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Abstract

Elastic and collagen fibers are well-known to be the major load-bearing extracellular matrix
(ECM) components of the arterial wall. Studies of the structural components and mechanics of
arterial ECM generally focus on elastin and collagen fibers, and glycosaminoglycans (GAGS) are
often neglected. Although GAGs represent only a small component of the vessel wall ECM, they
are considerably important because of their diverse functionality and their role in pathological
processes. The goal of this study was to study the mechanical and structural contributions of
GAGs to the arterial wall. Biaxial tensile testing was paired with multiphoton microscopic
imaging of elastic and collagen fibers in order to establish the structure-function relationships of
porcine thoracic aorta before and after enzymatic GAG removal. Removal of GAGs results in an
earlier transition point of the nonlinear stress-strain curves (p<0.05). However, stiffness was not
significantly different after GAG removal treatment, indicating earlier but not absolute stiffening.
Multiphoton microscopy showed that when GAGs are removed, the adventitial collagen fibers are
straighter, and both elastin and collagen fibers are recruited at lower levels of strain, in agreement
with the mechanical change. The amount of stress relaxation also decreased in GAG depleted
arteries (p<0.05). These findings suggest that the interaction between GAGs and other ECM
constituents plays an important role in the mechanics of the arterial wall, and GAGs should be
considered in addition to elastic and collagen fibers when studying arterial function.
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1. INTRODUCTION

The wall of an artery contains elastic and collagen fibers, as well as ground substance
including glycosaminoglycans (GAGS). Together they compose the extracellular matrix
(ECM) interspersed among organized layers of cells. Elastic fibers are essential to
accommodate deformations encountered during physiological function of arteries, which
undergo repeated cycles of extension and recoil, while the extensibility of the tissue are
associated with the collagen fibers. Studies of the structural components and mechanics of
arterial ECM generally focus on elastic and collagen fibers while GAGs are often neglected,
most likely because of their relatively low content (2-5% by dry weight) in arterial tissue
(Wight 1980). Recent studies showed that GAGs influence viscoelasticity as well as residual
stress, which plays an important role in arterial homeostasis (Wight 1980; Azeloglu et al.
2008). GAGs have also been hypothesized to contribute to mechanosensing, which can be
disrupted under pathological conditions that can lead to wall delamination (Roccabianca et
al. 2014a; Roccabianca et al. 2014b). Additionally, the mechanical interactions of GAGs
with elastic and collagen fibers are not fully understood. The swelling pressure of inflated
GAGs imposes tensile loading of the fiber network, which in turn entangles/restrains the
GAGs within the ECM, as well as provide shear stiffness to the ECM and help maintain
ECM organization (Maroudas 1976; Zhu et al. 1996; Takahashi et al. 2014). Taken together
the above observations call for a more in depth understanding of GAGs contribution to aorta
mechanics and cardiovascular diseases such as diabetes, atherosclerosis, aneurysm, and
hypertension for which altered ECM is a hallmark.

GAGs are long, unbranched chains of repeating disaccharide units that are classified into
four groups: chondroitin sulfate/dermatan sulfate (previously chondroitin sulfate B), heparan
sulfate, keratan sulfate, and hyaluronan. Sulfated GAGs have a high affinity for water
molecules and are negatively charged, which attract cations and thus water to maintain
osmotic equilibrium as well as repulse each other to serve as a mechanism for resisting
compression and shear (Cavalcante et al. 2005). GAGs bound to a core protein form
proteoglycans (PGs), which aggregate by attaching to hyaluronan, the only non-sulfated
GAG.

