from en face fluorescent microscopy demonstrating normal
endothelial cell nuclei morphology and density. Magnification 400X.
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Figure 4.
Comparison of the percentage of BrdU-positive cell nuclei in the control and stretched arteries
after being cultured for three days (n = 4) and seven days (n = 6) in organ culture. Media I and
Media II represent the inner and outer media layers; each covers half of the media thickness.
* p< 0.05.
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