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Effect of Storage Duration on the
Mechanical Behavior of Mouse
Carotid Artery

Determining arterial mechanical properties is important for understanding the work
done by the heart and how it changes with cardiovascular disease. Ex vivo tests are nec-
essary to apply various loads to the artery and obtain data to model and predict the
behavior under any load. Most ex vivo tests are performed within 24 h of dissection, so
the tissue is still “alive.” For large elastic arteries; however, the passive mechanical
behavior is attributed mostly to the very stable proteins, elastin, and collagen. If the test-
ing equipment fails, is in use, or is located at another facility, it would be useful to store
the vessels and postpone the tests until the equipment is available. The goal of this study
is to determine the effects of storage time on the mechanical behavior of the common ca-
rotid artery from adult mice. Each artery was tested after storage for 1-28 days in physi-
ologic saline at 4°C. There were no significant effects of storage time on the arterial
diameter or force at each pressure, but there were significant effects on the stretch ratio
and stress at each pressure. The significant effects on the stretch ratio and stress were
due to decreases in the unloaded dimensions with storage time, when measured from cut
arterial rings. When the unloaded dimensions were measured instead from histology sec-
tions, there were no significant changes with storage time. We conclude that histology
sections yield a more consistent measurement of the unloaded dimensions and that there
are no significant changes in the mechanical behavior of mouse carotid artery with stor-
age up to 28 days. [DOI: 10.1115/1.4004415]
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Introduction

Segments of blood vessels are useful for a variety of physiolog-
ical studies. For instance, scientists and surgeons are working to-
ward using transplanted vessel segments as grafts for their
patients. Other scientists are investigating remodeling in develop-
ment and disease using data from mechanical tests on vessel seg-
ments. In either application, the blood vessels may not be used
promptly after dissection. This could be due to lack of immediate
access to the patient receiving the graft in the first example or
unpredicted failure or unavailability of the experimental equip-
ment in the second example. The vessels may have to be stored
for hours to days and it is essential to understand how the storage
time and conditions affect different properties.

For vascular grafts, properties of the endothelial cells (ECs) and
smooth muscle cells (SMCs) are critical for vessel function and
patency. The effects of storage duration and storing agent on the
preservation of the ECs [1,2], SMCs [1,3], and vascular reactivity
[2,4] have been previously investigated. Additional work has
focused on cryopreservation of blood vessels [5,6], but cryopre-
servation may not always be a promising method for blood vessel
storage [7]. Some of the studies concluded that transplanted ves-
sels must be used within 3-7 days due to possible biochemical
and molecular changes that occur after this point [7], and extend-
ing the storage time beyond 7 days can significantly lower the
long-term patency rates [8].

For mechanical studies of vessel segments, properties of the
extracellular matrix may be more important than cellular proper-
ties. In the large elastic arteries, the passive mechanical properties
are determined mostly by elastin and collagen, which are very sta-
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ble proteins [9]. Therefore, to determine changes in the passive
mechanical properties of vessel segments with development,
aging or disease, it may be reasonable to store the vessels for lon-
ger than 7 days. Most previous work on vessel storage has studied
the changes in the passive mechanical properties in limited detail
and has focused on uniaxial testing of tissue strips [10,11]. Our
goal is to perform a systematic examination of the changes in me-
chanical behavior of common carotid arteries from adult mice af-
ter storage at 4°C in physiologic saline. Our hypothesis is that the
passive mechanical behavior will not change significantly up to
28 days of storage.

Materials and Methods

Animals. 87 C57BL/6J male mice were used for this study
(age =60 = 3 days, weight =25 2.5 g). Small carbon particles
were used to mark the in vivo length of the left and right common
carotid arteries (LCC and RCC). The arteries were removed, the
ex vivo lengths were measured, and the arteries were stored in a
4°C refrigerator in physiological saline solution (PSS) [12]. After
storage for 1, 3, 7, 14, or 28 days, LCCs were used for mechanical
tests and RCCs were used for histology. Each vessel was tested at
only one time point.