PGs are found in different locations in the arterial wall, which may indicate differences in
function of each PG family that is classified by the types of GAGs that comprise them
(Camejo et al. 1998; Dingemans et al. 2000). The majority of PGs are believed to reside in
the media and can associate with elastin, collagen, cells, or be found in interstitial space
(Halper 2014). Of the total amount of GAGs in the thoracic aorta of various species,
chondroitin sulfate is the most abundant at 40-56%, with the remainder being 4-30%
dermatan sulfate, 9-32% heparan sulfate, and 4-24% hyaluronan (Aikawa et al. 1984).
Chondroitin/dermatan sulfate forms collagen fiber-associated, non-aggregating decorin and
biglycan PGs, as well as versican, a large interstitial PG that aggregates along hyaluronan
and can interact with elastin (Humphrey 2013). Heparan sulfate is found on perlecan, a cell-
associated PG that also aggregates along hyaluronan and interacts with the fibrillin of elastic
fibers (Hayes et al. 2011).
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It has long been speculated that the elastic fibers of healthy central arteries contribute at
lower levels of strain, whereas collagen fibers are recruited at higher levels to create
nonlinear passive mechanical behavior (Burton 1954). Our recent studies using multiphoton
microscopy demonstrate an interesting sequential engagement of elastic and collagen fibers
in response to mechanical loading (Chow et al. 2014; Turcotte et al. 2016). Such intrinsic
interrelation between elastic and collagen fibers is essential for an artery to function
normally. The contribution of GAGs to arterial mechanics is only recently gaining attention
(Roccabianca et al. 2014b). Due to the unique presence and properties of GAGs in the
arterial wall, they may play a role in engaging the ECM fibers in the arterial wall and thus
indirectly affect its biomechanical function.

To understand the role of GAGs in the passive mechanical behavior of thoracic aorta, biaxial
tensile and stress relaxation tests were performed to characterize the elastic and viscoelastic
properties of untreated tissue and treated tissue with GAGs enzymatically removed.
Multiphoton microscopy was performed to study the structural organization of elastic and
collagen fibers in the arterial wall when GAGs are absent. Mechanical testing was paired
with multiphoton microscopy to establish insightful structure-function understandings.

2. MATERIALS AND METHODS

2.1 Sample Preparation

Descending porcine thoracic aortas were obtained (12—-24 months, 160-200 pounds) from a
local abattoir and cleaned of loose connective/fatty tissue. Approximately 20 mm sized
square samples (n=6, from 3 aorta with 2 cuts each) were cut so that one edge is parallel to
the longitudinal direction and the other edge is parallel to the circumferential direction of the
artery. Untreated samples were mechanically tested within 12 hours after harvesting.

2.2 Enzymatic GAG Removal Treatment

To enzymatically remove GAGs in arterial tissue, a protocol adapted from Lovekamp et al.
(Lovekamp et al. 2006) was used by adding heparinase to the treatment. Briefly, samples
were treated in 200 MM ammonium acetate buffer, pH 7.0, 2-5 U/mL hyaluronidase, 0.025
U/mL chondroitinase ABC, 0.25 U/mL heparinase (Sigma Aldrich #H3506, C3667, H3917,
St. Louis, MO) and gently agitated for 24 hours at 37°C to remove GAGs. Samples were
then rinsed and mechanically tested in 150 mM phosphate buffered saline (PBS).

2.3 Histology

Histology studies were performed on tissue sections with and without GAGs removal.
Samples were fixed in 10% formalin buffer (Fisher Scientific, Waltham MA) and then
imbedded in paraffin. Sections of approximately 6 um in thickness were obtained and
stained with Alcian blue and Movat’s pentachrome to evaluate the efficiency of the GAGs
removal treatment and to inspect the structure of the remaining ECM components,
respectively.
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2.4 Biaxial Tensile Test

A custom designed biaxial tensile testing device was used to mechanically test the tissue
samples before and after GAG removal following protocols described previously (Grashow
et al. 2006; Zou and Zhang 2010; Chow et al. 2013). Briefly, tissue deformation, stretch, was
measured by tracking four carbon marker dots on the tissue during a tension control protocol
using a custom LabVIEW program. Samples were hooked on each edge and connected to
the linear positioners with sutures. A preload of 5 + 0.050 N/m was applied in order to
straighten the sutures connecting the tissue to the device. Samples were loaded with 10 s
half-cycles at 50 N/m until a consistent preconditioning response was achieved. Then the
samples were subjected to a set of equibiaxial and non-equibiaxial loading conditions,
200C-400L, 300C-400L, 400C-300L, 400C-200L, and 400C-400L N/m to characterize the
anisotropic mechanical behavior, where C and L represents the circumferential and
longitudinal directions, respectively. The last cycle of a synchronized biaxial response was
used for data analysis. Cauchy stresses were calculated as:

_Fl)\l _FQ/\Q
L., Y L,

o1

where F is the applied load, A is the stretch, L, is the initial length, and t is the thickness of
the tissue. The subscripts Z and 2 correspond to the longitudinal and circumferential
directions. True strains were calculated as:

€1 :ln/\1 ,E9 :111/\2

where A is the stretch.

