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ABSTRACT

Elastic and collagen fibers are the major load-bearing extracellular matrix (ECM)
constituents of the vascular wall. Elastic fibers accommodate repeated cycles of extension
and recoil that occur during pulsatile blood flow at lower levels of strain, whereas the
recruitment of collagen fibers at higher levels of strain leads to nonlinear stiffening that
protects blood vessels from overextension. Glycosaminoglycans (GAGS) provide a
structural basis for multiple biological functions, such as the organization of ECM and
the regulation of cell growth factors. There exists a complex interdependence of ECM
compositional, structural, and mechanical properties. The overall goal of the research is
to study the biomechanical and structural roles of different ECM constituents in vascular
mechanics through coupled mechanical testing, advanced optical imaging, and
microstructure-based constitutive modeling.

Arteries function differently than veins in the circulatory system, however in
several treatment options veins are subjected to sudden elevated arterial pressure. Our

study improves the understanding of elastin and collagen fiber contribution to ECM

vii



mechanics of different vessel types. Our research demonstrates that ECM fiber
distribution, recruitment, and content each play an important role in vascular function,
and the important structural and functional differences between arteries and veins that
should be taken into account when considering treatment options. While elastin and
collagen have received extensive consideration, little is known about the biomechanical
roles of GAGs in blood vessels. The mechanics of tissue with low GAG content can be
indirectly affected by the interaction of GAGs with collagen fibers, which is one of the
primary contributors to arterial mechanics. Our study suggests that 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. A structure-based constitutive model was then developed
to successfully predict arterial mechanics considering the contribution of GAGs to fiber
recruitment. Building upon previous research, ongoing work is presented to study the
fundamental yet clinically relevant structural-mechanical behavior of arterial ECM in

diabetes using an integrated experimental and modeling approach.

viii



TABLE OF CONTENTS

DEDICATION ...ttt b ettt bbb et be e e st st e Y
ACKNOWLEDGMENTS ...ttt Vi
ABSTRACT .t b bbbt b et b bbb bbb vii
TABLE OF CONTENTS ... .ottt sttt iX
LIST OF TABLES ...ttt Xiii
LIST OF FIGURES ...ttt Xiv
CHAPTER 1 INTRODUCTION ...cciiiiiiiiiieicite e 1
1.0 ODJECTIVES ...ttt bbbttt bbb 1
1.2 Cardiovascular Diseases and ECM Remodeling ...........ccocoviviniiiniininciciic 1
1.3 Structure of the Vascular Wall ... 3
1.4 Outline of the RESEAICH........ceiiiiii s 4
CHAPTER 2 EXPERMIENTAL METHODS .......cooiiiiieiieeese e 6
FZ O Y= o - SRS 6
2.2 HISTOIOQY ...ttt bbbt 6
2.3 BIOCNEMICEAL BSSAYS ....vcvverveeiiieieeiieiei ettt bbbttt 7
2.4 Biaxial TenSile TESHING .....cciiiiiiiiiiie e 7
2.4.1 BiaXial TENSIHE TESE ....cciieieiieieeie et e e e 8
2.4.2 StresS RelaXation TEST........c.eiiiiiiiisiiiieiee e 9

2.5 MUltiphoton IMICIOSCOPY ....voviiieiiieiiiieiiesie sttt sttt 9



CHAPTER 3 COMPARISON OF AORTA AND VENA CAVA EXTRACELLULAR

MATRIX STRUCTURE AND BIAXIAL MECHANICAL PROPERTIES. ................... 11
Bl OVEIVIBW ...ttt b bbbttt ettt bbbt be s 11
3.2 INEFOTUUCTION ...ttt 12
3.3 Materials and MEthOUS. ........c..ooiiiiiii e 14

3.3.1 Sample Preparation ...........coooeiiiiiiiiiieiee s 14
3.3 2 HISTOIOQY ...ttt bbb 15
3.3.3 BIOCNEMICAI BSSAYS .....cvveuverveiiiisiesii et 15
3.3.4 BiaxXial TeNSIHE TESE ....cviiieeiiii s 15
3.3.5 MUItiphoton IMICIOSCOPY ....e.vevirieiiieieeiieieie sttt 15
3.3.6 IMAgING @NAIYSIS ....vviuieiieieiee s 16
3.3.7 StAtiStiCal ANAIYSIS......ceiieieiiiire s 16
B RESUIES ... e 16
3.5 DIHSCUSSTON ...tttk bbbt bbbttt et et b et bbbt beene s 24
310 SUMIMAIY ...ttt bbbttt e bbb 28

CHAPTER 4 GLYCOSAMINOGLYCANS CONTRIBUTE TO EXTRACELLULAR

MATRIX FIBER RECRUITMENT AND ARTERIAL WALL MECHANICS ............. 30
4.1 OVEIVIBW ...ttt ste et eteeste e et esse e teeseesbe e e eseesneesteesseaseenteensesneenseenseanennneensens 30
4.2 INTFOAUCTION ...ttt bbb 31
4.3 Materials and MethodS. .........coueiiiiiii s 33

4.3.1 SamPple Preparation .........cccooereiiieniesieeeeee e 33
4.3.2 Enzymatic GAG Removal Treatment.........cccoovvereiinininiseee e 34

X



el o 1151 (0] [0 | ST PRTROPRR 34

4.3.4 Biaxial TENSIIE TEST ..o 34
4.3.5 Stress Relaxation TeSt........ccoiiiiiiiiiiiicee e 35
4.3.6 MUItIPNOON MICTOSCOPY ....vvevvinieieiieiiieieeeeie et 35
4.3.7 IMAGING ANAIYSIS ...eveeiieieeiie it e e sre e 35
4.3.8 StatiStICAl ANAIYSIS......ccuviieieiier s 36
A4 RESUIES ..ot 37
4.5 DISCUSSTON ...ttt etttk b ket e bbbt bbbt e e bbbt b b e enes 48
4.6 SUMIMAIY ...veiieeieet ettt b ettt b e bt etk e b e nb e nbe e s e aneeaneenne s 53

CHAPTER 5 MODELING THE CONTRIBUTIONS OF GLYCOSAMINOGLYCANS

TO FIBER RECRUITMENT IN ARTERIAL MECHANICS ..o 95
5.1 OVEIVIBW ...tttk b bbbttt et e et et b et beene s 55
5.2 INEFOUUCTION ...ttt bbbttt bbb 56
5.3 Materials and MEthOUS. ........c.c.ooiiiiiiii e 58

5.3.1. Determination of fiber recruitment fUNCtioN...........ccocooviiiiinen e 58
5.3.2. ConStitutive MOCEliNG .........cciiiiiiiiiiieee s 60
5.4, RESUITS ...ttt bbbt 62
5.5 DIHSCUSSTON ...ttt bbbttt bbbttt et et e bbbt st b e beene s 70
5.6 SUMIMAIY ...ttt nb ettt et nne e e 75

CHAPTER 6 ONGOING RESEARCH: EFFECT OF AGING AND DIABETES ON

HUMAN AORTIC STRUCTURE AND MECHANICS ... 77

8.1 OV IVIBW ..., 77



B.2 INTrOAUCTION ... 77

6.3 Materials and MEthOUS. ........c..ooiiiiiiii e 79
6.3.1 Sample Preparation ... 79
IR I o 1153 (0] (oo Y OSSR 79
6.3.3 BIOChEMICAl 8SSAYS ... .eovviiiieiiieie e 79
6.3.4 BiaXial TeNSIHE TSt ....c.eoiiieiiiiee s 80
6.3.5 MUItipNOtON IMICIOSCOPY ....veuviviiiiieiieiieie ettt 80
6.3.6 IMAgING ANAIYSIS .....viuieiiiieiee s 81
6.3.7 StatiStical ANAIYSIS......ccveiiiiiiiiie s 81

8.4 RESUITS ... 81

5.5 DISCUSSTON ...ttt ettt bt bbbttt et b et b e b e ene s 89

6.6 SUMIMAIY ...ttt b e bbb e bbb 91

CHAPTER 7 CONCLUSIONS AND OUTLOOK ....cceiiiieiiiiiieieeee e 92
7.1 CONCIUSIONS ...ttt bbbttt b bbb 92
T2 OULIOOK ...ttt 93