Mechanical Testing. Mechanical tests were performed on a
pressure myograph (Danish Myotechnology), as described previ-
ously [12]. Briefly, the LCCs were mounted on custom-made
stainless steel cannulae in PSS at 37°C. The arteries were
stretched to their in vivo length and preconditioned for three pres-
sure cycles. The pressure, outer diameter and longitudinal force
were then recorded for three additional cycles from 0-175 mmHg
in steps of 25 mmHg and 12 s/step. The LCCs were removed and
several thin rings (~500 um thick) were cut and imaged.
Unloaded dimensions were measured with Image J software
(NIH).
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Data Analysis. The loaded inner diameter was calculated
assuming incompressibility of the arterial wall:
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where d and D are the loaded and unloaded diameters, with sub-
scripts 7 for inner and o for outer diameters, and A, = [/L is the
longitudinal stretch ratio, where / and L are the loaded and
unloaded reference lengths of the artery. The average stresses in
the longitudinal and circumferential directions, assuming a thin-
walled cylinder with no shear stress, are respectively [13]:
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where F is the longitudinal force and P is the gauge luminal static
pressure. Also, the stretch ratio of the artery in the circumferential
direction is defined as [14]:
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Compliance, which is the tendency of the artery to distend in
response to the change in luminal pressure, is defined in this work
as the percent change in outer diameter for each pressure step:
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where j denotes the index of the pressure step.

Histology. RCCs were fixed in the unloaded state in 10% for-
malin, dehydrated in a graded series of ethanol, embedded in par-
affin and sectioned into 5 um thick slices. The sections were
stained with Verhoeff—Van Gieson (VVG) to visualize elastic
fibers. Images were recorded of each section and the outer diame-
ter of the adventitia, media and the inner diameter of the vessel
were measured using Image J software. The images were then
manually thresholded to determine the percent area of the media
occupied by elastic fibers.

Statistics. ANOVA or two-tailed r-tests, with unequal var-
iance, were used to determine statistical differences. P < 0.05 was
considered significant.
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Fig.1 Unloaded dimensions from cut ring measurements. Outer

diameter and thickness decrease with time, while the inner diam-
eter does not change with time. Ny =12, N3 =11, Ny = Nj3 = Nog=
9 (N and i are the number of samples and the time-point, respec-
tively). ¢ outer diameter, B inner diameter, A thickness.
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Table 1 Storage time points showing statistically significant
differences (P <0.05) for the unloaded dimensions measured
from cut rings

Storage timepoint (day)

1 3 7 14 28

Unloaded thickness (THK) 7,1428 28 1,28 1,28 1,3,7,14
Unloaded outer diameter (OD) 28 - - - 1
Unloaded inner diameter (ID) - - - - -

Results

Unloaded Geometry From Arterial Rings. The unloaded
outer diameter and thickness of the arterial rings decrease with
storage time (Fig. 1). Compared to day 1, the outer diameter is
significantly different at day 28 and the thickness is significantly
different at days 7, 14, and 28 (Table 1). The inner diameter does
not change with storage time and there are no significant differen-
ces between day 1 and any other time points.
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Fig. 2 Effects of pressure and storage time on (a) outer diame-
ter, (b) longitudinal force, and (c) compliance. There is no con-
sistent trend for changes in the curves with storage time.
N1 =12, N3=11, N7=N14=N28=9.
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Table 2 Storage time points showing statistically significant differences (P <0.05) at each applied pressure for the ex vivo

mechanical tests

Outer Diameter

Longitudinal Force Compliance

Pressure (mmHg) 1 3 7 14 28 1

3 7 14 28 1 3 7 14 28

NS
[SSTRUSIRUS IRVS]

'

'

'

'

'

'

'