2.5 Stress Relaxation Test

For stress relaxation tests, immediately following the cycle for 400C-400L N/m, this tension
was reapplied with a 2 s rise time and held at a constant stretch for 900 s. This cyclic tension
followed by stress relaxation protocol was repeated 3 to 4 times to achieve a consistent
response (Zou and Zhang 2010). To quantify the effect of GAG removal on stress relaxation,
normalized stress relaxation curves are obtained by normalizing to the peak stress, which
was averaged with 20 adjacent data points (+/- 10 ms) to smooth any over/undershoot due to
rapid loading. Percent stress relaxation is taken as the decrease in normalized value for the
end of the test at 900 s.

2.6 Multiphoton Microscopy

To understand the contribution of GAGs to the structure and function of the arterial wall, and
the interaction of GAGs and other ECM constituents, mechanical loading was paired with
multiphoton imaging of tissue with GAGs removed following methods detailed by Chow et
al. (Chow et al. 2014) to allow for comparison with untreated tissue. Briefly, a mode-locked
Ti:sapphire laser (Maitai-HP, excitation wavelength 800 nm, 100 fs pulse width, 80 MHz
repetition rate, Spectra-Physics, Santa Clara, CA) was used to generate second-harmonic
generation from collagen(417/80 nm) and two-photon-excited fluorescence from elastin
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(525/45 nm). Each sample was imaged with a field-of-view of 360 um at nine locations
spread over an area of 1 cm? to obtain the average structural properties of the sample (i.e. to
minimize local artifact). Samples were imaged from both the adventitial and medial surfaces
to assess adventitial collagen as well as medial collagen and elastin. Due to signal strength
differences, the average power was consistently set to 40 mW for the media and 25 mW for
the adventitia. The adventitial side was imaged to a depth of 60 um, whereas the medial side
was imaged to a depth of 40 um and maximum intensity projections of the Z-stacks were
made. Images were cropped from 360x360 pm? to 110x110 um? regions with optimal fiber
coverage, which were used for analysis.

All samples were imaged with the circumferential direction of the tissue aligned
horizontally. Thus, fibers oriented at 0° and +£90° are in the circumferential (C) and
longitudinal (L) anatomic directions of the aorta, respectively. Samples were imaged from 0
to 40% equibiaxial strain in 5% increments. These images were then used in the analysis of
fiber straightening and recruitment in response to mechanical loading. To examine the effect
of GAG removal on fiber mobility/reorientation, treated samples were imaged at equal and
non-equibiaxial deformation of 30C-30L, 15C-30L, and 30C-15L where the numbers
represent grip-to-grip percentile engineering strain. Samples took 2—-3 minutes to image for
each side at each strain level.

2.7 Imaging analysis
Fiber orientation, frequency of fiber angle, was determined from two-dimensional fast
Fourier transform analysis using the Directionality plug-in in FIJI (fiji.sc/Fiji, Ashburn, VA)
following the developer’s instructions. The main calculation of the directionality plugin is a
2D fast Fourier transform. The fiber orientation is thus determined in the spatial frequency
space. The quantification involves neither the absolute number of fibers, nor the planar area
of fibers. Instead, it is the normalized power spectral density along the radial direction, taken
at 2° increment, which represent the amount of fibers. To quantify fiber reorientation, fiber
ratio was quantified by calculating the ratio of circumferential (0°+20°) to longitudinal
(£90°+£20°) fibers at each level of stretch. Fiber mobility was then determined by dividing
the fiber ratio of unequal stretch by the ratio of equal stretch. Comparisons were made
between treated samples and our previously published untreated samples published (Chow et
al. 2014).

Adventitial collagen fiber waviness was quantified with NeuronJ (imagescience.org/
meijering/software/neuronj) by measuring the end-to-end distance (L) and total fiber length
(L¢), to define a straightness parameter:

Py=Lo/Ly

which is equal to 1 for a straight line (Chow et al. 2014).

