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Abstract

Avrterial stiffening occurs with age and is associated with lack of exercise. Notably both age and
lack of exercise are major cardiovascular risk factors. While it is well established that bulk arterial
stiffness increases with age, more recent data suggest that the intima, the innermost arterial layer,
also stiffens during aging. Micro-scale mechanical characterization of individual layers is
important because cells primarily sense the matrix that they are in contact with and not necessarily
the bulk stiffness of the vessel wall. To investigate the relationship between age, exercise, and
subendothelial matrix stiffening, atomic force microscopy was utilized here to indent the
subendothelial matrix of the thoracic aorta from young, aged-sedentary, and aged-exercised mice,
and elastic modulus values were compared to conventional pulse wave velocity measurements.
The subendothelial matrix elastic modulus was elevated in aged-sedentary mice compared to
young or aged-exercised mice, and the macro-scale stiffness of the artery was found to linearly
correlate with the subendothelial matrix elastic modulus. Notably, we also found that with age,
there exists an increase in the point-to-point variations in modulus across the subendothelial
matrix, indicating non-uniform stiffening. Importantly, this heterogeneity is reversible with
exercise. Given that vessel stiffening is known to cause aberrant endothelial cell behavior, and the
spatial heterogeneities we find exist on a length scale much smaller than the size of a cell, these
data suggest that further investigation in the heterogeneity of the subendothelial matrix elastic
modulus is necessary to fully understand the effects of physiological matrix stiffening on cell
function.
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Introduction

Risk factors for the development of cardiovascular disease (CVD) include increased age and
lack of exercise (Grundy et al., 1999), and risk is assessed clinically using macro-scale
mechanical measurements. The standard clinical methodology to measure vessel stiffness
and predict CVD is pulse wave velocity (PWV) testing, which is typically performed using
ultrasound (Kohn and Lampi et al., 2015; Laurent et al., 2006; Mitchell et al., 2010; Van
Bortel et al., 2012). PWV values have been shown to increase with age and decrease with
exercise (Di Lascio et al., 2014; Gu et al., 2014a; Steppan et al., 2014). However, while
PWV is important in the prediction of the development of CVD, it is an indirect measure of
bulk vessel stiffness and many studies attribute bulk mechanical properties to the medial
layer (Kohn and Lampi et a/, 2015; Shadwick, 1999). Therefore, PWV does not provide
information on the mechanical properties of individual layers of the blood vessel or
measurements at a scale at which cells sense. Cells are known to respond to matrix stiffness
(Kohn and Zhou et al., 2015; Lo et al., 2000) and their response to stiffening has been linked
to vessel permeability and leukocyte transmigration (Huynh et a/., 2011; Krishnan et al.,
2011; Stroka and Aranda-Espinoza et al., 2011a), hallmarks of atherosclerosis. Therefore,
micro-scale elastic modulus measurement is necessary since macro-scale mechanical
measurements do not provide a complete picture of subendothelial mechanics.

To measure the micro-scale properties of tissues, measurement techniques such as atomic
force microscopy (AFM) have been implemented to probe the individual layers of the artery
at the sub-micron level (Engler et al., 2004; Klein et al., 2009; Peloquin et al., 2011).
Previously, we used AFM to demonstrate that intimal arterial extracellular matrix (ECM)
stiffness increases with age (Huynh ef a/., 2011) and due to a high fat, high sugar diet
(Weisbrod et al., 2013). However, these studies focused on the mean mechanics of the
subendothelial matrix and did not account for the complex spatial heterogeneities within the
artery. Based on these and other similar studies, the predominant /n vitro models used to
study endothelial cell (EC) response to stiffness use primarily gels of homogeneous stiffness
(Kohn and Zhou et al., 2015; Klein et al., 2009; Krishnan et al., 2011; Stroka et al., 2012,;
Wang and Pelham, 1998). However, cells are known to respond to heterogeneous matrix
cues and display heterogeneous traction forces (Breckenridge et al,, 2014). The artery is a
complex mechanical environment, and therefore we propose that the subendothelial matrix
will display heterogeneous mechanical profiles, and that measuring these potential
heterogeneities with respect to cardiovascular risk factors will allow us to better understand
the mechanical environment ECs face /n vivo.

