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Abstract
The effect of pulse pressure on arterial wall remodeling remains unclear, although remodeling of
the arterial wall under hypertensive pressure and elevated flow has been well documented. The
objective of this study was to evaluate matrix remodeling in arteries under nonpulsatile and
hyperpulsatile pressure as compared to arteries under normal pulsatile pressure. Using a novel ex
vivo organ culture model that allowed us to change pressure pulsatility without changing mean
pressure or flow, arteries were cultured for 7 days under normal, nonpulsatile, and hyperpulsatile
pressures with the same mean pressure and flow rate. Fenestrae in internal elastic lamina (IEL),
collagen content, connexin 43, and fibronectin proteins were examined in these arteries using
confocal microscopy, immunoblotting, and immunohistochemistry. Our results showed that the
mean fenestrae size and area fraction of fenestrae to total area of IEL decreased 51 % and 45 % in
arteries cultured under nonpulsatile pressure and decreased 45 % and 54 % under hyperpulsatile
pressure, respectively, compared to arteries under normal pulsatile pressure. There was no
difference in fibronectin (FN) and collagen III levels among the three pulse groups, while collagen
I and connexin 43 expression increased 80.8% and 35.3% in the hyperpulsatile arteries,
respectively, but not in nonpulsatile arteries. In conclusion, our results demonstrated, for the first
time, that an increase or elimination in pulse pressure from its normal physiologic level stimulates
arterial wall matrix structural changes. Hyperpulsatile pressure has a more pronounced effect than
the diminished pulse pressure, which may provide a mechanism for increased wall stiffness in
arteries under hyperpulsatile pressure.
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INTRODUCTION
Arteries are subjected to pulsatile blood flows and pressures in vivo. Normal arterial
pressure consists of a pulse pressure oscillating around a nonpulsatile mean pressure. Pulse
pressure may elevate or diminish due to arterial stiffening, stenosis, or abnormal cardiac
function [1,2]. Pulse pressure may even be temporarily eliminated with the use of
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nonpulsatile cardiopulmonary bypass machines or ventricular assist devices [3]. Elevated
pulse pressure in humans is associated with vascular stiffening and is increasingly
recognized as an important risk factor for cardiovascular disease [2,4,5]. On the other hand,
an important issue in using nonpulsatile heart-lung machines is how the nonpulsatile flow
produced by the pumps negatively impacts organ function [3,6,7]. However, the effect of
nonpulsatile pressure has not been clearly defined in arteries. It is also necessary to
understand the effect of pulse pressure on cellular function, in order to select suitable
pressure conditions in bioreactor design for tissue engineering of vascular grafts.

In addition to steady stretch and shear stress, pulsatility has been postulated as a crucial
mechanical stimulus for vascular cells. In healthy and hypertensive human subjects, it was
reported that carotid internal diameter and intima-media thickness were strongly influenced
by carotid pulse pressure [8–10], although it is difficult to specify the direct effect of pulse
pressure in human subjects or animal models due to the technical difficulty of separating
changes in mean and pulse pressure. On the other hand, in vitro studies of smooth muscle
and endothelial cells have demonstrated that cyclic stretch increased collagen and Connexin
43 expression and increased cell proliferation [11–13], suggesting a possible affect of pulse
pressure. Recent studies indicate that pulse pressure/cyclic stretch activates focal adhesion
kinase and ERK½ activity through pathways independent of steady pressure/stretch [14,15].
Furthermore, it has been well-documented that elevations in mean pressure (hypertensive)
and flow lead to significant wall remodeling in arteries [16–18]. The elevated
circumferential stretch generated by hypertensive pressure increases collagen and elastin
content [19–22]. However, the effect of pulse pressure on matrix remodeling remains
unclear. Therefore, the matrix remodeling under different pulse pressure needs to be
investigated.

The objective of this study was to determine matrix remodeling of arterial walls under
nonpulsatile pressure and hyperpulsatile pressure as compared to normal pulsatile pressure.
Weused a unique ex vivo porcine artery organ culture model, which allowed us to
independently alter the pulse pressure without changing the mean pressure and flow rate.

MATERIALS AND METHODS
Ex vivo artery organ culture

Common porcine carotid arteries (n=42) were harvested at a local abattoir and transported to
the lab in cold phosphate buffered saline solution. Arterial segments, 3–5cm in length, were
prepared and mounted into an ex vivo artery organ culture system as previously described
[23,24]. The perfusion and bath media were DMEM supplemented with sodium bicarbonate
(3.7g/L), antibiotic/antimycotic (14mL/L), L-glutamine (10mL/L), calf serum (100mL/L),
and HEPES buffer (25mL/L). The perfusion medium was also supplemented with Dextran
(50–55g/L) to increase its viscosity to the level of normal blood. The flow loops were placed
in incubators for temperature and CO2 control (37°C, 5% CO2). Artery lengths were
increased to a physiological stretch ratio of 1.5 [23]. The flow and pressure in all flow loops
were increased gradually to physiological levels, by adjusting the pump speed and a
resistance clamp. The pulse pressure was controlled by adjusting the length of a T-end
tubing and the rigidity of the tubing of the flow loop [23]. To achieve nonpulsatile flow, a
pulse dampener (Cole-Parmer) was added into the flow loop to fully damp down the
pressure pulse.