Measuring the straightness parameter requires manually tracing the profile of individual
fibers from raw images. This cannot be done in the media because both collagen and elastin
fibers form complex networks in which individual fibers are not easily discerned. To
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overcome this limitation, fractal analysis was established in previous work as a broad
measure of fiber recruitment (Chow et al. 2014). The fully automated nature of fractal
analysis makes it suitable for use in the intricate collagen and elastin medial networks. The
straightness parameter for the adventitial layer is presented as a validation and to reinforce
conclusions made using the fractal analysis. The larger fibers in the adventitia form larger
bundles, thus ensuring robustness of the manual tracing. In this case, it is thus possible to
evaluate the straightness parameter with minimal bias. Fractal analysis can be summarized
as follows. A box counting protocol of ImageJ gives a fractal dimension that is a measure of
self-similarity of an image. The fractal number, D, can be approximated as:

D ~ log(N;)/log(r)

where r is the box size and N, is the number of boxes required to cover the image with the
box size of r. To limit sensitivity of variation between samples, results are expressed as the
absolute value of (D — Dg)/D,, where D and D, are the average fractal number for the
deformed and undeformed state, respectively.

2.8 Statistical Analysis

Experimental data are summarized and plotted with mean + standard error of the mean.
Two-tailed paired t-tests were used for analysis with p<0.05 considered as statistically
significant.

3. RESULTS

We first validated the efficiency of the GAG removal treatment and its impact on ECM fiber
integrity. Histology images show effective GAG removal and that the collagen and elastic
fibers remain intact (Figs. 1 and 2). Alcian blue stains GAGs in blue, which were observed
throughout the thickness of the untreated tissue (Fig. 1a). Effective GAG removal was
confirmed by the absence of blue staining in the treated tissue (Fig. 1b). Movat’s stain also
results in GAGs appearing blue in untreated tissue, as well as staining elastic fibers in black,
collagen fibers in yellow, and smooth muscle in red (Fig. 2a). The fibers remain intact after
treatment, however more empty spaces where the GAGs have been removed are observed in
the treated tissue (5.1% for treated vs. 0.8% for untreated, Fig. 2). Here empty spaces were
quantified in the Movat’s histology stain images of the medial layer using ImageJ by
minimizing the brightness, then making the image binary and using the “analyze particles”
feature (Tan and Sanderson 2014). Note that empty spaces are not quantified for the
adventitial layer due to the more prevalent white spaces in the tissue.

We then evaluated the impact of GAG removal on the biomechanical function of arteries.
Averaged stress-strain curves of samples before and after removing GAGs are shown in Fig.
3a. To quantify the changes in mechanical properties due to GAG removal, initial and stiff
slopes were determined by linear fit to the regions of stress-strain curves from 0-20 kPa and
180-200 kPa, respectively. The low stress region was chosen to include as many data points
as possible to capture the stiffness at the initial toe region, while remaining in a linear
region. The high stress region was chosen such that the adventitial collagen fibers are
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recruited. Transition stress/strain was then calculated as the intersection of the bilinear curve
fit to the initial and stiff regions of the stress-strain curves (Chow et al. 2011). For treated
samples, the transition points of the circumferential (p=0.04) and longitudinal (p=0.002)
directions are at significantly lower strain measurements, indicating earlier stiffening
behavior of the arterial wall (Fig. 3b). However, the initial and stiff slopes for each direction
are not significantly different after treatment (Fig. 4, all p>0.1), suggesting GAG removal
results in earlier stiffening, but the integrity of the remaining elastin and collagen was not
compromised.

Non-equibiaxial testing showed similar results to equibiaxial testing, with treated samples
stiffening at lower strains than untreated samples (Figs. 5a, b). To examine the effect of
GAG removal on mechanical coupling between material axes, axial cross-coupling was
quantified by dividing the peak true strain for each non-equibiaxial tension condition (e) by
the peak true strain for the equibiaxial tension condition (eeq) for that sample (Sacks and
Chuong 1998), since non-equibiaxial tension loading would result in a larger stretch in the
direction with higher tension. It appears that after GAG removal, there were minimal
changes to axial cross-coupling (Fig. 5¢), which suggests that GAG removal does not affect
fiber mobility under non-equibiaxial loading.

Stress relaxation tests were performed to examine the contribution of GAGs to the
viscoelastic behavior of arteries (Fig. 6a). Removing GAGs significantly reduce the percent
stress relaxation from 8.766+0.007% to 7.140+0.005% (p=0.01) and 9.900+0.014% to
7.830+0.008% (p=0.03) in the longitudinal and circumferential directions, respectively. The
rate of relaxation was obtained from the semi-log plot (all R2=0.99, Fig. 6b). The first time
point used was at 20 s, ten times larger than the rise time to prevent transient effects from a
loading that it not truly a step function (Provenzano et al. 2001). GAG depletion
significantly reduced the rate of relaxation in the longitudinal direction from 0.89+0.0064 to
0.65+0.042 (p=0.04) with the same trend in the circumferential direction from 0.99+0.12 to
0.71+0.031 (p=0.05).