Here, we characterize the mechanical variations in the elastic modulus of the subendothelial
matrix as a function of age and exercise, two critical factors that affect the progression of
atherosclerosis (Huynh et al., 2011; Kohn and Lampi et a/., 2015; Tanaka ef a/., 2000;
Weisbrod ef al., 2013,Grundy et al., 1999). Our data indicate that increased vessel stiffening
with age is accompanied by an increase in spatial heterogeneities in elastic modulus, and
exercise decreases this heterogeneity.
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Methods

Animal Groups

All animal treatments and experiments were carried out under Cornell University’s
Institutional Animal Care and Use Committee guidelines. C57BI/6 (B6) male mice were
obtained from the National Institute on Aging at 2 or 18 months of age. Mice were allowed
to acclimate for 1-2 weeks before treatment. During treatment mice were weighed 5 times
per week, and control and experimental groups were housed in the same cage.

Exercise Treatment

Mice were separated into exercise groups based on arrival date at the facility. An 8-week
forced swim regimen was used with up to 5 mice per tank. The water temperature was
maintained at 35-37 °C at all times to minimize stress levels. Prior to the first week of
swimming, the mice were acclimated to the tank with three 3-minute swimming sessions.
Mice then swam 5 days per week for 10 minutes during the first week, 30 minutes per day
for weeks 2-3, and 45 minutes per day for weeks 4-8. During treatments all mice were
monitored for bobbing, “gang swimming,” or exhaustion, and they were dried after
swimming.

Pulse wave velocity

PWV readings were recorded for each mouse before and after the exercise treatment. Mice
were shaved on the abdomen and the upper back/neck regions a few days prior to ultrasound
measurements. Mice were anesthetized with isoflurane, where the heart rate was maintained
from 400-500 BPM, and the body temperature and ECG were constantly monitored.
Doppler ultrasound was performed using a Vevo2100 with an MS550D transducer to
measure transit time at abdominal and thoracic aorta locations. Abdominal readings were
made with the animal supine and thoracic readings were made with the animal prone.
Doppler readings with at least 5 heart beat cycles were recorded for each mouse 4-6 mm
under the skin surface. The arrival time was calculated between the velocity upstroke and the
peak of the R-wave and measured at thoracic and abdominal aorta locations. The transit time
was calculated as the difference between the two arrival times as previously described
(Williams et al.,, 2007). PWV was calculated as the distance measured over the animal’s
body divided by the transit time.

Aorta preparation

Mice were anesthetized with 2-4% isoflurane until they were unresponsive. The chest cavity
was then opened and the heart was perfused with 10 mL of phosphate buffered saline (PBS).
The thoracic aorta was excised, cleaned of excess tissue, and stored in PBS on ice.
Immediately prior to beginning AFM mechanical testing, the thoracic aorta was cut
longitudinally, the ECs were scraped off as previously described (Peloquin et a/., 2011), and
the tissue was bonded (Loctite Super Glue) to a petri dish and covered with room
temperature PBS.
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Atomic force microscopy

Statistics

Contact mode AFM (Asylum MFP-3D) was used to measure subendothelial matrix elastic
modulus of the thoracic aorta samples after ECs were removed. Measurements were taken in
a 100 by 100 um area of the artery in an 11x11 point grid with indents occurring every 10
um. Indentations were made 300-500 nm into the tissue using a 5 um radius spherical
polystyrene bead on a silicon nitride cantilever with a spring constant of 0.12 N/m as
calibrated by the manufacturer (Novascan Technologies). The AFM tips were calibrated
before measuring each aorta sample and had a mean spring constant of 0.19 + 0.03 N/m. The
data was fit to the Hertz model assuming a Poisson’s ratio of 0.5 (Peloquin et al., 2011;
Weisbrod ef al., 2013) using the Asylum curve fitting software to determine the elastic
modulus.