Arteries were divided into three different pulse pressure groups. A pulsatile group was
maintained at a mean pressure of 100 mmHg, with a pulsatile pressure of 30 mmHg and a
mean flow rate of 160 ml/min. A hyperpulsatile group was maintained at the same mean
pressure and flow rate, but the pulse pressure was increased to 50 mmHg. A nonpulsatile
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group was maintained at the same mean pressure and flow rate, with no pulse pressure.
Arteries were cultured for up to 7 days and then harvested for histology and protein
measurements.

Histology and collagen content measurement
Arteries were harvested after organ culture and pressure-fixed in 10% formalin at 100
mmHg overnight, processed, and embedded in paraffin blocks. Serial cross-sections (5 µm)
were cut and processed for hematoxylin and eosin staining and trichrome collagen staining
as described previously [25]. For collagen staining, the slides were hydrated and soaked in
Bouins solution for 5 min, washed, and transferred to Weigert’s Iron Hematoxylin for 2 min.
The slides were rinsed in water and incubated in Biebrich Scarlet-Acid Fuchsin for 5 min,
followed by a 10 min incubation in a phosphomolybdic-phosophotungstic acid solution. The
slides were stained with Analine Blue for 2 min, washed in 1% aqueous acetic acid,
dehydrated, and mounted. Collagen appears blue under the light microscope. The percent
area of tissue stained positive for collagen was measured photometrically using Image-Pro
Plus 4.5(Media Cybernetics, Silver Spring) and expressed as a percent of the total tissue
area.

Western blotting
Cultured arteries were harvested, washed once with PBS, snap frozen in liquid nitrogen, and
stored at −20°C. Samples were homogenized using the Reagent 4 protein extraction buffer
(Sigma). Protein extracts (10 µg total protein) were separated by 4%–12% SDS-PAGE.
Using specific primary antibodies for connexin 43 (Sigma at 1:2000), collagen type I and
Type III (Sigma, dilution 1:1000), fibronectin (Chemicon International, dilution 1:1000) and
β-actin (Sigma, dilution 1:5000), immunoreactive proteins were detected and then visualized
with an enhanced chemiluminescence detection system (ECL) according to manufacturer
directions. The relative intensities of the protein bands were quantified by scanning
densitometry and normalized to the intensity of β–actin.

Laser scanning confocal microscopy
To examine IEL, arteries were stripped of adventitia, opened longitudinally, and cut
transversely into 1×1 cm2 pieces, stretched to 1.5 cm×1.25 cm (the artery stretching ratio
under systolic pressure in pigs), fixed in 4% formalin overnight, then treated with 0.5%
triton X-100 for 15min, and stained with Hochest-33258 (1µg/ml Molecular Probes) for 30
min, and mounted under coverslips with glycerol/PBS (1:9) for en face morphological
examination using confocal microscopy (LSM 510 META, Zeiss, Germany). From each
vessel, 10 images were captured with a 40× oil immersion objective. The size and
percentage of fenestrae in the images were quantified using Image-Pro Plus 4.5.

Immunohistochemistry
Arteries were rinsed in PBS and then frozen in OCT freezing medium before sectioning.
Frozen 6-µm sections were fixed in acetone, followed by immunostaining. The tissue
sections were blocked by 10% normal goat serum dissolved in PBS at 37°C for 15 min, then
incubated with the primary antibody Cx43 (Sigma dilution 1:500) at room temperature for 1
h. An additional slide incubated with no primary antibody served as the negative control. All
the sections were washed in PBS for 1 hour and incubated with the secondary antibody
(Alexa488-conjugated goat anti-rabbit IgG, Molecular Probe, dilution 1:500) for 1 hour at
room temperature. The samples were mounted with medium containing propidium iodide
(Vector Laboratories) for counterstaining nuclei and examined by laser scanning confocal
microscopy (Zeiss, LSM510)[23].
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Statistical analysis
Data are given as mean ± SD. Significance was set at p<0.05 and determined by one-way
ANOVA.