Circumferential Stress Longitudinal Stress

Pressure (mmHg) 1 3 7 14 28 1 3 7 14 28 1 3 7 14 28
0 - - - - - - 14,28 - - - - 7 3 - -
25 - - - - - - 14,28 - 3 13 - 7 3 - -
50 - 14 - 3 - 28 7,14,28 - 3 1,3 - 7,28 3 - 3
75 - 14,28 - 3 3 14,28 7,14,28 3 1,3 1,3 - 7,28 3 - 3
100 - 7 3 - 28 7,14,28 3 3 3 - 7,28 3 - 3
125 - - - - - 28 7,14,28 3 3 3 - 7,28 3 - 3
150 - - - - - 7,14,28 3 3 3 - 7,28 3 - 3
175 - - - - - - 7,14,28 3 3 3 - 7,14,28 3 3 3

Mechanical Testing. The loaded outer diameter-pressure data
(Fig. 2(a)) demonstrate that storage time does not affect the
behavior, despite variations between different storage times. Com-
pared to day 1, there are no significant differences between
the diameters at each pressure for any of the storage times. There
are significant differences between days 3 and 7 at 100 mmHg
(Table 2). It has been shown previously for ex vivo tests on mouse
carotid arteries that the longitudinal force decreases with pressure
at the measured in vivo length [12]. We observe similar behavior
in this study (Fig. 2(b)) and find no significant differences in the
longitudinal force at each pressure between day 1 and any other
storage times (Table 2). There are significant differences at the
low to medium pressure range between days 3 and 7. The storage
time does not significantly affect the compliance-pressure behav-
ior (Fig. 2(c) and Table 2), although there is a trend toward shift-
ing the compliance peak to lower pressures with longer storage.

The unloaded dimensions from the arterial rings were used to
calculate circumferential stretch ratio, circumferential stress and
longitudinal stress. The circumferential stretch-pressure relation-
ship is similar for most storage times (Fig. 3(a)). There are no sig-
nificant differences between day 1 and any other days, but there
are significant differences between day 3 and some of the later
time points (Table 2). Figure 3(b) shows that there are relatively
large variations in the mean circumferential stress-pressure rela-
tionship for different storage times, but only days 14 and 28 show
significant differences from day 1 (Table 2). There are also signifi-
cant differences between day 3 and days 7, 14, and 28, making
circumferential stress the variable with the most significant differ-
ences between storage times. The mean longitudinal stress-pres-
sure is similar for most storage time points (Fig. 3(c)). There are
no significant differences between day 1 and any other time points
(Table 2). There are significant differences between day 3 and all
other time points. Circumferential stress-stretch curves (Fig. 4),
which demonstrate the nonlinear behavior and the incremental
elastic modulus of the arterial wall, show similar behavior for all
storage times.

Histology. The geometric and mechanical data indicated that
there may be changes in the composition or structure of the arte-
rial wall with storage time. We performed histology to validate
the geometry measurements and investigate changes in the
amount or organization of the elastic fibers. Figure 5 shows a cut
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arterial ring, a VVG stained histology section, and the same sec-
tion after the image was thresholded to measure the elastic fiber
area fraction. Note that determining the outer diameter of the cut
ring requires some interpretation due to loose connective tissue
and difficulty in focusing the entire boundary. Determining the
outer diameter on the histology section is also subject to variation
due to loose adventitia that is sometimes lost in tissue processing.
Determining the outer boundary of the media on the histology sec-
tion is relatively straight forward.

Figure 6 shows the outer and inner diameters and thickness of
the arteries as measured from the histology sections. Unlike the
arterial ring measurements (Fig. 1), there is no consistent relation-
ship between changes in the unloaded dimensions and the storage
time. We address the conflicting results of these two measure-
ments in the discussion. There are significant differences in outer
and inner diameter between day 1 and day 3, and significant dif-
ferences in the thickness between day 1 and day 14. To understand
the relationship between the ring and histology measurements for
the unloaded arterial dimensions, we plotted the unloaded diame-
ter for the cut rings versus the unloaded diameter for the histology
sections at each storage time. This relationship indicates that the
tissue shrinks 31-58% with histology processing, with an average
shrinkage of 44% for all storage times.

We also quantified the area fraction of elastic fibers in the artery
wall from the histology images to ensure that this was not chang-
ing over time and causing the observed changes in stress. Because
of the loss of some adventitial tissue during histology processing,
we calculated the ratio of dark staining elastic fibers (A.) to the
total medial area (A,,). The area fraction is shown in Fig. 7. There
are no significant differences in elastic fiber area fraction between
day 1 and any other storage time points.