Multiphoton imaging enabled us to visualize the structural changes in elastin, medial
collagen and adventitial collagen fiber networks. GAGs are closely associated with elastin
and collagen fibers, thus removal of GAGs may affect the orientation/recruitment of these
two major ECM components, which dominate the mechanical function of the arterial wall.
Large bundles of collagen fibers were observed in the adventitial layer (Fig. 7). The medial
collagen fibers appeared as a network of rather finer fibers. Upon mechanical stretching,
both adventitial and medial collagen fibers became noticeably straightened. Minimal
changes in elastin fiber network with mechanical stretch were observed.

The fiber orientation was plotted from 0% to 40% equibiaxial strain in 10% increments (Fig.
8). The appearance of multiple peaks in adventitial collagen corresponds with the existence
of fiber bundles/families in the adventitial layer (Fig. 8a). These peaks become more evident
with fiber straightening due to increased biaxial strain. A more detailed explanation on this
interpretation and confounding factors can be found in the study by Chow et al. (Chow et al.,
2014). The medial collagen fibers are predominantly circumferentially oriented and becomes
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more so with increased strain (Fig. 8b). Medial elastin shows minimal changes in fiber
distribution with mechanical loading (Fig. 8c).

To quantify fiber reorientation/mobility, fiber ratio was quantified by calculating the ratio of
circumferential (0°£20°) to longitudinal (+90°+20°) fibers at each level of stretch. Fiber
mobility was then determined by dividing the fiber ratio of unequal stretch by the ratio of
equal stretch. Comparisons were made between treated samples and previously published
untreated samples (Chow et al. 2014). The fiber mobility analysis suggests that both
untreated and treated tissue shows more fiber mobility towards the circumferential than
longitudinal direction for adventitial and medial collagen fiber networks, as demonstrated in
Figs. 9a and 9b. GAG removal results in minimal changes to fiber reorientation under non-
equibiaxial deformation (p>0.2).

Waviness of adventitial collagen fibers was quantified with the straightness parameter (Fig.
10a). At 0% strain, the straightness parameter for adventitial collagen fibers of tissue with
GAGs removed (Ps=0.920+0.005) was significantly higher than for untreated tissue
(Ps=0.855+0.017) from Chow et a/. (Chow et al. 2014). While delayed collagen fiber
engagement behavior, i.e., fibers do not show significant straightening until around 20%
strain, was observed in the adventitial collagen from untreated tissue, this behavior is absent
from the treated tissue. With GAG removal, the initially straightened collagen fibers show a
less evident but continuous straightening process with increased mechanical strain.

Fractal analysis further revealed that the treated samples show smaller changes in fiber
recruitment (Figs. 10b—d). These results are consistent with the finding that the ECM fibers
appear to be straighter and are engaged earlier than the untreated tissue. For the untreated
tissue, our earlier study (Chow et al. 2014) reported an interesting sequential elastin and
collagen fiber recruitment, which suggests an intrinsic structural and functional interrelation
among ECM constituents. Briefly, elastin is recruited early and then plateaus at about 20%
strain, medial collagen is continuously recruited, and adventitial collagen has a delayed
recruitment around 20% strain (Chow et al. 2014). With GAG removal, however, in general
such sequential trend in fiber recruitment disappears, and all fibers are recruited early and
have small changes afterward (Fig. 10).

4. DISCUSSION

GAGs/PGs serve many functions in development, maintenance, and repair of a variety of
tissues (Couchman and Pataki 2012; Halper 2014). Furthermore, GAG content begins
decreasing with age after the first 40 years of life, as well as with pathologies such as
osteoarthritis (Maroudas 1976; Tovar et al. 1998). An increase in GAG depleting enzymes
such as those used in this study are also noted in conditions such as hyperglycemia and
hyperlipidemia that are prevalent in diabetes and atherosclerosis (Baker et al. 2009; Wang et
al. 2009; Baker et al. 2010). Building upon our prior research on ECM mechanics, the
present study integrates biomechanical characterization and multiphoton imaging to explore
how GAGs contribute to the structural and biomechanical integrity of arteries. Biaxial tensile
testing allows full characterization of the anisotropic mechanical behavior of the tissue under
well-defined loading conditions, which is essential in order to capture changes in mechanical
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function with GAG removal. Multiphoton microscopy provides microstructural assessment
of elastic and collagen fibers, and offers insightful explanations on the functional and
regulatory significance of GAGs in the arterial wall. Overall, our study suggests that despite
the relatively low mass fraction of GAGs in arterial tissue, GAGSs play an important role in
contributing to the structural and mechanical properties of the arterial wall.