BIBLIOGRAPHY ...ttt ettt e e nneas 95

CURRICULUM VITAE ...ttt sttt s sneeanna e 109

xii



LIST OF TABLES
Table 5.1. Percent contribution to mechanics at 1.2 stretch for medial elastin (ME),
medial collagen (MC), and adventitial collagen (AC) of untreated and treated tissue
in the longitudinal and circumferential directions. U/T uses untreated fiber
distributions with treated fiber recruitment fuNCtions............ccooovevviieniiie s 70
Table 6.1. Summary of donor data. Thickness is mean + SEM of the duplicate samples.81
Table 6.2. Stress relaxation rate and percent relaxation for each sample. ..............c........ 85
Table 6.3. A comparison of stiffness from the four samples in the present study to age

groups of a previous study (Haskett et al., 2010). ......cccccevvrieiiniiiieeee e 90

Xiii



LIST OF FIGURES
Figure 1.1. Left: Histological image showing intima, media, and adventitia in vascular
wall. Right: Schematic drawing of normal medial lamellar unit consisting of paired
elastic laminae (at the top and bottom) with an embedded smooth muscle cell (SMC)
as well as collagen fibers, elastic fibers, adhesion molecules (fibronectin), and
GAGS (HUMPNIEY, 2012).....cciiiiiiieiiieie ettt a e e 4
Figure 2.1. Examples of histology stains of aorta with adventitia on the left and intima on
the right. Top: Movat’s pentachrome. Bottom: Alcian Blue. Scale bars are 100um.. 6
Figure 2.1. Picture of the biaxial tensile tester showing the sample mounted to the
linear positioners with the sutures looped through the sandpaper fold glued to each
] 0SSOSR 8
Figure 2.2. Representative biaxial stress-strain curves of the vascular wall with inset
multiphoton images of medial elastin (green) and collagen (blue) at low levels of
strain and adventitial collagen (blue) being recruited at higher levels of strain.
Images are 110x110 um?, (C) = circumference, (L) = longitude..............cccccvrvunnen. 10
Figure 3.1. Movat’s stain of aorta (a) and vena cava (b, c) from adventitia (left) to intima
(right). Scale bars are 100 pum. The adventitia is primarily collagen (yellow) and
media is mostly elastin (black) with smooth muscle (red), collagen, and GAGs
(blue). Collagen and elastin assay results (d) show vena cava is primarily collagen
(collagen: 8448, elastin: 22+2), but aorta has more elastin (collagen: 36+5, elastin:

BAET). oo eeee e e et 17

Xiv



Figure 3.2. Average stress-stretch curves (a) for equibiaxial tests of aorta and vena cava
with the vena cava being more anisotropic than aorta due to a stiffer circumference
and more compliant longitude. Tangent modulus (b) was determined by fitting a 6"
order polynomial in 0.1 increments of stretch up to the largest value that all samples
experienced fOr aCH CUNVE. .........ooiiiiiiieece s 18
Figure 3.3. Multiphoton images of unstretched media and adventitia for both aorta and
vena cava. In vena cava, elastin (green) is generally longitudinally oriented and
medial collagen (blue) is generally circumferentially oriented, but medial fibers are
more uniformly distributed in aorta. Adventitial collagen (blue) is wavy, but
straightens with stretch. Circumferential (C) and longitudinal (L) directions are at 0°
and £90°, respectively. Images are 425um X 4251UM.....coovvvriiriieiiienieeee e 19
Figure 3.4. Multiphoton images of vena cava, where the numbers represent grip-to-grip
strain for circumferential (C) and longitudinal (L) directions at 0° and +£90°,
respectively. Elastin (green) is generally longitudinally oriented and medial and
adventitial collagen (blue) are generally circumferentially oriented. Collagen is
wavy at 0C-0OL, but straightens with stretch. Images are 425um x 425um. ............. 20
Figure 3.5. Straightness parameter (Ps) for adventitial collagen. The straightness
parameter of a straight line is equal to 1. VVena cava adventitial collagen fibers are
recruited immediately with stretch and fully straightened by 10% strain, whereas
aorta fibers show a delayed recruitment beginning between 15-20% strain. These
findings agree with the mechanics where the circumferential direction of vena cava

becomes very stiff at low levels of Strain...........ccccovvvveie i 21

XV



Figure 3.6. Fiber distributions, where the numbers represent grip-to-grip strain for
circumferential (C) and longitudinal (L) directions at 0° and +90°, respectively. The
most striking difference is the longitudinally oriented elastin in vena cava. Aorta
collagen fibers are more circumferentially aligned than in vena cava when unloaded,

but with stretch, vena cava collagen fibers become more circumferentially aligned.

Figure 3.7. Vena cava fiber distributions, where the numbers represent grip-to-grip strain
for circumferential (C) and longitudinal (L) directions at 0° and £90°, respectively.
The circumference was only stretched to 10% strain because of the high degree of
anisotropy. Medial elastin (a) remains longitudinally oriented with stretch and
becomes more so with greater stretch in the longitudinal direction. Medial Collagen
(b) becomes more circumferential with stretch, but the distribution widens with
fibers shifting more longitudinally with greater longitudinal stretch. Adventitial
collagen (c) behaves similarly to medial collagen. ...........ccoovveiiiiiiiniiin 23

Figure 4.1. Alcian Blue stain of aorta from adventitia (left) to intima (right) for untreated
(A) and treated (B) tissue. In untreated tissue, GAGs (blue) appear throughout the
thickness, but slightly more concentrated towards the intima. Treated tissue shows
effective enzymatic GAG removal demonstrated by the lack of blue staining. All
scale bars are 100 LML .......oooviiiiiiiei s 38

Figure 4.2. Movat’s stain of aorta from adventitia (left) to intima (right) for untreated (A)
and treated (B) tissue. The adventitia is primarily collagen (yellow) and media is

mostly elastin (black) with smooth muscle (red), collagen, and GAGs (blue,

XVi



untreated). Tissue structure remains visibly intact after treatment, noting that fibers
appear straighter after treatment with more white space between elastin. All scale
DArs are 100 LU ...oveiiiiiiiieieec s 39
Figure 4.3. Average stress-strain curves for equibiaxial tests of untreated aorta and after
GAG removal treatment. Treated samples have transition points at significantly
lower strain (p<0.05), indicating earlier fiber recruitment. ............cccoccevveiininienne. 40
Figure 4.4. Despite lower transition points, the initial and stiff slopes did not significantly
change (p>0.1), suggesting that straighter fibers are recruited at lower strains and
result in earlier, but not absolute StIffening. .........ccccovcveiiiie i 41
Figure 4.5. Non-equibiaxial mechanical testing data for each anatomical direction before
and after treatment, and axial cross- coupling. At all loading conditions, treated
samples showed earlier stiffening. However, there were minimal changes to axial
cross-coupling, which was quantified by dividing the peak stretch for each non-
equibiaxial loading condition (4) compared to the peak stretch for the equibiaxial
loading condition (Aeq) for that SAMPIE.........ccooviiiiiiii e 42
Figure 4.6. Removing GAGs significantly (p<0.05) reduced the per cent stress relaxation
from 8.77+0.01% to 7.14+0.004% and 9.90+0.01% to 7.83+0.01% in the
longitudinal and circumferential directions, respectively. ..........cccoooveiiiiiiieinenne. 43
Figure 4.7. 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. Equibiaxial stretch demonstrates fiber recruitment. Images are

T10MM X TTOMIM. coviiiiiiic s 44

XVii



Figure 4.8. Fiber distributions during equibiaxial strain of treated tissue with GAGs
removed. Adventitial collagen shows many peaks, indicating multiple fiber bundles
that become more prominent with increased strain. Medial collagen becomes
slightly more circumferentially aligned and medial elastin shows little changes
suggesting that elastin is recruited at all levels of stretCh...........cccccooeviiiiiiiiienns 45

Figure 4.9: Circumferential to longitudinal fiber ratios for non-equibiaxial strain were
divided by the same sample’s ratio for equibiaxial strain to quantify fiber mobility.
Fiber mobility greater than 1 indicates circumferential fiber reorientation and less
than 1 indicates longitudinal fiber reorientation. Both untreated and treated tissue
show similar behavior, indicating no change to fiber mobility. ............cccociinenenn. 46

Figure 4.10. Straightness parameter for adventitial collagen and fractal analysis for all
three fiber types. The straightness parameter of a straight line is equal to 1. GAG
removal treatment results in straighter adventitial collagen fibers compared to
untreated tissue at all levels of strain from the 0% unloaded state until being fully
straightened. Fractal analysis indicates that for untreated tissue, adventitial collagen
begins recruitment at 20% strain, but medial fibers begin recruitment at the onset of
stretching. For treated tissue, all fibers are recruited at earlier strains and show less
CRANGES ATTET. ...t 47