Group comparisons of the PWV data were conducted using the Student’s t-test for normally
distributed data and the Wilcoxon Rank-Sum test for non-normally distributed data, where
normality was determined using a Shapiro-Wilk test (JMP software) with statistical
significance at a p-value less than 0.05. Mean AFM data was analyzed using analysis of
variance to compare more than two groups and the empirical cumulative distribution
functions of the AFM data were compared pair-wise using the Kolmogorov-Smirnov test
with p-values less than 0.05. To characterize the effects of age and exercise on arterial
mechanics, and in particular the spatial heterogeneity of the elastic modulus maps, we
estimated an additive model for the spatially-referenced elastic modulus measurements as a
linear function of age and exercise, and a smooth (possibly non-linear) function of spatial
location (Wood, 2006). The elastic modulus values were square-root-transformed to satisfy
normality of the residuals. The additive model may be represented as a linear mixed effects
model with the standard interpretation of the linear predictors, which in this case are group
effects for age and exercise. The mouse-specific spatial effects terms were modeled using
thin plate splines, which satisfy numerous optimality and smoothness properties, and are
invariant to rotations of the spatial coordinate system. The model is a standard extension of a
linear regression model, in which the spatial effects terms account for the spatial correlations
of the elastic modulus map for each mouse, thereby permitting valid inference on the age
and exercise effects. Computations were completed in R using the mgcv package (R Core
Team, 2014).

The spatial heterogeneity of the elastic modulus maps was measured using the estimated
smoothing parameters of the spatial effects terms. The spatial model may be cast as a linear
mixed effects model in which the smoothing parameter corresponds to the inverse variance
of a random effects term (Ruppert et al., 2003), and therefore provides a natural, endogenous
measure of spatial heterogeneity. For each estimated elastic modulus map, the smoothing
parameter controls the balance between fidelity to the data and smoothness: large values
encourage a smoother, more linear surface, while smaller values correspond to a rougher,
interpolating surface. Compared with the sample variance of the data, the smoothing
parameter provides a more direct measure of the spatial heterogeneity, since the sample
variance does not distinguish between the variability of the surface and the measurement
error. The smoothing parameters were log-transformed for computational stability and
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outlier reduction, and the age and exercise group means of the log-smoothing parameters
were computed. The sampling distribution of the log-smoothing parameter group means is
not known, but can be estimated using the bootstrap (Efron and Tibshirani, 1994). The
bootstrap re-sampling was performed at the mouse level to preserve the within-mouse spatial
structures. Additional details on model fitting and bootstrapping are provided in the
supplement.

Mice were separated into treatment groups and showed no body weight change

Aged (18 months old at the beginning of the study) and young (2 months old at the
beginning of the study) mice were used for age treatment groups, and the aged mice were
separated into aged-sedentary (Aged Sed) and aged-exercised (Aged Ex) groups, which
underwent a swimming regimen for 8 weeks (Fig. 1A). All mice were weighed 5 days per
week to ensure stress on the animal is minimized as indicated by maintenance of a healthy
weight (Fig. 1B).

Macro-scale arterial stiffening increases with age, decreases with exercise treatment, and
is linearly correlated with subendothelial matrix elastic modulus

PWV is a measurement of bulk artery stiffness and is the standard clinical metric for
predicting CVD (Mitchell et al.,, 2010). Here, PWV measurements of male B6 mice were
made using Doppler ultrasound and the transit time method, where the arrival time at each
location was measured between peak of the R-wave on the ECG and the upstroke of the
velocity profile (Fig. 2A) as previously described (Williams et al., 2007). PWV
measurements of young (2 months old) and aged (18 months old) mice taken before the
exercise regimen indicate an increase in bulk arterial stiffness with age (Fig. 2B) as
previously shown (Di Lascio et al,, 2014). Aged mice were divided into exercised and
sedentary groups, and following an 8-week swimming exercise regimen, PWV was shown to
decrease in aged mice (20 months old) compared to sedentary mice of the same age (Fig.
2C). These results demonstrate the prescribed exercise regimen described in Figure 1 cause
changes in the bulk stiffness of arteries.

