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Aim: To evaluate the biomechanical properties of thoracic aorta with or without adventitia, and to determine whether there are corre-
sponding changes with hypertension.

Methods: Normotensive Wistar-Kyoto (WKY) rats and spontaneously hypertensive rats (SHR) at the age of 16 and 32 weeks were used.
Thoracic aortic adventitial layer was mechanically separated from thoracic aorta and the adventitia-denuded artery ring was viewed as
thoracic media. A load-strain curve was obtained by stretching the ring-shaped intact thoracic aorta or thoracic media with a tensile
testing machine. Then, the slope of the load-stain curve at 30%-40% strains was viewed as the elastic stiffness at physiological load,
whereas the slope near the breaking point was calculated as maximum stiffness. The maximum load is the load at the breaking point.
Results: There was no significant difference in elastic stiffness and maximum stiffness of intact thoracic aorta between SHR and age-
matched WKY. The elastic stiffness of intact thoracic aorta showed no significant difference from that of thoracic media in WKY and
SHR at both ages. In contrast, both maximum stiffness and maximum load were reduced in thoracic media compared with intact tho-
racic aorta in SHR and WKY at both ages.

Conclusion: These results indicated that vascular adventitia contributes to maximum stiffness, but not elastic stiffness in both SHR
and WKY.
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Introduction

The mechanical properties of large conduit arteries play an
important role in cardiovascular hemodynamics through the
buffering of stroke volume and the propagation'. These large
arteries, including thoracic aortas, are made up of three layers:
intima, media, and adventitia. The medial layer is composed
of vascular smooth muscle cells (VSMCs) and extracellular
matrix (ECM), such as collagen and elastin. Functionally,
ECM influences the passive mechanical properties of the arte-
rial wall whereas VSMCs are related to its active properties®.
Endothelial cells in intimal layer regulate vascular tone by
releasing various relaxing or constricting factors” *. Corre-
spondingly, pathological changes have typically been attrib-
uted to detrimental alterations in endothelial function or the
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medial layer. In contrast, the role of the adventitia has been
relegated to that of structural support or protecting the vessels
from overstretch® .

Recent studies, however, showed that the adventitia plays
an important role in various vascular processes such as athero-
sclerosis, hypertension and restenosis after balloon injury” ®.
Moreover, the contribution of adventitia to passive mechani-
cal properties of the artery has been paid more and more
15971 and it has been shown that coronary adventitia
contribute to vascular biomechanics in terms of shear, circum-
510 Therefore, data on various

layers are essential to the understanding of various diseases

attention
ferential and axial modulus

(such as hypertension, low overload, diabetes) that may
remodel the tissue geometry and biomechanical properties of
the vascular wall differentially.

Our previous study showed that thoracic adventitial layer
contained as much collagen as that of thoracic media, and that
collagen was densely distributed in adventitial layer in Sirius
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Red Staining, indicating that adventitial layer might play a
role in the biomechanical characteristics of thoracic aorta!".
Importantly, the thoracic medial layer underwent different
remodeling from that of thoracic adventitia in spontaneously
hypertensive rats (SHR) compared with normotensive Wistar-
Kyoto (WKY) rats™®. To elucidate the biomechanical contribu-
tion of adventitial layer and the possible alteration in hyper-
tensive objectives, we examined the load-stain relationships of
the intact thoracic aorta and thoracic media (adventitial layer
was removed) in SHR and WKY.

Materials and methods

Animals

Male WKY and SHR at the age of 16- and 32-week were
obtained from the Shanghai Institute of Hypertension. The
investigation conforms with guidelines for the care and use
of laboratory animals as established by Shanghai Institute of
Hypertension and the Ethics Committee of Animal Experi-
ments of the Chinese Academy of Sciences.

Blood pressure measurement

Tail-cuff method was used for blood pressure measurement.
In brief, the rats were placed in a chamber at 37 °C for 30 min,
the tail cuff was connected to a cylinder of compressed air
through an arrangement of inlet and outlet valves that permit-
ted inflation and deflation of the cuff at a constant rate. The
signals were then recorded with Powerlab digital recording
systems (ADInstruments, Sydney, Australia) mounted in a
desktop computer.