Figure 5.1. Unstretched adventitial collagen fibers are wavy (a), but straighten with
stretch (b). Fiber recruitment for the finer medial collagen (c) and medial elastin (d)
fiber networks are detectable with fractal analysis. Horizontal is circumferential (C)

and vertical is longitudinal (L). Images are 360 ptm x 360 JM. ....c.covvverirencnenienne. 63

XViii



Figure 5.2. Straightness parameter distributions of adventitial collagen for each level of
stretch for untreated (black) and treated (gray) tissue from Mattson et al. (Mattson et
al., 2016). The number of fibers in each bin were normalized to the total number of
fibers traced for each level of stretch for each tissue type. .........ccooeviviieniiciennnn 64

Figure 5.3. Cumulative adventitial collagen fiber recruitment for untreated (black) and
treated (gray) tissue, where a straightness parameter of at least 0.98 in Figure 5.2
qualifies a fiber s reCrUItEA. ..........cvevviieriee e 65

Figure 5.4. Fractal analysis (circles and dashed line) and recruitment functions (solid

curve) for adventitial collagen before (a) and after (b) GAG depletion, as well as
medial collagen before (c) and after (d) GAG depletion. m; and d; are the mean and

standard deviation of the fiber recruitment function. Untreated data from (Chow et
al., 2014) and treated data from (Mattson et al., 2016)..........ccccceveviieiiivniieieennn, 66

Figure 5.5. Average fiber distributions at 40% stretch for untreated (solid) and treated
(dotted) tissue with circumferentially and longitudinally oriented fibers
corresponding to 0° and +£90°, respectively. After treatment, adventitial collagen
becomes more circumferentially orientated, whereas medial collagen remains
circumferentially oriented and medial elastin remains relatively uniformly
distributed. Untreated data from (Chow et al., 2014) and treated data from (Mattson
BE AL, 2016). ...vvoeeeeeeereeeeeeeeeseseeeeeseeseees e es e es s s s et ee e e ee s e st 67

Figure 5.6. Average stress-stretch experimental data (points) and model fit/prediction
(lines) for untreated (black) and treated (gray) tissue in the longitudinal and

circumferential directions. Chain density (

XiX



Nve =1.61E25,n,,. =5.16E24,n,. =5.16E23), rigid links per chain (

Nye =2.61, N, =1.69,N,. =1.51), root mean square error of fit (rmsf=0.066), and

root mean square error of prediction (rmsp=0.344).......c..cccceiveveiierieie s 68
Figure 5.7. Predicting the treated mechanics data (symbols) with treated fiber
distributions (T fiber dist, rms=0.344) improved the fit compared to using untreated
fiber distributions (UT fiber dist, rms=0.362). ........c.ccccviveriiiieiiereie e 69
Figure 5.8. Cauchy stress vs. stretch for medial elastin (ME, solid), medial collagen (MC,
dashed), and adventitial collagen (AC, dotted) of untreated (U_, black) and treated
(T_, gray) tissue in the longitudinal and circumferential directions. ........................ 70
Figure 6.1. Movat’s histological stain of through-thickness aorta for different ages. Intima
is to the left of the image and adventitia is to the right. Adventitia is mostly collagen
(yellow), and media has layers of elastic lamellae (black) interspersed with GAGs
(blue) and smooth muscle cells (dark red). Scale bars are 100 pm. .........cccccevvrnnne. 82
Figure 6.2. Biochemical assays for collagen, elastin, and GAG content for each donor.
The collagen/elastin (C/E) ratio significantly (p<0.05) increases with age.............. 83
Figure 6.3. Stress-stretch data and corresponding tangent moduli of the circumferential
and longitudinal directions for each sample. ..........c.ccoovieiiiiie e 84
Figure 6.4. Straightness parameter of each donor. For undeformed samples, the oldest
donor (08484) has significantly (p<0.05) straighter adventitial collagen fibers than

LT 01U g Vo e oo (o] g o] £ TS RPPR 85

XX



Figure 6.5. Straightness parameter distributions of adventitial collagen for each level of
stretch for each donor. The number of fibers in each bin were normalized to the total
number of fibers traced for each level of stretch for each donor. ............c.cccceine. 86

Figure 6.6. Fiber orientation distributions for adventitial collagen, medial collagen, and
medial elastin for nondiabetic and diabetic donors at each level of stretch.............. 87

Figure 6.7. Multiphoton images of collagen and elastin at the inner media for each donor.
Horizontal is circumferential (C) and vertical is longitudinal (L). Images are
LT OO 88

Figure 6.8. Fiber orientation distributions medial collagen and elastin at five locations
throughout the thickness of the media for each donor. The circumferential direction

is 0° and the longitudinal direction IS £90°.........cccoviiiiiiiiiiee 88

XXi



CHAPTER 1 INTRODUCTION
1.1 Objectives

The extracellular matrix (ECM) in the vascular wall is largely composed of elastic
and collagen fibers, as well as ground substance including glycosaminoglycans (GAGS),
which together compose the ECM interspersed among organized layers of cells to form
lamellar structures. The elastic fibers are essential to accommodate deformations
encountered during physiological function of arteries, which undergo repeated cycles of
extension and recoil. The extensibility and the ultimate stiffness of the tissue in the
stiffened region are highly associated with the content and distribution of collagen fibers.
GAGs constitute only a minor component of vascular tissue, however previous studies
have demonstrated that these macromolecules are of enormous importance in influencing
vascular properties such as viscoelasticity, permeability, hemostasis, etc. The
pathogenesis of many cardiovascular diseases has been associated with loss of
organization and function of the ECM. The mechanical and structural contributions of
ECM constituents are not fully understood. This knowledge is essential for understanding
the mechanisms of vascular remodeling and disease progressions. The main goal of this
dissertation is to advance the current understanding of the microstructure of elastin,
collagen, and GAGs in the ECM and provide insights how these constituents work in
conjunction to provide the passive mechanical behavior of large central blood vessels.

1.2 Cardiovascular Diseases and ECM Remodeling
Cardiovascular diseases are the leading cause of death in the western world. It is

responsible for 40 percent of all the deaths in the United States, more than all forms of



cancer combined (“Disease Statistics - NHLBI, NIH,” 2012). While cardiovascular
disease is a broad term used to describe a range of diseases that affect heart and blood
vessels, arteriosclerosis or hardening of the arteries is presented in many of these
diseases, particularly diabetes. The ECM of the vascular wall plays an important role in
the pathogenesis of arteriosclerosis. The prevailing concept is that elastin and collagen
are the primary load-bearing components of vascular tissue. The carbohydrate-protein
macromolecules of the interstitial matrix, GAGs, are of particular interest since these
macromolecules affect mechanical properties of other soft tissues, but are only recently
gaining attention in the vascular wall. Pathogenesis of vascular diseases, including
diabetes, hypertension, atherosclerosis, stenosis, and aneurysms has been associated with
ECM disorders in structure and function. Such understandings are much needed in order
to incorporate quantitative information from future advances in vascular biology, medical
imaging, and biomechanics.

As a result of vascular diseases, changes in the pressure/flow conditions, or local
injuries to the tissue, the mechanical properties of blood vessels can change significantly.
Due to the seriousness of cardiovascular diseases, improvements to diagnosis and
treatments of the clinical conditions are desirable. Balloon angioplasty of narrowed
arteries is a common surgical procedure to restore blood flow in narrowed arteries.
However, this palliative treatment can result in tears in the intima (Sohn et al., 1994) and
understanding how the damage can change vascular mechanics is important. Finally
bypass surgeries can utilize a variety of grafts ranging from a patient’s own saphenous

vein, synthetic material grafts, or one made from decellularized tissue (Quint et al.,



2011). Being able to more closely replicate the structure and mechanical properties of
healthy blood vessels allows for a higher rate of success in bypass surgeries. As these
examples show, a strong understanding of how the organization and composition of the
ECM affects the mechanical properties of the vascular wall can be beneficial to
identifying and treating vascular ailments and plays an important role in clinical and
tissue engineering fields.
1.3 Structure of the Vascular Wall

The vascular wall consists of three layers: the intima, media, and adventitia
(Figure 1.1). The intimal layer is closest to the lumen, composed of a layer of endothelial
cells, and important for providing hemocompatibility with blood (Wagenseil and
Mecham, 2009). The media is composed of vascular smooth muscle cells, collagen and
elastic fibers, and proteoglycans made up of GAGs attached to a core protein. The
adventitia consists primarily of fibroblast cells and large crimped collagen fiber bundles,
which play an important role in preventing vascular rupture at high pressures (Burton,

1954).
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Figure 1.1. Left: Histological image showing intima, media, and adventitia in vascular wall.
Right: Schematic drawing of normal medial lamellar unit consisting of paired elastic
laminae (at the top and bottom) with an embedded smooth muscle cell (SMC) as well as
collagen fibers, elastic fibers, adhesion molecules (fibronectin), and GAGs (Humphrey,
2012).