Micro-scale elastic modulus increases with age and decreases with exercise in aged mice

Although bulk stiffness of large arteries is assessed clinically, this information provides very
little information about the mechanics of individual layers of the artery. Recent evidence
from our lab and others has demonstrated that the mechanical environment of the intimal
ECM dictates EC function and health (Huynh et a/., 2011; Kohn and Zhou et al., 2015;
Krishnan et al,, 2011; Stroka and Aranda-Espinoza, 2011a), underscoring the need to
understand subendothelial matrix mechanics. Here, we used AFM coupled with a spherical
probe and shallow indentations to produce force-distance curves analyzed using the Hertz
model as previously described (Peloquin et a/, 2011). We validated the Hertz model in our
system based on the goodness of fit, as shown in an example plot of the Hertz model fit to
the data and the residuals of this fit (Fig. 3A). AFM was used to create elastic modulus maps
of the subendothelial matrix along the thoracic aorta by profiling 100 by 100 pm tissue
sections, from young (4 months old), aged-sedentary (20 months old), and aged-exercised
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(20 months old) mice. This dimension was chosen because it is of sufficient size to provide
the detail necessary to define the spatial distribution of elastic modulus beneath multiple
cells in a monolayer. Average values across the grid indicate that subendothelial matrix
elastic modulus increases with age and decreases with exercise in aged mice (Fig. 3B). The
PWV measurements were plotted against the AFM results, indicating there is a positive and
linear correlation between macro- and micro-scale elastic modulus (Fig. 3C).

Elastic modulus heterogeneity increases with age and decreases with exercise in aged

mice

Typically, nano- and micro-indentation measurements of tissues have been reported as mean
values (Figure 3B) (Engler et al,, 2004; Huynh et al., 2011; Jacot et al., 2006; Weisbrod et
al., 2013). However, most tissues, including the intima, are complex, and it is known that
cells can respond to heterogeneous cues in matrix stiffness (Breckenridge et al., 2014; Lo et
al., 2000). Using AFM, we probed the subendothelial matrix every 10 microns over a 100 by
100 micron space. Examination of the distribution of AFM values reveals that qualitative
differences exist between the elastic modulus values in aged-sedentary (20 months old) mice
compared to aged-exercised (20 months old) and young (4 months old) mice (Fig. 4A). The
frequency of high elastic modulus values within the subendothelial matrix (above 50 kPa) is
increased with age and decreased with exercise in aged mice (Fig. 4B). The empirical
cumulative distribution functions of AFM elastic modulus values are changed with age and
exercise in aged mice, demonstrating a larger spread of elastic modulus values in aged-
sedentary mice compared to young mice or to aged-exercised mice (Fig. 4C). Overall, these
data indicate that there is an increase in heterogeneity of mechanical elastic modulus values
with age that can be reversed with exercise. These results suggest that the subendothelial
matrix is more mechanically complex than previously thought.

Spatial micro-heterogeneities of elastic modulus increase with age and decrease with

exercise

Our data indicate that there is an overall increase in the variations in mechanical
measurements in the subendothelial matrix of aged-sedentary (20 months old) mice
compared to young (4 months old) or aged-exercised (20 months old) mice (Figure 4). To
investigate the spatial dependence of these heterogeneities, we examined the distribution of
elastic modulus values taken every 10 um over a 100 by 100 um area. Spatial heterogeneity
profiles of aortic subendothelial matrix demonstrate complex patterns of elastic modulus
‘hotspots’ in the aged-sedentary mice (Fig. 5A). To determine how the locations of elastic
modulus “hotspots’ varied between experimental cohorts, we employed a linear mixed
effects model. The linear mixed effects model with mouse-specific spatial effects was
estimated from the square-root-transformed elastic modulus data, which satisfies normality
of the residuals. The sampling distributions of the group differences in log-smoothing
parameters were estimated using 1,000 bootstrap simulations. Among sedentary mice, the
log-smoothing parameters were lower for aged-sedentary mice than young mice in 95% of
the bootstrap simulations (Fig. 5B). Among aged mice, the log-smoothing parameters were
lower for sedentary mice in 92% of the bootstrap simulations than for the aged-exercised
mice (Fig. 5C). Together these data indicate that the model predicts that spatial
heterogeneity increases with age and decreases with exercise in aged mice.
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Discussion