The finding of decreased stress relaxation after removing GAGs suggests that GAGs
contribute to the viscoelastic behavior of arteries. In cartilage, GAGs attract water and upon
tissue deformation, fluid motion flows relative to the collagen-GAG solid phase, creating
friction and shear (Mow et al. 1980). This effect, combined with the osmotic swelling due to
the ionic charge of GAGs, was assumed to contribute to the viscoelastic and tensile behavior
of cartilage based on mixture theory (Lai et al. 1991; Ateshian et al. 2009). More recently, a
similar concept was applied to study the GAGs in arteries (Azeloglu et al. 2008). However,
in addition to collagen, arteries contain elastin and cells as two other main structural
components, so there may be additional interaction effects between these components and
GAGs. GAGs not only cross-link collagen fibrils, but also anchor to the cell surface such as
hyaluronan anchoring to receptors CD44 or RHAMM (Evanko et al. 2007). Also, the protein
cores of biglycan and decorin PGs each have similar yet distinct binding sites on the
tropoelastin of elastic fibers (Reinboth et al. 2002).

GAGs have been found to affect the mechanics of other soft tissue, such as tendon, lung,
heart valve, and eye, though results are tissue-specific and sometimes contradictory. For
example, GAG depletion increased the stress relaxation response of tendon fascicles,
perhaps from water movement or collagen sliding (Legerlotz et al. 2013). Indeed, PGs may
reduce collagen sliding by forming interfibrillar bridges (Scott 2003). Alternatively, PGs
could promote collagen sliding in tendon by isolating neighboring collagen fibrils (Rigozzi
et al. 2013). Additionally, controversial results were obtained in studying the viscoelastic
properties of tendon after removing GAGs (Robinson et al. 2004; Fessel and Snedeker
2009). In parenchymal lung strips, removing GAGs increased hysteresivity independent of
frequency from 0.1-10 Hz (Jamal et al. 2001). On the other hand, removing GAGs in aortic
heart valves reduced hysteresis (Eckert et al. 2013) and stress relaxation (Borghi et al. 2013).
Hysteresis was also decreased in the eye sclera after GAG depletion, along with decreased
low-pressure stiffness, but increased high-pressure stiffness and transition point (Murienne
et al. 2015). In the present study, removing GAGs decreased stress relaxation and decreased
transition point in porcine thoracic aorta. These tissue-specific differences serve as a
reminder of the variety of functions and mechanical conditions that the same ECM
components serve among different tissues.

GAG removal also results in straighter adventitial collagen fibers even when unloaded (Figs.
7 and 10a). Previous histology studies suggest that GAGs fit within wavy collagen fibers
perpendicular to the local fiber direction, similar to a laterally supported Euler column
(Bellini et al. 2014). Such interactions may contribute to the entanglement of fibers, and
provide support to fibers. Moreover GAGs can delay fiber engagement in the direction of
mechanical loading. Collagen and elastin fibers are after all, the main load bearing
components of arterial tissue experiencing cyclic tension in vivo (Wagenseil and Mecham
2009). As a result of GAG removal, these fibers can engage earlier in response to
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mechanical loading. Our earlier study reported a sequential engagement of elastin and
collagen fibers in response to mechanical loading. Specifically, the adventitial collagen
shows a delayed fiber engagement at about 20% of equibiaxial tissue stretch, while the
medial collagen and elastin fibers are engaged immediately upon mechanical loading (Chow
et al. 2014). Interestingly, our mechanical study combining transition point (Fig. 3b) with
axial cross-coupling analysis (Fig. 5¢) together with imaging analysis (Fig. 10) indicates
earlier fiber recruitment due to fiber straightening, but minimal changes to fiber mobility
after GAG removal. Such well-defined structural roles of ECM components are crucial for
arteries to maintain normal mechanobiological function. The present study demonstrates that
the straighter fibers after GAG removal may allow the tension-resisting adventitial collagen
fibers to engage at lower levels of mechanical stretch.