The structural proteins elastin and collagen account for ~50% of the dry weight of
the vessel (O’Connell et al., 2008), and are essential to accommodate deformations
encountered during physiological functions. GAGs constitute only a minor component of
vascular tissue (2%-5% by dry weight) as compared to cartilage (50% by dry weight),
however these macromolecules are of enormous importance in influencing vascular
properties such as viscoelasticity, thrombosis, permeability, lipid metabolism, and
hemostasis of the arterial wall (G. S. Berenson et al., 1984; Camejo, 1982; Wight, 1989).

1.4 Outline of the Research

In Chapter 2, the experimental techniques used in this research are introduced,
including histology, assays, biaxial tensile testing, and multiphoton microscopy.

In Chapter 3, we compared the structure and mechanics of porcine aorta and vena
cava. Equibiaxial tensile tests were performed to study the differences of elastic

properties between the central artery and central vein. The resulting mechanics were then



paired with histology, assays, and multiphoton microscopy to establish structure-function
relationships of elastin and collagen contributions to vascular mechanics.

In Chapter 4, we investigated the role of GAGs in porcine thoracic aorta. Planar
biaxial tensile and stress relaxation tests were conducted before and after enzymatic GAG
depletion. The mechanics were again paired with structural analysis to consider the role
of GAGs in addition to elastin and collagen in elastic and viscoelastic vascular
mechanics.

In Chapter 5, we modeled the contribution of GAGs to fiber recruitment in
arterial mechanics. The experimental data from Chapter 4 were used to determine the
microstructure-based constitutive model parameters based on untreated aorta samples.
The model was then used to successfully predict the stress-stretch behavior of GAG
depleted aorta based on measured changes to ECM fiber orientation and recruitment.

In Chapter 6, we extended our experimental expertise from the porcine animal
model to human aorta of diabetic, hypertensive and age-matched control donors to
understand the role of elastin, collagen, and GAGs in vascular remodeling during the
normal aging process compared to changes due to diabetes and hypertension.

In Chapter 7, conclusions and outlook of future work are presented.



CHAPTER 2 EXPERIMENTAL METHODS
2.1 Overview
This chapter gives an introduction to the experimental techniques used in this
research, including histology, biochemical assays, biaxial tensile testing, and
multiphoton microscopy.
2.2 Histology
Histology studies were performed to assess the overall structural composition of
blood vessels. Samples were fixed in 10% formalin buffer (Fisher Scientific, Waltham
MA) and then imbedded in paraffin. Sections of approximately 6 pm in thickness were
obtained and stained with either Movat’s pentachrome or Alcian blue (Figure 2.1).
Movat’s pentachrome stains collagen yellow, elastin black, smooth muscle cells red, and

GAGSs blue. Alcian blue stains GAGs blue.

Figure 2.1. Examples of histology stains of aorta with adventitia on the left and intima on
the right. Top: Movat’s pentachrome. Bottom: Alcian Blue. Scale bars are 100pm.



2.3 Biochemical assays

Biochemical assays allow quantification of elastin and collagen content. Samples
were analyzed using a Sircol collagen assay kit following manufacture instructions
(Biocolor Ltd.). The Sircol collagen kit uses a quantitative dye-binding method and
absorbance was measured using a SpectraMax M5 plate reader (Molecular Devices) at a
540 nm wavelength. Collagen content was expressed as pg of collagen/mg of wet tissue
weight. Elastin content was measured using Fastin elastin assay kit (Biocolor Ltd.).
Following manufacture’s protocols, our assays measured soluble tropoelastins and
insoluble elastin that was solubilized into a-elastin polypeptides. The optical density was
measured at 513 nm using the microplate reader. Elastin content was also expressed as g
of elastin/mg of wet tissue weight.

2.4 Biaxial Tensile Testing

To fully characterize anisotropic biological tissue, a custom designed biaxial
tensile testing device was used to mechanically test the tissue samples following
protocols described previously (Chow et al., 2013; Grashow et al., 2006; Zou and Zhang,
2011). 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
(Figure 2.1). Samples were hooked on each edge and connected to the linear positioners
with sutures. A plane stress state is assumed since the thickness of the sample was small
compared to the length and width. Soft biological tissues are also considered to be

incompressible so that the volume of the sample is preserved during loading.



Figure 2.1. Picture of the biaxial tensile tester showing the sample mounted to the
linear positioners with the sutures looped through the sandpaper fold glued to each side.

2.4.1 Biaxial Tensile Test
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 equibiaxial and nonequibixial loading conditions to characterize the
anisotropic mechanical behavior. The last cycle of a synchronized biaxial response was

used for data analysis. Cauchy stresses were calculated as:

F
o =—=and o, _Fh
tL,, tL,,
where F is the applied load, A is the stretch, Lo is the initial length, and t is the thickness
of the tissue. The subscripts 1 and 2 correspond to the longitudinal and circumferential

directions.



2.4.2 Stress Relaxation Test

For stress relaxation tests, immediately following the last quasi-static equibiaxial
cycle, 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, 2011). To quantify stress relaxation,
normalized stress relaxation curves are obtained by normalizing to the peak stress
averaged with 20 data points from the beginning of the stress relaxation test (+/- 10ms) to
produce a better representation of the peak stress. Percent stress relaxation is taken as the
decrease in normalized value for the end of the test at 900s.

2.5 Multiphoton Microscopy

To understand the contribution of collagen and elastin fibers to the structure and
function of the vascular wall, mechanical loading was paired with multiphoton imaging
of tissue (Figure 2.2) following methods detailed by Chow et al. (Chow et al., 2014).
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 (525/45 nm) in the vascular wall. Each sample was imaged with
a field-of-view of 360 pum at nine locations spread over an area of 1 cm? to obtain the
average structural properties of the sample (i.e. to minimize local artefact). 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
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adventitial side was imaged to a depth of 60 um, whereas the medial side was imaged to a

depth of 40 pm 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 blood vessel,

respectively.
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Figure 2.2. Representative biaxial stress-strain curves of the vascular wall with inset
multiphoton images of medial elastin (green) and collagen (blue) at low levels of strain and
adventitial collagen (blue) being recruited at higher levels of strain. Images are 110x110
um?, (C) = circumference, (L) = longitude.
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CHAPTER 3 COMPARISON OF AORTA AND VENA CAVA
EXTRACELLULAR MATRIX STRUCTURE AND BIAXIAL MECHANICAL
PROPERTIES
3.1 Overview
Elastic and collagen fibers are well-known to be the major load-bearing

extracellular matrix (ECM) constituents of the vascular wall. Elastic fibers accommodate
repeated cycles of extension and recoil that occur during pulsatile blood flow at lower
levels of strain, whereas the recruitment of collagen fibers at higher levels of strain leads
to nonlinear stiffening that protects blood vessels from overextension. Arteries function
differently than veins in the circulatory system, however in several treatment options
veins are subjected to sudden elevated arterial pressure. It is important to understand the
fundamental structure and function differences between a vein and an artery. Our
research compared the relationship between biaxial mechanical function and ECM
structure of porcine thoracic aorta and inferior vena cava. Physiologically, aorta is subject
to higher, cyclical transmural pressure (76-114 mmHg) than vena cava, which is a
capacitance vessel that stores blood at non-pulsatile pressures of <30 mmHg. Findings
suggest that aorta contains slightly more elastin than collagen due to the cyclical
extensibility, but vena cava contains almost four times more collagen than elastin to
maintain integrity without the need for cyclical extensibility. Furthermore, multiphoton
imaging of vena cava showed longitudinally oriented elastin and circumferentially
oriented collagen that is recruited at supraphysiologic stress, but low levels of strain.