Discussion

Storage of vessel segments may be necessary before implanta-
tion as grafts or before ex vivo mechanical testing. For vascular
grafts, the maintenance of cellular activity is critical and has been
studied in previous work [1,2]. For mechanical testing, the passive
mechanical properties are often of primary interest and previous
work has been limited to uniaxial tissue strips [10,11]. Passive
mechanical properties are important to gain insight on arterial
remodeling in development, aging and disease. Subsequent
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Fig. 3 Effects of pressure and storage time on (a) circumferen-
tial stretch ratio, (b) circumferential stress, and (c) longitudinal
stress. There is no consistent trend for changes in the curves
with storage time. N; =12, N3 =11, N, = Nyy = Nog = 9.

changes in mechanical properties due to this remodeling will
affect the work done by the heart and overall cardiovascular and
cardiac function. We hypothesize that the passive mechanical
properties of mouse carotid arteries will not change significantly
up to 28 days of storage at 4°C in physiologic saline. The ability
to store arteries for days or weeks before testing would be conven-
ient for collaborations across different facilities and would ensure
the accuracy of mechanical data when the test equipment is not
immediately available.

Pressure-Diameter and -Force Relationships do not Change
With Storage Time. In our mechanical test system, the outer di-
ameter and longitudinal force are recorded for each pressure step.
Although there is some variation in the data with each time point,
there are no significant differences in these directly measured var-
iables between day 1 and any other time point up to 28 days. At
one pressure, there are significant differences between days 3 and
7. The 3 day time point shows the most differences for all varia-
bles between the other time points. Short term changes in the me-
chanical behavior could be caused by changes in the EC or SMC

071007-4 / Vol. 133, JULY 2011
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Fig. 4 Circumferential stress-stretch relationship at different
storage times. The local slope of the curves gives an incremen-
tal measure of the elastic modulus of the arterial wall. Although
there are some variations from one time point to the other, there
is no consistent trend for changes in the curves with storage
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Fig. 5 Images used for dimension and component measure-
ments: (a) representative cut arterial ring with the inner and
outer diameter outlined, (b) VVG stained histology section
which clearly shows the boundaries of the media and adventitia
in the artery wall, and (¢) VVG stained histology image thresh-
olded to highlight the elastic lamellae for area fraction
measurements
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Fig. 7 Fractional area of the elastic lamellae (A.) [shown in
Fig. 5(c)] compared to the total in medial area (A,,) in the carotid
artery at different storage time points. There are no significant
differences between any time points.

function or vessel reactivity that occur after the first few days [4],
but we did not investigate this in the current study. If cellular
changes were responsible; for example if the changes were due to
cell death within the first few days, one would expect the later
time points to more closely match the 3 day time point, not the 1
day time point. The differences for the 3 day time point may be a
statistical anomaly caused by using different mice over the nine
month study that had natural variations in arterial size and me-
chanical properties. We tried to avoid this by using several groups
of mice over the study period for each storage time point.