RESULTS
Effects of pulsatile pressure on internal elastic lamina remodeling

All arteries after 7 days in organ culture maintained IEL with fenestrae. Arteries cultured
under the nonpulsatile and hyperpulsatile pressure, however, demonstrated reduced (smaller
size) fenestrae compared to arteries cultured under normal pulsatile pressure (Fig. 1). The
fenestrae in arteries cultured under normal pulsatile pressure were similar to the fenestrae in
fresh arteries, indicating that IEL morphology was mainteained in organ culture.

The average sizes of the fenestrae in the nonpulsatile and hyperpulsatile groups were
36.2±6.4 µm2 and 40.4±13.0 µm2 respectively, corresponding to 51% and 45% reductions in
the size from the fenestrae in the normal pulsatile group (73.9±21.5 µm2; p<0.05 for both).
The fenestrae area to total area ratios were 15.8±6.2% and 13.3±2.8% in the nonpulsatile
and hyperpulsatile groups respectively, which were significantly lower than that in the
normal pulsatile group (29.0±7.7%; p<0.05 for both). The fenestrae area to total area ratio of
the normal pulsatile group was similar to the ratio of the fresh artery group (p=n.s.).

Fibronectin (FN) and collagen contents
Figure 2 shows the collagen type I and type III contents in the artery cultured for 7 days
under nonpulsatile, normal pulsatile, hyperpulsatile pressure. Increased collagen type I
expression was seen in the hyperpulsatile group compared to the normal pulsatile group
(p<0.05). However, the collagen type III and FN levels remained similar among all four
groups.

Trichrome staining demonstrated that all arteries had dense collagen in the media and
adventitia layers (Fig.3 top). Photometric measurement showed no statistical difference in
the collagen levels between groups. (Fig. 3 bottom)

Effects of pulsatile pressure on Connexin43 expression
Immunohistochemistry staining demonstrated that the gap junction protein Cx43 is
increased by both nonpulsatile and hyperpulsatile pulse pressure compared to normal pulse
pressure while hyperpulsatile arteries demonstrated the highest level of Cx43 (FIG. 4).
Immunoblotting showed that the expression of Cx43 protein was higher in the hyperpulsatile
group compared to the normal pulsatile group (Fig. 5). The normal pulsatile group showed
no difference from the fresh arteries.

DISCUSSION
Using an ex vivo organ culture model, we were able to achieve independent alteration of
pulse pressure without altering the mean pressure and flow rate. Using our novel model, we
have demonstrated, for the first time, increased extracellular matrix remodeling in the
arterial wall due to alterations in pulse pressure alone. Our results demonstrated that an
increase or elimination in pulse pressure from its normal physiologic level decreases the
fenestrae size in the internal elastic lamina (IEL). Increases in pulsatile pressures increase
collagen I and connexin 43 expression. These results indicate that alterations in pulse
pressure stimulate wall matrix remodeling.
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Advantage of using organ culture model
Reductions or elevations in pulse pressure in vivo are frequently superimposed with
reductions or elevations in mean blood pressure, respectively, making it difficult to isolate
pulse and steady components and specify the responses. In contrast, the organ culture model
allows us to control pressure independent of flow rate [23] and to alter the pulse pressure
without changing the mean pressure and flow rate. The organ culture model with whole
vessel preparation and perfusion has demonstrated great advantages in preserving cells in
their natural matrix and hemodynamic environment [23,26]. Arterial structure and
vasomotor function are well maintained under physiologic flow in organ culture
[21,23,27,28]. The model has been used extensively as an alternative model for studying
vascular biology and remodeling by us and others [21,23,29–34]. Here we extend the
advantage of this model to study the isolated effect of pulse pressure.

Physiologic implications
We and others have demonstrated that the arterial wall remodels differently at an elevation
or diminution of mean pressure [18,30]. Increased blood flow and decreased blood flow lead
to different patterns of remodeling through different mechanisms [35–37]. It has been
reported that response to flow decrease show a much slower kinetics than the response to
flow increase, and that both responses are endothelium dependent [37]. Response to
increased pressure may also be faster than the response to decreased pressure [17,38,39].
Similarly, here we see that elevated pulse pressure has a more robust effect than the
diminished pulse pressure.

An important finding of this study was the decrease in the average size and total area ratio of
the fenestration in nonpulsatile and hyperpulsatile arteries compared with normal pulsatile
pressure. The decrease in fenestrae size may affect the mass transport through the IEL and
thus affect vascular function [40]. Jackson et al. previously observed an increase of fenestrae
size in rabbit carotid arteries under elevated or diminished axial strain [41,42]. Possible
explanations for this difference in results may lie in the difference in the direction of stress
evaluated (circumferential in the previous studies vs. longitudinal in our study) and style of
the strain (steady in the previous studies vs. cyclic in our study) as well the species (rabbit in
the previous studies vs. pig in our study). Further study is needed to determine the causes.