These structural observations support the functional finding that vena cava is highly
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anisotropic with the longitude being more compliant and the circumference stiffens
substantially at low levels of strain. Overall, our research demonstrates how elastic and
collagen fibers contribute to the mechanical and structural properties of blood vessels.
Specifically, fiber distributions and recruitment should be considered in addition to
relative collagen and elastin amounts. Also, the importance of accounting for the
structural and functional differences between arteries and veins should be taken into
account when considering disease treatment options.
3.2 Introduction

Vein graft failure is a common finding in patients following coronary artery
bypass graft (CABG) surgery. Thrombosis or the development of a blood clot, neointimal
hyperplasia characterized by thickening of the innermost layer of a vein or artery, and
atherosclerosis are the three progressive stages that lead to stenosis or occlusion of the
graft. Within 5 years after CABG surgery, about 30-50% patients develop vein graft
failure and require repeated surgery (Desai et al., 2010). Vein graft failure has a huge
economic effect on health care resources, and a devastating effect on the patient.
Understanding the mechanisms of venous graft failure is predicated upon elucidating the
structural and functional mismatch between arteries and veins. From the biomechanical
point of view, the proliferative structural remodeling of a vein graft occurs in order to
maintain the wall stresses at its biologically preset level. Following implantation, the vein
graft, which has been subjected to an internal pressure of 10 mmHg, is immediately
subjected to arterial pressure (100 mmHg) and increaseas in flow as well as wall stresses.

Previous research has shown that the abrupt increase of mechanical wall stresses and



13

flow fields in the vein graft activate various cellular and intracellular signaling molecules,
which stimulate vascular smooth muscle cells in the media to be synthetic and migratory,
accelerating the progression of neointimal hyperplasia (John, 2009; Miyake et al., 2008).
The relationship between biological remodeling and mechanical function is obviously
causal. However the significant structural and functional differences between veins and
arteries are not well understood.

It is important to understand that the veins and arteries are very different in both
function and structure. Both arteries and veins have three layers: tunica intima, media,
and adventitia. The thinnest layer is the innermost layer, the tunica intima, which is made
up of a single layer of endothelial cells and its main purpose is to provide
hemocompatibility with the blood. In arteries the thickest layer is the tunica media, i.e.,
the middle layer of the vessel wall. The tunica media layer contains smooth muscle cells
that are embedded in a matrix of elastic lamella, collagen fibers, as well as aqueous
ground substance matrix containing proteoglycans. Arteries tend to have a thicker tunica
media layer in order to accommodate the pulsatile blood flow. However veins have a
relatively thin tunica media layer. The outermost layer in the vessels is the tunica
adventitia or tunica externa, which provides structural stability of the vessels. It is
consists primarily of a dense network of type I collagen fibers. The structural difference
between arteries and veins are obvious. However the differences between the
biomechanical roles of ECM constituents, such as elastin and collagen, in controlling

arterial and venous function is underrecognized.
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The overall goal of this study was to evaluate the relationship between
extracellular matrix (ECM) structure and biaxial mechanical properties for aorta and
inferior vena cava. In contrast to many studies of aorta mechanics, only limited prior
study concerning biaxial mechanical properties of inferior vena cava (Lee et al., 2013;
McGilvray et al., 2010) has been performed, despite 60—80% of blood volume being
localized in veins (Monos et al., 1995). Uniaxial tests (Alastrué et al., 2008; Rossmann,
2010; Silver et al., 2003) have been used to determine the mechanical properties of veins,
but these results are inadequate for fully characterizing the anisotropic behavior of vena
cava. Vena cava grafts and stents are relevant to leimyosarcoma, complications from liver
transplants, and aortocaval fistulas from ruptured atherosclerotic abdominal aortic
aneurysms (Alkhalili et al., 2016; Huang et al., 2015; Ng et al., 2015; Wachtel et al.,
2015).Improved understanding of vein mechanics will aid in the development of tissue
engineered autologous and non-autologous vena grafts. Findings from this study will help
us understand the fundamental structure-function relationship between ECM fiber
distribution and recruitment with the complex nonlinear and anisotropic vascular
behavior.

3.3 Materials and Methods

3.3.1 Sample Preparation
Porcine (12-24 months, 160—-200 pounds) descending thoracic aortas and inferior
vena cavas were obtained from a local abattoir and cleaned of loose connective/fatty
tissue. Duplicate square samples (~20x20 mm) were cut from 3 of each blood vessel type,

for a total of 6 aorta samples and 6 vena cava samples. Samples were cut with one edge
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parallel to the longitudinal direction and the other edge parallel to the circumferential

direction of the blood vessel.

3.3.2 Histology
Movat’s pentachrome stain was used to compare the overall structural

composition of aorta and vena cava. Refer to Chapter 2.2 for details.

3.3.3 Biochemical assays
For the elastin and collagen assays, adjacent tissue from each blood vessel next to

where biaxial samples were cut was used. Refer to Chapter 2.3 for further details.

3.3.4 Biaxial Tensile Test
Refer to Chapter 2.4 and 2.4.1 for the biaxial tensile testing protocol. For this
experiment, samples were subjected to a 400 N/m equibiaxial loading condition to

characterize the anisotropic mechanical behavior.

3.3.5 Multiphoton Microscopy

Refer to Chapter 2.5 for multiphoton microscopy imaging. Vena cava in this
experiment was imaged with a Carl Zeiss LSM 710 NLO microscope system equipped
with a Coherent Chameleon Vision-S tunable femtosecond IR pulse laser with an
excitation wavelength of 800nm. Power was tuned to approximately 11% of 1900mW,
not including attenuation from the optics. Each sample was imaged with a field-of-view
of 425 um at five locations spread over an area of 1 cm?. The other settings were matched
to those of the custom multiphoton microscope used to image aorta. Aorta samples were

imaged from 0 to 40% equibiaxial strain in 5% increments. Vena cava samples were
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imaged at 0%, 5%, and 10% equibiaxial strain, then 10C-20L, and 10C-30L due to the
higher degree of anisotropy. The images were then used in the analysis of fiber

straightening and recruitment in response to mechanical loading.

3.3.6 Imaging analysis
Fiber orientation and frequency of fiber angle were determined from two-
dimensional fast Fourier transform analysis using the Directionality plug-in in FI1JI
(fiji.sc/Fiji, Ashburn, VA) following the developer’s instructions. Adventitial collagen
fiber waviness was quantified with NeuronJ (imagescience.org/meijering/
software/neuronj) by measuring the end-to-end distance (Lo) and total fiber length (L¢), to
define a straightness parameter:
P.=L, / L

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

3.3.7 Statistical Analysis

Blood vessel thickness, collagen and elastin assay results, stress-stretch data, and
straightness parameter are summarized and plotted with mean + standard error of the
mean. Two-tailed independent t-tests were used for analysis with p<0.05 considered as
statistically significant.

3.4 Results

Movat’s histological stain revealed some interesting differences between aorta
and vena cava (Figures 3.1a—c). In aorta, collagen (yellow) is most visible in the
adventitia, but also exists throughout the media where elastin (black) is most prominent.

In vena cava, collagen is visible throughout the thickness, however elastin appears to be
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discontinuous. As discussed later, the scattered appearance of elastin is due to looking at
the cross section of longitudinal elastin. Smooth muscles cells (red) are also visible in the
aorta media, but are less apparent in the vena cava. Glycosaminoglycans (blue) can be
seen in parts of the aorta media, especially towards the inner third of the wall. The
adventitia-media boundary is also more obvious in aorta than it is in vena cava.
Additionally, the average aorta thickness (1.32+0.086 mm) was almost twice as much as
vena cava (0.66£0.072 mm). Collagen and elastin assay results confirm that

collagen:elastin ratio is lower in aorta 1:1.5 and higher in vena cava ~4:1 (Figure 3.1d).
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Figure 3.1. Movat’s stain of aorta (a) and vena cava (b, ¢) from adventitia (left) to intima
(right). Scale bars are 100 pm. The adventitia is primarily collagen (yellow) and media is
mostly elastin (black) with smooth muscle (red), collagen, and GAGs (blue). Collagen and
elastin assay results (d) show vena cava is primarily collagen (collagen: 848, elastin: 22+2),
but aorta has more elastin (collagen: 365, elastin: 54+7).