Here, we show that the elastic modulus profiles of the mouse aortic subendothelial matrix
are more complex than previously reported, and this complexity is a function of age and
exercise. The elastic modulus measured using an AFM within a 100 um by 100 um patch
can vary from 2 to 100 kPa. Heterogeneity in elastic modulus increases with age and
decreases with exercise, and importantly, the spatial variation of these values also follows
the same trend. These data indicate that aged-sedentary mice contain subendothelial matrix
profiles that are more mechanically complex than those of young or aged-exercised mice.
Our data also indicate that the increase of mean micro-scale elastic modulus with age and
decrease with exercise correlates with macro-scale PWV measurements. PWV measures the
bulk artery stiffness, which is thought to be influenced in most part by the thick medial layer
(Kohn and Lampi et al., 2015; Shadwick, 1999). This measurement does not account for the
complexities of mechanical micro-heterogeneities found using AFM. Our data indicate that
PWV, the current gold standard clinical technique, may also give an indication of mean
micro-scale intimal health.

Avrterial stiffness has been shown to increase with increased collagen deposition, the
degradation of elastin fibers, and the action of crosslinking agents such as advanced
glycation end products (AGEs) (Fleenor et al., 2012; Greenwald, 2007; Kohn and Lampi et
al., 2015). Collagen is a major contributor to the mechanical properties of the artery, and the
increased presence of collagen fibers in the artery over elastin fibers contributes to bulk
arterial stiffening (Diez, 2014; Fleenor and Berrones, 2015). As arteries age, collagen
production increases and elastin content decreases, leading to an increase in overall arterial
stiffness (Gu et al., 2014a; Kohn and Lampi et al,, 2015; Zieman et al., 2005). Exercise has
the opposite effect on arterial composition, resulting in more compliant vessels (Gu et al.,
2014a). Increased stiffness in arteries from aged mice is also likely partly due to the
increased presence of ECM cross-linkers such as AGEs (Fleenor et al., 2012), which are
mitigated with exercise (Gu et al., 2014b). The underlying causes of increased mechanical
heterogeneities describe in our study are not yet clear. It is possible that they are due to
increased collagen aggregation (Greenberg, 1986; Keyes et al,, 2011) and/or changes in
collagen cross-linking. While artery fiber composition has been studied in relation to age
and exercise (Avolio et al.,, 1998; Gu et al., 2014a; Schlatmann and Becker, 1977), less is
known about specific micro-scale changes in the subendothelial matrix at the scale at which
AFM is detecting. Further studies are required to determine the specific physical and
biochemical changes which cause the increase in heterogeneity we report here.

PWV is the gold standard for measuring macro-scale artery stiffness due to its clinical
accessibility and application as a strong predictor of CVVD (Kohn and Lampi et al., 2015;
Laurent et al., 2006; Van Bortel et al., 2012). High aortic PWV in humans is associated with
a 48% increase in CVD risk (Mitchell et al., 2010). Our data confirm reports from others
indicating PWYV increases with age and decrease with exercise in rodents (Di Lascio et al.,
2014; Gu et al., 2014a). Ours is the first study to our knowledge to show that macro- and
micro-scale stiffness measurements in the artery are linearly correlated. Together with our
previous data demonstrating that matrix stiffness can induce EC dysfunction (Huynh ef al.,
2011; Kohn and Zhou et al., 2015), these data suggest that that clinical evaluation of the
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artery using PWV could provide information about subendothelial matrix mechanics and EC
health. The assessment of subendothelial matrix and EC function using macro-scale
techniques may allow for new insights into cardiovascular health and the relationship
between arterial stiffness and disease progression.