Biomechanical measurement

The descending thoracic aortas consisting of the entire seg-
ment were harvested between the left subclavian and celiac
artery branch points"™. The peri-adipose tissue was removed
after washing with phosphate-buffered saline (PBS) buffer
(in mmol/L): NaCl 150, KClI 2.7, Na,HPO, 10, NaH,PO, 2, pH
7.4. Then the adventitia was mechanically separated from
media with fine forceps, and considered as the outer layer,
while the intima-media is considered as the inner layer (tho-
racic media). In order to obtain a static load-strain curve, the
samples of the thoracic aorta were analyzed by means of a
tensile testing machine (Instron 3343, Instron Corp, Norwood,
MA). Each ring-shaped sample was mounted on 2 hooks and
was stretched at a constant tensile speed of 2 mm/min™*!, a
load-deformation curve was recorded. Strain is defined as the
deformation value divided by the original length of the sam-
ple. Elastic stiffness in the region of physiological load values
was defined as the slope of a straight line drawn between 30%
and 40% strain (N/mm), and maximum stiffness is expressed
as the slope of the linear steepest part of the load-strain curves
up to the point of failure (N/mm)™™. In detail, elastic stiff-
ness was expressed as the load difference between 40% and
30% strain (Y axis, N) divided by stain (X axis, the original
vascular rings length multiplied by 10%, mm), and maximum
stiffness was expressed as the difference between the breaking
point and the point with 10% lower stain (Y axis, N) divided
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by stain (X axis, the original vascular rings length multiplied
by 10%, mm). Maximum load was the load at the breaking
point. All of elastic stiffness, maximum stiffness and maxi-
mum load were corrected by axial vascular length (cm). The
contribution of adventitial layer was evaluated by comparing
the value of thoracic aorta with or without adventitia® ',

Preparation of tissue samples

After rats were anesthetized, they were exsanguinated via a
catheter placed in the right auricle while saline was injected
into the femoral catheter. When the liquid from the auricle
ran clear, the circulatory tract was rinsed with a 4% formalde-
hyde solution. The animals died very shortly after the form-
aldehyde infusion was started, the fixation liquid infused for
3 h at a pressure equal to the mean blood pressure (MBP) of
each animal. Tissues were embedded in paraffin and trans-
verse sections (5 pm thick) were prepared for Weigert’s Elastin
Staining, Hematoxylin & Eosin (H&E) Staining, or Masson’s
Trichrome Staining.

Statistical analysis

Results are expressed as mean+SD. Statistical comparisons
were made by paired or unpaired Student t-test. A value of
P<0.05 was considered significant.

Results

Body weight and blood pressure

Basic parameters of rats (1=8 in each group) were summarized
in Table 1. Systolic blood pressure (SBP) was higher in 16- and
32-week-old SHR compared with age-matched WKY (P<0.05,
Table 1).

Table 1. Body weight and systolic blood pressure (SBP) of 16- and 32-
week-old Wistar-Kyoto (WKY) rats and spontaneously hypertensive rats
(SHR). Data are meanSD. "P<0.05, °P<0.01 vs age-matched WKY.

16-week-old 32-week-old
WKY (8) SHR (8) WKY (8) SHR (8)
Body weight (g) 365+38 290+29° 410449 313+45°
SBP (mmHg) 12345 145+21° 108114 180+32°