The average equibiaxial stress-stretch curves demonstrate marked differences in
anisotropy between aorta and vena cava (Figure 3.2a). Both aorta and vena cava show a
stiffer circumference than the longitude, however much greater anisotropy was observed

in vena cava. At 200 kPa, the average vena cava circumference does not stretch much
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beyond 1.06, whereas the average longitude stretches to 1.30. In contrast, average aorta

circumference and longitude stretch to the range of 1.19 to 1.22 at 200 kPa.
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Figure 3.2. Average stress-stretch curves (a) for equibiaxial tests of aorta and vena cava
with the vena cava being more anisotropic than aorta due to a stiffer circumference and
more compliant longitude. Tangent modulus (b) was determined by fitting a 6! order
polynomial in 0.1 increments of stretch up to the largest value that all samples experienced

for each curve.
A detailed exploration of the structural differences between aorta and vena cava

was made possible by using a multiphoton microscope. Figure 3.3 shows the organization
of elastin (green) and collagen (blue) in the medial and adventitial layers of the two
vascular types. Overall, the ECM fibers in aorta appear to be more uniformly distributed
than vena cava. The elastin fibers in vena cava show an obvious longitudinally
orientation, whereas medial and adventitial collagen fibers are predominantly
circumferentially oriented. It is also noticed that the vena cava adventitial collagen seems
to have a tighter crimp than aorta. Looking specifically at multiphoton images of vena
cava at different levels of strain, adventitial collagen clearly begins straightening with 5%
strain and is fully recruited at 10% strain (Figure 3.4). Additionally, medial collagen can

be seen crimped at 0%, but straighter at 5% and straight at 10% strain. Elastin fibers are
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longitudinally oriented, and show minimal visual changes.

Medial Elastin Medial Collagen Adventitia

Aorta

Vena Cava

Figure 3.3. Multiphoton images of unstretched media and adventitia for both aorta and
vena cava. In vena cava, elastin (green) is generally longitudinally oriented and medial
collagen (blue) is generally circumferentially oriented, but medial fibers are more uniformly
distributed in aorta. Adventitial collagen (blue) is wavy, but straightens with stretch.
Circumferential (C) and longitudinal (L) directions are at 0° and +90°, respectively. Images
are 425pm x 425pm.
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Figure 3.4. Multiphoton images of vena cava, where the numbers represent grip-to-grip
strain for circumferential (C) and longitudinal (L) directions at 0° and £90°, respectively.
Elastin (green) is generally longitudinally oriented and medial and adventitial collagen
(blue) are generally circumferentially oriented. Collagen is wavy at 0C-0OL, but straightens
with stretch. Images are 425pm x 425pum.
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Straightness parameter (Ps) was used to quantify the waviness of adventitial
collagen in aorta and vena cava (Figure 3.5), which did not show significant difference at
unstretched (zero equibiaxial strain) state. However, the vena cava adventitial collagen
fibers are significantly straighter at 5% and 10% equibiaxial strain than aorta (p<0.05).
Vena cava was not stretched further due to the very stiff circumference (Figure 3.2). The
fibers at 10% equibiaxial strain are essentially straight (Ps=0.98+0.0016). Aorta

adventitial collagen did not reach that level until at about 40% strain (Ps=0.99+0.0080).
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Figure 3.5. Straightness parameter (Ps) for adventitial collagen. The straightness parameter
of a straight line is equal to 1. Vena cava adventitial collagen fibers are recruited
immediately with stretch and fully straightened by 10%o strain, whereas aorta fibers show a
delayed recruitment beginning between 15-20% strain. These findings agree with the

mechanics where the circumferential direction of vena cava becomes very stiff at low levels
of strain.

Figure 3.6 further compares distributions of aorta and vena cava ECM fibers with
mechanical loading. The aortic elastin is relatively uniformly distributed, whereas the
vena cava elastin is longitudinally oriented. Overall the distribution of elastin fibers
shows minimal changes with increasing strain. Both medial and adventitial collagen

fibers show preferential distributions in the circumferential direction within the 10%
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strain range. Vena cava becomes more circumferentially aligned with increasing strain.
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Figure 3.6. Fiber distributions, where the numbers represent grip-to-grip strain for
circumferential (C) and longitudinal (L) directions at 0° and +90°, respectively. The most
striking difference is the longitudinally oriented elastin in vena cava. Aorta collagen fibers
are more circumferentially aligned than in vena cava when unloaded, but with stretch, vena
cava collagen fibers become more circumferentially aligned.

To study fiber reorientation with deformation, the vena cava was subjected to
10%C-20%L and 10%C-30%L nonequibiaxial strain, where C and L represents the
circumferential and longitudinal directions, respectively (Figure 3.7). Minimum changes

were observed in elastin fibers. However the circumferentially oriented medial and
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adventitial collagen fibers show wider distributions, suggesting that the circumferentially
orientated fibers begin to shift towards the longitudinal direction in response to the large

longitudinal deformation.
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Figure 3.7. Vena cava fiber distributions, where the numbers represent grip-to-grip strain
for circumferential (C) and longitudinal (L) directions at 0° and £90°, respectively. The
circumference was only stretched to 10% strain because of the high degree of anisotropy.
Medial elastin (a) remains longitudinally oriented with stretch and becomes more so with
greater stretch in the longitudinal direction. Medial Collagen (b) becomes more
circumferential with stretch, but the distribution widens with fibers shifting more
longitudinally with greater longitudinal stretch. Adventitial collagen (c) behaves similarly to
medial collagen.
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3.5 Discussion

Aorta and vena cava have different functions in the circulatory system. Our study
revealed fundamental differences in ECM composition, fiber distribution and recruitment
between aorta and vena cava. Moreover, these structural characteristics correlate very
well with their biaxial stress-strain mechanical behavior. Whereas the arterial wall is
subjected to a pulsatile transmural pressure of approximately 76-114 mmHg (Kim and
Baek, 2011), mechanical loads borne by veins are quite different. Blood pressure in veins
is not pulsatile, but steady and much lower than the arterial pressure. Veins are
capacitance vessels with greater compliance at low pressure but very stiff at supra-
physiologic values ( >30mmHg transmural pressure) (Lee et al., 2013). However, other
mechanical loads caused by the surrounding organs or due to individual movements and
breathing, requires more compliance in the longitudinal direction (Alastrué et al., 2008).

Arterial wall mechanics in response to pulsatile blood flow from the heart is
understood to play a significant role in cardiovascular disease. The mechanical properties
of veins are less extensively studied, perhaps due to the lower blood pressure involved.
However vein mechanics are of many clinical interests (Desch and Weizsacker, 2007).
For example, certain biomechanical changes to osmotic pressure, hypertrophy, and
reduced compliance of the veins might contribute to the development and maintenance of
arterial hypertension (Safar and London, 1985). Also, in deep vein thrombosis, a clot can
form, dislodge, and move to the lungs or heart causing a pulmonary embolism or heart
attack (Alastrué et al., 2008). A solution is to install a filter in the inferior vena cava,

which is a situation where increased understanding of mechanics would benefit the
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surgical procedure and outcome. Additionally, vein mechanics should be considered for
tissue engineered constructs, as well as for arterio-venous fistulas, which are important
for successful dialysis treatment (Lee et al., 2013). Vein grafts are often used to treat
cardiovascular diseases such as in arteries and they remodel to new conditions (Owens et
al., 2015). In vein segments grafted into arteries, exposure to the high pulsatile pressure
load leads to significant wall remodeling within a few days of grafting. An inflammatory
response, neointima development, collagen and elastin turnover, cellular proliferation and
apoptosis occurs, reducing the differences in elastic properties between arteries and veins
at similar loading levels (Dobrin et al., 1989; Lu et al., 2014; Lischer et al., 1992). It is
assumed that at least a part of biomechanical changes developing in the grafted vein wall
is a physiological adaptation mechanism that normalizes the extremely high
circumferential stress. Interestingly, experimental evidence supports the idea that certain
morphological and biochemical alterations of grafted veins are reversible (Davies et al.,
1999; Fann et al., 1990; Seidel et al., 1984).

Collagen and elastin assay results show vena cava is primarily collagen, but aorta
has more elastin (Figure 3.1d). Adventitia generally comprises 60 to 75% of vena cava
and 10% of aorta, with the media of vena cava not being as clearly defined as in aorta
because there are no internal/external elastic lamina (Humphrey, 2002). Our finding of a
~4:1 collagen:elastin ratio in vena cava and 1:1.5 in thoracic aorta are in agreement with
previous studies. The collagen:elastin ratio was reported to be ~5:1 in saphenous vein and
~1.5:1 in canine abdominal aorta (Humphrey, 2002) and thoracic aorta has been found to

have more elastin than abdominal aorta (Sokolis, 2007). Elastin fibers in the large elastic
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arteries such as aorta are essential for its cyclical extensibility. However vena cava
contains much more collagen than elastin mainly to maintain integrity without the need to
sustain cyclic loading.