Based on our data, the elastic modulus of the subendothelial matrix can range over an order
of magnitude, indicating that ECs experience a non-uniform, complex mechanical
environment /n vivo. It is well known that ECs respond to the mechanical properties of their
matrix (Hsu et al., 2015; Kohn and Lampi et a/., 2015; Kohn and Zhou et a/., 2015 Stroka
and Aranda-Espinoza, 2011a). Matrix stiffness can regulate EC traction forces, contractility,
and F-actin stress fiber formation through Rho/ROCK/MLCK signaling (Birukova et al.,
2013; Hsu et al., 2015; Huynh et al., 2011; Ridley, 2001; Stroka and Aranda-Espinoza,
2011a; Szulcek et al., 2013). AFM elastic modulus maps described here indicate that aged-
sedentary mice have more heterogeneous elastic modulus profiles. Recently, single cell
studies have demonstrated that cells exert heterogeneous traction forces in response to a
heterogeneous ECM (Breckenridge et al., 2014). Importantly, higher cellular traction forces
have been shown to result in centripetal cellular tension that disrupts of EC-EC contacts,
causing the formation of gaps in the EC monolayer (Huynh et al,, 2011; Krishnan et al.,
2011; Stroka and Aranda-Espinoza, 2011b). Given the known role of matrix stiffness in the
regulation of cellular traction forces and the role of traction force in preserving monolayer
integrity, it is likely that more complex mechanical elastic modulus profiles like those we
describe here may result in increased disruption of barrier function with age. Our results
underscore the need for the development of novel /n vitro platforms that accurately reflect
the micro-heterogeneities in elastic modulus present in the subendothelial matrix and a need
to better understand how cells integrate multiple mechanical cues.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic of timeline of experimental procedures. (A) Mice were received at Cornell, and

given time to acclimate prior to the exercise regimen. PWV measurements were taken before
and after exercise. AFM measurements were taken after sacrifice. (B) Weights of mice
throughout the experimental timeline. Lines represent mean and SEM.
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Aged Sed Aged Ex

Macro-scale stiffness increases with age and decreases with exercise. (A) Representative
Doppler ultrasound images used to measure the transit time between the thoracic and
abdominal aorta. The arrival times at each location are shown in blue. (B) PWV
measurements in aged mice (18 months old, n=15 mice) relative to young mice (2 months
old, n=14 mice), *** p<0.005 (Student’s t-test). (C) PWV measurements in aged-sedentary
mice (20 months old, n=7 mice) and aged-exercised mice (20 months old, n=7 mice) taken
after an exercise regimen performed by half of the aged mice, ** p<0.02 (Wilcoxon-Rank

Sum test).
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Figure 3.
Micro-scale elastic modulus increases with age and decreases with exercise. (A)

Representative Hertz model fit to AFM force-indentation curve, and inset shows the
residuals of the Hertz model fit to the data. (B) The mean elastic modulus of the
subendothelial matrix in aged-sedentary mice (20 months old, n=7 mice) relative to young
mice (4 months old, n=8 mice) and aged-exercised mice (20 months old, n=7 mice) based on
AFM measurements, * p<0.01 (Linear Mixed Effects Model, square-root transform). (C)
Comparison of PWV macro-scale stiffness with micro-scale AFM elastic modulus values
from each mouse, p<0.02 (Linear Mixed Effects Model). The solid line indicates the linear
fit and the dotted lines indicate the standard error.
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Figure 4.

Rsnge of AFM elastic modulus values increases with age and decreases with exercise. (A)
Representative stiffness heterogeneity profiles of the aortic intima demonstrate
heterogeneous distributions where young and aged-exercised mice have a more positive
skew (square-root transform). (B) Plot of AFM measurement values greater than 50 kPa in
aged-sedentary mice compared to young and aged-exercised mice, * p<0.05 (ANOVA), error
bars SEM. (C) The empirical cumulative distribution functions of the spread of values of the
aged-sedentary mice compared to both the young and the aged-exercised mice (p<0.0001,
pairwise comparisons using the Kolmogorov-Smirnov test).
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Figure 5.
The spatial heterogeneity of elastic modulus values in the mouse aorta increases with age

and decreases with exercise. (A) Representative AFM elastic modulus maps of a 100 by 100
pm aorta sections demonstrating ‘hotspots’ of increased elastic modulus in the aged-
sedentary mice and complex spatial patterns of increased elastic modulus. Histograms of
bootstrap simulations of the smoothing parameter for the AFM measurements of the (B)
aged-sedentary mice compared to young mice, and (C) aged-sedentary mice compared to
aged-exercised mice (Linear Mixed Effects Model, log transform) indicate that the spatial
heterogeneity of subendothelial matrix stiffness increases with age and decreases with
exercise in aged mice. Data to the right of the red line indicate simulations where the aged-
sedentary mice have more spatial heterogeneity than the compared group.
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