Our results showed that total collagen content and collagen III did not change after elevation
or diminished pulse pressure for 7 days, though collagen I protein was increased by elevated
pulse pressure. This may be interpreted to mean that pulse pressure does not affect collagen
content. On the other hand, it may take longer for the collagen to respond to pulse pressure.
In fact, previous studies have showed that arterial wall thickening in human and rats
increases after prolonged exposure to elevated pulse pressure lasting for weeks and months
[8,43,44]. Additionally, cyclic stretch is known to increase collagen content and synthesis in
cell cultures in vitro [45–47], though it is possible that isolating cells from their matrix
produces an additional stimulus for the cell to secrete matrix components as it tries to
rebuild its foundation. In the absence of this stimulus, the change may be too small to detect.
Another possible explanation is that the Masson’s trichrome stain reflects the total collagen
content but not the collagen synthesis. So it is possible that varying level of pulse pressure
may increase collagen turnover without altering total collagen content. Another possibility is
that other collagens, such as type IV and V, may decrease while collagen I increases, such
that the net levels remain the same. In any regard, increased collagen I indicates wall
remodeling under altered pulse pressure.

Increased gap junction protein Cx43 has been observed in vascular smooth muscle cells
cultured in vitro under a 20% static stretch [12] and in endothelial cells under cyclic stretch
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[48]. Our results demonstrated an increase in Cx43 expression in hyperpulsatile arteries,
indicating that increased cyclic stretch also increases Cx43 expression in arteries. Combined,
these results indicated that increased pulse pressure affects cell communication and
stimulated arterial wall remodeling.

Clinical relevance
Understanding the effect of pulse pressure on vascular function and matrix remodeling will
help us to understand vascular aging and associated vascular disease. Pulse pressure
significantly increases in aged populations [2,4]. Matrix remodeling occurs during
development, aging, and vascular disease [29,49,50]. Matrix remodeling due to alteration in
pulse pressure may be a prominent factor in vascular wall stiffening in response to disease.

Patients with implantable heart pumps may experience nonpulsatile pressure for 7 to 10 days
before regaining some pulsatility in blood pressure [6]. An important question related to the
use of heart pumps and ventricular assist devices (e.g. centrifugal and axial flow rotary
pumps) is how nonpulsatile flow produced by the pumps affects organ function [3,6,7]. The
observed changes in IEL fenestrae and Cx43 expression indicate that arterial wall matrix
could be altered after 7 days exposure to nonpulsatile flow. However, it remains unclear
whether these changes can be reversed with the regain of pulsatile pressure and the issue
needs further investigation.

In addition, the effect of pulse pressure on matrix remodeling indicates that the proper pulse
pressure should be considered in the design of bioreactors in order to achieve the desired
matrix structure for tissue engineering vascular grafts.
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Figure 1.
Top: Confocal microscope images of fenestrae (marked by arrows) in the IEL of porcine
carotid arteries cultured under nonpulsatile pressure (non-p), normal pulsatile pressure
(normal-p), and hyperpulsatile pressure (hyper-p) for 7 days as compared to a fresh artery.
Middle & Bottom: Comparison of the average fenestrae size and the total fenestrae area
ratio in arteries cultured under different pulse pressure. Data were plotted as means± SD.
*p<0.05. Sample size n=3.
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Figure 2.
Western blot demonstrating the collagen I, collagen III and FN in arteries cultured under
different pulse pressure for 7 days. Bargraphs illustrate the relative intensities obtained from
densitomertric measurements (mean ± SD. *P < 0.01). Higher levels of collagen I were seen
in the nonpulsatile and hyperpulsatile arteries as compared to normal pulse arteries.
Collagen III and FN showed no measurable/significant difference among all groups.
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Figure 3.
Top: Light microscope images of trichrome stained porcine carotid arteries cultured under
nonpulsatile pressure (non-p), normal pulsatile pressure (normal-p), and hyperpulsatile
pressure (hyper-p) for 7 days as compared to a fresh artery. The trichrome stain colors
collagen blue and elastin black. Bottom: Percent area of collagen calculated using
photometric measurement in arteries cultured under different pulse pressures. Data were
plotted as means± SD. Sample size n=3, 4, 6, and 5, respectively.
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Figure 4.
Distribution of connexin 43 in arteries cultured under nonpulsatile pressure (non-p), normal
pulsatile pressure (normal-p), and hyperpulsatile pressure (hyper-p) conditions for 7 days.
The connexin 43 was stained green while the nuclei were stained red by propidium iodide.
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Figure 5.
Comparison of connexin 43 and β-actin expression in arteries cultured for 7 days under
nonpulsatile, pulsatile, and hyperpulsatile pressure conditions and in fresh arteries. The top
panel shows a typical blotting image and the bottom panel summarizes densitometric
measurements (mean ± SD) *p<0.05. Sample size n=4.
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