The striking differences in both mechanics and structure between aorta and vena
cava are interesting. There is a marked difference in elastin alignment between aorta and
vena cava. Elastin has remarkably long half-life and can elongate up to 150% of its
original length (Humphrey, 2002). In terms of a structure-function relationship, we are
reminded that aorta experiences repeated multi-axial cyclic extension from pulsatile
blood flow. Therefore, it makes sense that aorta would have a rather uniformly oriented
elastin. Elastin in vena cava, however, is longitudinally oriented. Longitudinal elastin has
also been found in porcine jugular veins (Sokolis, 2013). One possible reason for
longitudinally oriented elastin in veins maybe to handle the extension due to breathing
(Alastrué et al., 2008), since the torso elongates during inhalation and imposes a
longitudinal stretch on the vena cava.

The large anisotropy seen in the vena cava shows strong correlation between
ECM fiber structure and mechanical function of blood vessels. The unique distribution of
elastin in vena cava results in a compliant longitudinal stress-strain behavior (Figure
3.2a). With the absence of elastin in the circumferential direction and tighter crimp in the
adventitial collagen of vena cava (Figure 3.3), the stress-strain curve shows a rapid
stiffening behavior at lower levels of stretch.

In contrast, aorta shows much less anisotropy than vena cava (Figure 3.2a). The

tangent modulus is in the range of 0.2 to 1.6 MPa for aorta and 0.2 to 6.4 MPa for vena
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cava (Figure 3.2b). It is important to note that such measurements were based on tissue
level experiments, and may not be revealed from local measurements. For example,
Akhtar et al. used nanoindentation to compare the mechanical properties across the
thickness of ferret aorta and vena cava (Akhtar et al., 2009). For aorta, the elastic
modulus linearly decreased from ~30 MPa at the adventitia to ~8 MPa at the intimal
surface. For vena cava, the modulus was ~35 MPa at the adventitia and intima, but ~20
MPa in the medial layer. Differences may be due to the distribution of ECM components
and cells. In addition to difference between the percentage that adventitia comprises aorta
Versus vena cava, it is also worth noting that medial collagen is generally considered to
be mainly type Il and the adventitia mainly the stiffer type I collagen.

Collagen undergoes continuous turnover during a lifetime. There is also evidence
that faster loading rates in aorta can lead to a shorter half-life (~22 days) compared to a
less demanding mechanical environment (Gineyts et al., 2000; Humphrey et al., 2009,
2014) such as the vena cava. The wavy collagen fibers seen in the aorta is correlated with
the wide range of in vivo strains for aorta (Humphrey et al., 2014; Wagenseil and
Mecham, 2009). However for vena cava, collagen is deposited in the vessel wall in the
absence of pulsatile motion experienced by aorta. The very stiff circumference of the
vena cava can be related to the fact that collagen straightens and stiffens at lower levels
of strain because it experiences lower levels of strain in vivo while it is being deposited.

With higher strain, vena cava collagen reveals a narrower circumferential
distribution due to fiber straightening with circumferential alignment. At 0% strain, aorta

has relatively more circumferentially oriented collagen than vena cava. At 5% strain,
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aorta and vena cava have a similar proportion of collagen in the circumferential direction,
but at 10% strain, vena cava actually has proportionally more circumferentially-aligned
medial collagen (Figure 3.6). More circumferentially oriented collagen at higher strains
correlates well with the very stiff circumference of the vena cava, especially considering
the earlier recruitment (Figures 3.4 and 3.5).

Additionally, aorta has more elastin to contribute at lower levels of strain,
especially in the circumferential direction, and thus a delayed recruitment for collagen at
higher levels of strain that compliments the observed nonlinear stiffening (Chow et al.,
2014). For example, the straightness parameter (Figure 3.5) is not significantly different
(p=0.50) at 0% strain between aorta (0.85+0.10) and vena cava (0.87+0.010). However,
the adventitial collagen of vena cava becomes significantly straighter (p<0.05) with the
first 5% increase in strain (0.96+0.0028), but aorta has delayed recruitment and only
becomes that straight beyond 25% strain (0.94+0.035)

However, when vena cava is stretched two and three times as much in the
longitude compared to the circumference, the fibers begin to reorient towards the
longitudinal direction (Figure 3.7). The longitudinal elastin peaks become higher and the
medial and adventitial collagen peaks around the circumference become more widely
distributed as fibers begin to shift towards the longitude.

3.6 Summary

This study establishes several new fundamental concepts for understanding the

differences of aorta and vena cava at the structural and functional levels. In summary,

aorta contains less collagen than elastin, but vena cava contains almost four times more
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collagen than elastin. In vena cava, the elastin is longitudinally oriented and the collagen
becomes more circumferentially oriented and straightens at low levels of strain. These
structural observations support the functional finding that vena cava is more anisotropic
than aorta because the circumference stiffens substantially at low levels of strain.
Importantly, these findings should be put in context with the fact that physiologic
pressure in vena cava is much lower than aorta. Overall, this study improves the
understanding of elastin and collagen fiber contribution to ECM mechanics of blood
vessel. Specifically, it points to the need to consider fiber distributions and waviness in
addition to relative collagen and elastin amounts. When comparing the mechanics of vena
cava to aorta, it is important to remember that ECM fiber distribution, recruitment, and
content each play an important role in arterial function. Individual traits (e.g., more
collagen = stiffer) may be obvious, but combining them (e.g., more collagen with
different distribution and recruitment may or may not = stiffer) to form the big picture is
less obvious and warrants investigation. Finally, this study demonstrates the importance
to account for the structural and functional difference between arteries and veins when
considering disease treatment options such as using a vein graft for an artery, which

creates a mismatch between vein wall mechanics and artery loading conditions.
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CHAPTER 4 GLYCOSAMINOGLYCANS CONTRIBUTE TO
EXTRACELLULAR MATRIX FIBER RECRUITMENT AND ARTERIAL WALL
MECHANICS
4.1 Overview
Elastic and collagen fibers are well-known to be the major load-bearing
extracellular matrix (ECM) components of the arterial wall. Despite the important
mechanical role of glycosaminoglycans (GAGS) in other tissues such as cartilage, GAGs
are only recently gaining attention in mechanical studies of arterial tissue. 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 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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4.2 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 (Azeloglu et al., 2008; Wight, 1980). 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., 2014; Sara Roccabianca et al., 2014).
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; Takahashi et al., 2014; Zhu et al., 1996). 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.
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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, 2012). 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).

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
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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., 2014). 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.

4.3 Materials and Methods

4.3.1 Sample Preparation
Descending porcine thoracic aortas (n=3) 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, 2 from each aorta) 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.
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4.3.2 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 100 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).

4.3.3 Histology
Histology studies were performed on tissue sections with and without GAGs
removal. Alcian blue and Movat’s pentachrome stains were used to evaluate the
efficiency of GAG removal treatment and to inspect the structure of the remaining ECM

components, respectively. Refer to Chapter 2.2 for the histology protocol.

4.3.4 Biaxial Tensile Test

Refer to Chapter 2.4 and 2.4.1 for details. For this experiment, samples were
subjected to a set of equibiaxial and non-equibiaxial loading conditions, 200C-400L,
300C-400L, 400C-400L, 400C-300L, and 400C-200L N/m to characterize the anisotropic
mechanical behavior, where C and L represents the circumferential and longitudinal
directions, respectively.
True strains were calculated as:

g =InA,e,=InA,

where A is the stretch.
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4.3.5 Stress Relaxation Test
Refer to Chapter 2.4.2 for the stress relaxation protocol. For this experiment,
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.

4.3.6 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 in Chapter 2.5. 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 strain.

4.3.7 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. 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.
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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

(Lo) and total fiber length (Ls), to define a straightness parameter:

P. = LO/Lf
which is equal to 1 for a straight line (Chow et al., 2014).

This manual tracing method cannot be applied to the more intricate elastic and
collagen fiber network in the media. Therefore, fractal analysis was also used as a broad
measure of fiber recruitment following the protocol described by Chow et al. (Chow et
al., 2014). Briefly, 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 Ny 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 — Do)/Do, where D and D, are the average fractal number for the

deformed and undeformed state, respectively.