After GAG removal, the transition point was significantly lower (Fig. 3b). This suggests that
GAGs actually play an important structural and mechanical role in tissue mechanics. Results
of multiphoton imaging show that after removing GAGs, medial and adventitial collagen
fibers are straighter and recruited at lower levels of strain (Fig. 10). Thus, the imaging
establishes a structure-function relationship supporting the finding of lower transition point
from straighter fibers that are recruited at lower levels of strain. The adventitial collagen
fibers are straighter even in the unloaded state from straightness parameter analysis (Fig.
10a). In fact, removing GAGs has a similar effect on the waviness of adventitial collagen
fibers to applying between 20% (Ps=0.903) and 25% (Ps=0.941) strain to untreated tissue
(Chow et al. 2014). A possible explanation is that GAGs inflated from the repulsive charges
and swelling pressure may contribute to collagen fiber waviness, so removing GAGs would
allow the collagen fibers to be straighter.

Collagen fiber waviness has also been attributed to tensile elastin applying a compressive
load on the collagen fibers (Zeinali-Davarani et al. 2013; Chow et al. 2014). Removing
elastic fibers with elastase treatment results in straighter collagen fibers, a similar outcome
as with mechanical stretching. Zeller and Skalak (1998) also found that the perimeter of
arterial rings increased with elastase, interpreted as the removal of tensile elastin that was
compressing the tissue resulting in longer tissue (Zeller and Skalak 1998). Additionally,
Lillie and Gosline (2006) found that contour length of elastic lamellae decreased after
releasing the residual stress, suggesting that elastin was in tension (Lillie and Gosline 2006).
These experimental findings are supported by modelling that found tensile elastin was offset
by compressed GAG-supported collagen and smooth muscle cells (Bellini et al. 2014).
However, elastase treatment also removes GAGs, which could also contribute to the
straightening of collagen fibers. Our study suggests that GAGs seem to be at least partially
responsible for collagen fiber waviness since elastin remains intact after GAG removal and
collagen appears to become straighter. Specifically, the inflation of GAGs could cause and
fill in collagen waviness, or tensile elastin could compress collagen to make the fibers wavy
and GAGs merely fill in the existing waviness.

The adventitia and media are structurally different. The collagen fiber bundles in the
adventitial layer consists of primarily Type I collagen, however the media contains primarily
of type 111 collagen. Type 111 collagen is thinner compared to type I fibers, and both our
studies and others on second harmonic generation have shown that type 111 collagen
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produces a much smaller signal compared to type I collagen (Chow et al., 2014). Their
organization is also distinct; adventitial collagen forms bundles and medial collagen forms a
more intricate network. During mechanical loading, the adventitial collagen undergoes the
most visible structural changes, however the medial collagen and elastin has much less
“evident” structural changes. These apparent changes translate in the magnitude of the
metrics used to quantify them (SHG intensity, direct waviness measurements, and fractal
analysis (Chow et al., 2014)). The magnitude of any of these metrics has no functional
meaning and depends on the nature of the tissue/images. As a consequence, it is critical to
avoid comparing adventitial collagen, medial collagen, and medial elastin together
quantitatively. In other words, a small structural change in the medial collagen could
potentially have a more significant functional impact than a large change in the adventitial
collagen. However larger structural changes are more reliably quantified and arguably more
sensitive. Nonetheless, it should be kept in mind that the structural changes observed in the
medial collagen and elastin were also consistent with an earlier recruitment, which is the
primary conclusion reported. Finally, the mechanical changes are measured on the integrated
response of the tissue constituents, and the microstructural components in the arterial wall
present a complex intertwined hierarchical network and different fiber components are
recruited sequentially in response to mechanical loading (Chow et al., 2014). Therefore, it
comes with no surprises that alteration affecting the media may lead to changes perceptible
in the adventitia.