Elastic stiffness of intact thoracic aorta and thoracic media

To elucidate the role of adventitial layer on vascular pas-
sive mechanical properties, the thoracic adventitial layer was
mechanically removed from thoracic aorta of WKY, and the
adventitia-removed artery was viewed as thoracic media. It
was shown that adventitial removal did not damage external
elastic lamella (Figure 1 A&B) and the integrity of slender
elastic fiber in the media was well preserved (Figure 1 C&D).
Also, adventitial layer contained much collagen in Masson’s
Trichrome Staining, and there was no collagen staining in
adventitial layer in adventitia-denuded vascular wall (Figure 1
E&F).
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Figure 1. Weigert’s Elastin Staining (A&B), H&E staining (C&D) and
Masson’s Trichrome Staining (E&F) of intact thoracic aorta (A&C&E) and
thoracic media (B&D&F) in 16-week-old WKY. Schematic representation
of a typical load-strain curve of intact thoracic aorta (G). The elastic
stiffness is the defined as the slope at physiological load corresponding
to 30%-40% strain, and the maximum stiffness is defined as the slope of
the maximum strain calculated from the breaking point and the point with
10% lower stain. The maximum load is the load at the breaking point.

Then, we examined the biomechanical characteristics of tho-
racic aortas from 16- and 32-week-old SHR and WKY with or
without adventitial layers. Samples were stretched by using
a tensile machine, after load-strain curves were obtained the
elastic stiffness (30%—40% strain) was calculated (Figure 1G).
There was no difference in elastic stiffness of intact thoracic
aorta (with adventitia) between SHR and WKY at both ages
(P>0.05, Table 2). Similarly, in thoracic media (without adven-
titia), there was no difference in thoracic media between WKY
and SHR at both ages (P>0.05, Table 2). Finally, elastic stiff-
ness was not decreased after adventitial layers were removed
in SHR and WKY at both ages (P>0.05, Table 2).
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Table 2. Elastic stiffness (Nmm™cm™) of aorta of 16- and 32-week-old
Wistar-Kyoto (WKY) rats and spontaneously hypertensive rats (SHR). Data
are mean%SD.

Intact thoracic aorta Thoracic media

Age (weeks)  WKY (8) SHR (8) WKY (8) SHR (8)
16 0.25+0.01  0.26+0.05  0.23+0.02  0.23+0.04
32 0.26+0.03  0.27+0.05  0.27+0.03  0.25+0.05

Maximum stiffness of intact thoracic aorta and thoracic media
We also determined whether adventitial layer would affect
maximum stiffness and whether there are corresponding age-
related changes by further stretching the arterial rings to bro-
ken, and the slope of the linear steepest part of the load-strain
curves up to the point of failure was calculated (Figure 1G).
As shown in Table 2&3, the maximum stiffness was approxi-
mately 7 times greater than elastic stiffness. There was no dif-
ference in maximum stiffness between SHR and WKY at both
ages (P>0.05, Table 3). Notably, the maximum stiffness was
markedly decreased in thoracic media compared with intact
thoracic aorta in WKY and SHR at both ages (P<0.05, Table
3). The maximum load was decreased after adventitial layers
were removed (P<0.05, Table 4).

Table 3. Maximum stiffness (Nmm™cm™) of aorta from 16- and 32-week-
old Wistar-Kyoto (WKY) rats and spontaneously hypertensive rats (SHR).
Data are mean+SD. "P<0.05 vs intact thoracic aorta of the same strain
after adjusting for body weight.

Intact thoracic aorta Thoracic media

Age (weeks)  WKY (8) SHR (8) WKY (8) SHR (8)
16 1.67£0.15  1.78+0.22  1.35+0.25" 1.50+0.29"
32 1.67£0.24  1.77+0.30  1.33+0.35" 1.52+0.43"

Table 4. Maximum load (N/cm) of aorta from 16- and 32-week-old Wistar-
Kyoto (WKY) rats and spontaneously hypertensive rats (SHR). Data are
mean+SD. °P<0.05, °P<0.01 vs intact thoracic aorta of the same strain
after adjusting for body weight.