Arterial Ring Dimensions Change With Storage Time, but
Histology Section Dimensions do not. The different trends
between dimensions measured from the cut rings and the histol-
ogy sections may be due to the fact that fewer samples were
included in the histology measurements. However, we believe it is
an artifact of the ring measurements that diminishes with time. As
shown in Fig. 5(a), the arterial rings have loose connective tissue
on the outside of the wall. This may be disturbed during dissection
so that it contributes significantly to the overall outer diameter.
When the arteries are stored in PSS, this connective tissue may
become compacted and contribute less to the outer diameter over
time. When considering the parts of the wall that are important for
the passive mechanical behavior of the artery, this loose connec-
tive tissue is probably negligible and should not be included in the
overall dimensions. Another alternative is that there is fluid move-
ment out of the tissue wall during the storage time so that the
dimensions decrease with time. The inner diameter does not
change with storage time, which may be due to the lack of loose
connective tissue at this surface or the EC barrier that prevents
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fluid movement at this surface. The histology dimensions are
measured from dehydrated tissue and would not capture these dif-
ferences. The PSS was made to closely mimic extracellular fluid
and the pH did not change significantly with storage time (maxi-
mum standard deviation of pH among all time points was 0.10),
but we did not specifically investigate fluid movement in the wall.
The histology sections and analysis of the elastic fiber area frac-
tion show that there are no significant changes in dimensions of
these solid, load bearing constituents with storage time. However,
histology processing also shrinks the tissue and so a scaling factor
must be used to determine the dimensions of the unprocessed tis-
sue if these dimensions are used to calculate stretch ratios and
stresses. An alternative approach to determine the unloaded
dimensions is to measure the inner and outer diameters when the
artery is loaded on the test system in the unloaded state [15], but
we have found that determining the inner diameter of the thick ca-
rotid artery is difficult with the imaging capabilities of the pressure
myograph system. We conclude that histology measurements are
the most consistent and accurate determination of the unloaded ar-
terial geometry, but must be scaled by the shrinkage factor to
obtain the unloaded dimensions in the hydrated arterial wall.

Stresses and Stretch Ratios Change With Some Storage
Time Increments. The stresses and stretch ratios are calculated
in this study from the measured pressure, loaded outer diameter,
and force from the mechanical tests and the unloaded outer diame-
ter, thickness and in vivo stretch ratio of the excised arteries and
cut rings. Because the loaded outer diameter and force were not
significantly different between day 1 and any of the other storage
times, but the unloaded dimensions were, it is reasonable to
deduce that most of the differences in stresses and stretch ratios
with storage time were caused by the changes in unloaded dimen-
sions of the cut rings. For example, the loaded outer diameter-
pressure relationships of the 1 and 28 day time points are very
similar, but the unloaded outer diameter and thickness are signifi-
cantly different, leading to significant differences for the circum-
ferential stress at some pressures. There is also some interplay
between nonsignificant differences in multiple independent varia-
bles that can lead to significant differences in the calculated varia-
bles. For example, there are no significant differences for the
outer diameter- or force-pressure relationship, or the unloaded
dimensions between day 3 and 14, but there are significant differ-
ences for the stresses and stretch ratios.

Using the histology measurements that do not change with stor-
age time and the diameter- or force-pressure relationships that
generally do not change with storage time would reduce the num-
ber of significant differences in the stresses and stretch ratios
between the time points. Unfortunately, the histology sections
were cut from arteries that were not used for the mechanical tests;
therefore the stresses and stretch ratios cannot be calculated
directly with those dimensions in the current study. We conclude
that the mechanical behavior of the adult mouse carotid artery
does not change significantly between 1 day of storage in PSS at
4°C and up to 28 days of storage. Significant differences between
some of the other storage time points would be eliminated by
measuring the unloaded dimensions from histology sections and
avoiding artifacts from loose connective tissue on the outer wall.

Our results are in agreement with previous findings on the pas-
sive mechanical properties of human or pig aorta demonstrating
that storage at 4°C does not affect the subfailure stress, ultimate
strength, and the Young’s modulus (defined in the linear region of
stress-strain curve) [10,11]. However, these studies were limited
to uniaxial tests of tissue strips and focused primarily on the dif-
ference between refrigerated tissue and frozen tissue, not on the
effects of days to weeks of refrigerated storage.

Conclusion

We performed mechanical tests on mouse carotid arteries stored
at 4°C in physiologic saline for 1-28 days. The diameter- and
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force-pressure behaviors are not significantly different between
day 1 and any of the storage time points. The circumferential
stress-pressure behavior is significantly different only between 1
and 28 days, but this is most likely due to changes in the unloaded
dimensions as calculated from cut arterial rings with loose con-
nective tissue that became compacted over time. When the
unloaded dimensions are determined from histologic sections,
there are no significant changes with storage time. Therefore, the
passive mechanical properties of large elastic arteries are stable
over weeks of storage, but care must be taken in measuring the
unloaded dimensions for stress and stretch ratio calculations.
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