There are some limitations to studying the effect of GAGs by enzymatically removing them.
Enzymatic GAG removal has been confirmed not affecting collagen stability or crosslinking
in cuspal tissue, and causing no change to collagen content in articular cartilage (Bautista et
al. 2016). In the present study, the remaining tissue components after GAG removal are
visibly unaltered. However, the structural changes can alter attributes such as stress
distributions that are not directly observable. Two-photon excited fluorescence microscopy is
currently one of the most powerful techniques to image in thick and scattering tissue.
Unfortunately, collagen fibers are highly scattering and birefringent, thus limiting the
imaging depth to the first few layers. It should therefore be carefully noted that the structural
imaging results may not reveal the average properties throughout the entire adventitia and
media. GAGSs has been shown to be more prevalent in the media for rat aorta (Azeloglu et al.
2008). However, our histology showed GAGs throughout the thickness for porcine aorta.
The arterial ECM architecture in rodent and porcine tissue has been shown to be quite
different (Fry et al. 2015). Atomic force microscopy showed changes in stiffness to both the
adventitia and media after removing GAGs, which was attributed to the observation that
even though GAGs are predominantly in the media, GAGs are also present in the adventitia
(Beenakker et al. 2012). Since the ability of GAGs to retain water is well known, removing
GAGs might affect tissue and fiber hydration that leads to altered mechanics. The effect of
removing GAGs on hydration and osmatic sensitivity would be an interesting subject of
future work. The depletion of GAGs also needs to be assessed quantitatively in future
studies.
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5. Conclusions

This study establishes several new fundamental concepts for the understanding of the role of
GAGs in arterial tissue at the structural and functional levels. In summary, removal of GAGs
from arterial tissue resulted in the alteration of passive mechanical properties of the tissue.
Importantly, GAG removal lowered the transition point of the nonlinear stress-strain curves,
which is indicative of altered mechanical function. However, the initial and stiff slopes were
not significantly different, suggesting earlier stiffening via recruitment, but not absolute
stiffening. Microstructural studies using multiphoton microscopy of the ECM structure
revealed the presence of straighter adventitial collagen fibers, and early recruitment of both
elastin and collagen fibers. Despite altering fiber recruitment via fiber straightening after
removing GAGs, there were minimal changes to fiber mobility during non-equibiaxial
loading. Additionally, removing GAGs reduced the per cent stress relaxation in both
anatomical directions, in agreement with the idea that GAGs contribute to the viscoelastic
behavior of soft tissue. Overall, this study demonstrates the importance to account for GAGs
in addition to elastin and collagen when considering the contribution of ECM components to
arterial mechanics.
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Fig. 1.
Alcian Blue stain of aorta from adventitia (left) to intima (right) for (a) untreated, and (b)

treated tissue. Treated tissue shows effective enzymatic GAG removal demonstrated by the
lack of blue staining. All scale bars are 100 pm.
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Fig. 2.
Movat’s stain of aorta from adventitia (left) to intima (right) for (a) untreated, and (b) treated

tissue. Collagen (yellow), elastin (black), smooth muscle (red), and GAGs (blue, untreated
only). All scale bars are 100 um.
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Fig. 3.
(a) Averaged stress-strain curves from equibiaxial tensile tests of aorta before and after GAG

removal treatment. (b) Treated samples have transition points at significantly lower strain
(n=6, p<0.05).
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Page 19

The (a) initial and (b) stiff slopes based on the stress-strain curves from equibiaxial tests of
untreated aorta and after GAG removal treatment. There was no significant change in the

slopes with GAG removal (n=6, p>0.1).
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Fig. 5.

A\?eraged stress-strain curves from non-equibiaxial tensile tests (n=6) in the (a)
circumferential, and (b) longitudinal directions before and after GAG removal. (c) Axial
cross- coupling to examine the effect of GAG removal on mechanical coupling between
material axes.
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(a) Normalized stress relaxation results of aorta before and after GAG removal treatment. (b)
The slope of stress vs. log of time gives the rate of relaxation in the longitudinal and
circumferential directions, respectively (n=6).
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Fig. 7.
Fibers at different levels of equibiaxial stretch, where the numbers represent grip-to-grip

strain for circumferential (C) and longitudinal (L) directions at 0° and £90°, respectively.
Images are 110um x 110um
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Fiber distributions of (a) adventitial collagen, (b) medial collagen, and (c) medial elastin
during equibiaxial deformation of aorta tissue with GAGs removed.
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Fig. 9.
Fiber mobility of (a) adventitial collagen, (b) medial collagen, and (c) medial elastin. Both
untreated and treated tissue show similar behavior, indicating no change to fiber mobility.
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Fig. 10.
(a) Straightness parameter for adventitial collagen, and fractal analysis for (b) adventitial

collagen, (c) medial collagen, and (d) medial elastin.
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