Intact thoracic aorta Thoracic media

Age (weeks) WKY (8) SHR (8) WKY (8) SHR (8)
16 5.78+1.2 6.65+£0.8 3.68+1.0° 3.60+£1.0°
32 6.62+1.4 6.60+0.5 3.60+1.3° 4.08+1.4°

Discussion

This study examined the contribution of thoracic medial and
adventitial layers to artery stiffness of thoracic aorta in SHR
and WKY at different ages. We found that adventitial layers
removal reduced maximum stiffness but not elastic stiffness of
thoracic aorta in both SHR and WKY.
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In the present study, the thoracic media and adventitia were
mechanically separated and the integrity of media was well
preserved as shown with morphological investigation in the
present study. Then, load-strain curves of intact thoracic aorta
and thoracic media were obtained to detect arterial stiffness.
The contribution of adventitial layer was estimated by com-
paring the differences, which has been extensively used in the
study of the biomechanical properties of adventitial layer® ",

Previous studies showed that mechanical characteristics
of thoracic aorta were not changed in SHR compared with
WKY™ ™. A study with carotid showed that arterial disten-
sibility was increased in 4, 8 16, 32-week-old SHR and stroke
prone SHR (SHR-SP) compared with that in normotensive con-
trol animals for similar blood pressure levels, although there
was an age-related decrease in arterial distensibility in rats of
all groups that was more pronounced in the SHR-SP and SHR
compared with that in WKY rats®. Safar showed isobaric
aortic pulse wave velocity (PWV) and incremental elastic mod-
ulus are significantly increased in old SHR compared with age-
matched WKY rats (52 and 78 weeks), but not in young rats (5
or 12 weeks)??, These results indicated that the arterial stiff-
ness was increased in old hypertensive rats but not in young
rats. In 2-kidney 1-clip hypertensive rats, carotid arteries were
stiffer after 9 and 24 weeks, but no stiffening had occurred at
1 and 5 weeks after renal artery clipping™.. In consistent with
these above findings, the present study showed that there was
no significant difference between SHR and WKY at the age
of 16 and 32 week in terms of elastic stiffness and maximum
stiffness in intact thoracic aorta, or in thoracic media (without
adventitia), which is consistent with our previous finding that
elastin : collagen ratio in thoracic media and adventitia was
not changed in SHR and WKY, although there is significant
medial remodeling in 16- and 32-week old SHR compared
with age-matched WKY including increased mass, collagen
and elastin content, thoracic adventitial collagen”. These
results indicated that elastin : collagen ratio may be the deter-

minant of vascular stiffness®2.

Namely, collagen abnormity
at early hypertension stage does not definitely lead to arterial
stiffness increase, although collagen abnormity at later hyper-
tension stage can cause maximum stiffness increase, which is
indicative of collagen abnormity of arterial wall in hyperten-
sion, diabetes etc®# #!. In addition, vascular component
remodeling may occur far before arterial stiffness alteration as
shown in this and previous studies. In contrast, the increased
distensibility may be caused by the compensation of arteries in

2, 19]’ and

response to elevating blood pressure in young objects
arterial stiffness increases significantly with age which will be
more pronounced in hypertensive objectives than normoten-
sive control.

The medial layer and adventitial layer have different bio-
chemical component and biomechanical characteristics. There
are extensive studies on the thoracic media; the function of
adventitial layer, however, remains largely unknown. The
present study showed that maximum stiffness was reduced
after adventitial removal in WKY and SHR at both ages, indi-
cating that adventitial layers play a contributory role in vascu-

Acta Pharmacologica Sinica

lar biomechanical properties. This finding is consistent with
our previous study showing that there were abundant densely
distributed collagen in Sirius Red Staining, and hydroxypro-
line measurement showed that adventitial layer collagen was
12 These finding indi-
cated that adventitial layer might be a pharmacological target

comparable to that in the medial layer

in the prevention and treatment of cardiovascular diseases.
The reduced maximum load after adventitial removal was in
line with the traditional view that adventitia protects the ves-
sels from overstretch®. In contrast, elastic stiffness was not
markedly reduced after adventitial layer was removed in SHR
and WKY, suggesting that adventitial layers do not contribute
to passive mechanics at physiological load.

In conclusion, these results demonstrated that thoracic
media, but not adventitial layer, contributed to elastic stiffness
of thoracic aorta in WKY and SHR, whereas both medial and
adventitial layer partially contributed to maximum stiffness of
thoracic aorta in WKY and SHR. These results indicated that
vascular adventitia contribute to vascular biomechanical prop-
erties, and may be involved in pathological process.
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