4.3.8 Statistical Analysis
Stress-strain data, transition point, initial and stiff slopes, axial cross-coupling,
percent stress relaxation, straightness parameter, and fractal analysis 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.
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4.4 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 (Figures 4.1 and 4.2). Alcian blue stains GAGs
in blue, which were observed throughout the thickness of the untreated tissue. Effective
GAG removal was confirmed by the absence of blue staining in the treated tissue (Figure
4.1). 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. The
fibers remain intact after treatment, however more empty spaces are observed in the
treated tissue (5.1% for treated vs. 0.8% for untreated). 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.
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Figure 4.1. Alcian Blue stain of aorta from adventitia (left) to intima (right) for untreated
(A) and treated (B) tissue. In untreated tissue, GAGs (blue) appear throughout the
thickness, but slightly more concentrated towards the intima. Treated tissue shows effective
enzymatic GAG removal demonstrated by the lack of blue staining. All scale bars are 100
pm.
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Figure 4.2. Movat’s stain of aorta from adventitia (left) to intima (right) for untreated (A)
and treated (B) tissue. The adventitia is primarily collagen (yellow) and media is mostly
elastin (black) with smooth muscle (red), collagen, and GAGs (blue, untreated). Tissue
structure remains visibly intact after treatment, noting that fibers appear straighter after
treatment with more white space between elastin. All scale bars are 100 pm.

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 Figure 4.3. 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. Transition stress/strain was
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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.
However, the initial and stiff slopes for each direction are not significantly different after
treatment (Figure 4.4, all p>0.1), suggesting GAG removal results in earlier stiffening,

but not absolute stiffening.
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Figure 4.3. Average stress-strain curves for equibiaxial tests of untreated aorta and after
GAG removal treatment. Treated samples have transition points at significantly lower
strain (p<0.05), indicating earlier fiber recruitment.
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Figure 4.4. Despite lower transition points, the initial and stiff slopes did not significantly
change (p>0.1), suggesting that straighter fibers are recruited at lower strains and result in
earlier, but not absolute stiffening.

Non-equibiaxial testing showed similar results to equibiaxial testing, with treated
samples stiffening at lower strains than untreated samples (Figure 4.5). To examine the
effect of GAG removal on mechanical coupling between material axes, axial cross-
coupling was quantified by dividing the peak stretch for each non-equibiaxial tension
condition (1) by the peak stretch for the equibiaxial tension condition (A.q) 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 (Figure 4.5), which suggests that

GAG removal does not affect fiber mobility under non-equibiaxial loading.
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Figure 4.5. Non-equibiaxial mechanical testing data for each anatomical direction before
and after treatment, and axial cross- coupling. At all loading conditions, treated samples
showed earlier stiffening. However, there were minimal changes to axial cross-coupling,
which was quantified by dividing the peak stretch for each non-equibiaxial loading
condition (4) compared to the peak stretch for the equibiaxial loading condition (4,4) for

that sample.

Stress relaxation tests were performed to examine the contribution of GAGs to the
viscoelastic behavior of arteries. Removing GAGs significantly reduce the per cent 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

(Figure 4.6).
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Figure 4.6. Removing GAGs significantly (p<0.05) reduced the per cent stress relaxation
from 8.77+0.01% to 7.14+0.004% and 9.90+£0.01% to 7.83+0.01% in the longitudinal and
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circumferential directions, respectively.

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
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mechanical function of the arterial wall. Large bundles of collagen fibers were observed

in the adventitial layer (Figure 4.7). The medial collagen fibers appeared as a network of

rather finer fibers. Upon mechanical stretching, both adventitial and medial collagen
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fibers became noticeably straightened. Minimal changes in elastin fiber network with

mechanical stretch were observed.
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Figure 4.7. 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. Equibiaxial stretch demonstrates fiber recruitment. Images are 110pm x
110pm.

The fiber orientation was plotted from 0% to 40% equibiaxial strain in 10%
increments (Figure 4.8). The appearance of multiple peaks in adventitial collagen
corresponds with the existence of fiber bundles/families in the adventitial layer. These
peaks become more evident with fiber straightening due to increased biaxial strain. The
medial collagen fibers are predominantly circumferentially oriented and becomes more so
with increased strain. Medial elastin shows minimal changes in fiber distribution with

mechanical loading.
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Figure 4.8. Fiber distributions during equibiaxial strain of treated tissue with GAGSs
removed. Adventitial collagen shows many peaks, indicating multiple fiber bundles that
become more prominent with increased strain. Medial collagen becomes slightly more
circumferentially aligned and medial elastin shows little changes suggesting that elastin is
recruited at all levels of stretch.

To quantify fiber reorientation/mobility, fiber ratio was quantified by calculating
the ratio of circumferential (0°£20°) to longitudinal (x90°+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
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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 medical collagen fiber
networks, as demonstrated in Figure 4.9. GAG removal results in minimal changes to

fiber reorientation under non-equibiaxial deformation (p>0.2).
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Figure 4.9: Circumferential to longitudinal fiber ratios for non-equibiaxial strain were
divided by the same sample’s ratio for equibiaxial strain to quantify fiber mobility. Fiber
mobility greater than 1 indicates circumferential fiber reorientation and less than 1
indicates longitudinal fiber reorientation. Both untreated and treated tissue show similar
behavior, indicating no change to fiber mobility.
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Waviness of adventitial collagen fibers was quantified with the straightness
parameter (Figure 4.10). 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 al. (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.
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Figure 4.10. Straightness parameter for adventitial collagen and fractal analysis for all
three fiber types. The straightness parameter of a straight line is equal to 1. GAG removal
treatment results in straighter adventitial collagen fibers compared to untreated tissue at all
levels of strain from the 0% unloaded state until being fully straightened. Fractal analysis
indicates that for untreated tissue, adventitial collagen begins recruitment at 20% strain,
but medial fibers begin recruitment at the onset of stretching. For treated tissue, all fibers
are recruited at earlier strains and show less changes after.
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Fractal analysis further revealed that the treated samples show smaller changes in
fiber recruitment. 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 (Figure 4.10).

4.5 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., 2010, 2009; Wang et al., 2009). 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
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to capture changes in mechanical 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, GAGs 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 (Ateshian et al.,
2009; Lai et al., 1991). 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
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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
(Fessel and Snedeker, 2009; Robinson et al., 2004). In parenchymal lung strips, removing
GAGs increased hysteresivity independent of frequency from 0.1-10 Hz (Al Jamal et al.,
2001). On the other hand, removing GAGs in aortic heart valves reduced hysteresis at
low force levels (Eckert 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 (Figures 4.7 and 4.10). 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
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vivo (Wagenseil and Mecham, 2009). As a result of GAG removal, these fibers can
engage earlier in response to 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 (Figure 4.3) with axial cross-coupling analysis (Figure
4.5) together with imaging analysis (Figure 4.10) 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 (Figure 4.3). 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 (Figure
4.8). 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 (Figure 4.10). In fact, removing GAGs has a similar

effect on the waviness of adventitial collagen fibers to applying between 20% (Ps=0.903)
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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 (Chow et al., 2014; Zeinali-Davarani et al.,
2013). 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.

There are some limitations to studying the effect of GAGs by enzymatically
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removing them. Removing GAGs while leaving the remaining tissue components visibly
unaltered assures that observed effects are due to the absence of GAGs. However, the
structural changes can alter attributes such as stress distributions that are not directly
observable. Furthermore, it is interesting that the adventitial collagen fiber structure was
more affected considering GAGs are generally considered 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. 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). Another possibility is that, since the
ability of GAGs to retain water is well known, removing GAGs might affect tissue and
fiber hydration that leads to altered mechanics. However the effect of removing GAGs on
hydration and osmotic sensitivity is beyond the scope of this study and would be an
interesting subject of future work.
4.6 Summary

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
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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.
Results from this chapter have clinical and physiological relevance to aging and diabetes
altering GAG content, among other mechanisms, in a cascade that leads to accelerated
atherosclerosis and arterial stiffening. 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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CHAPTER 5 MODELING THE CONTRIBUTIONS OF
GLYCOSAMINOGLYCANS TO FIBER RECRUITMENT IN ARTERIAL
MECHANICS
5.1 Overview
The importance of glycosaminoglycans (GAGs) and their contribution to the

mechanics of soft tissue has emerged as an important area of research. GAGs provide
structural basis for multiple biological functions, such as the organization of ECM
assembly and the regulation of cell growth factors. The mechanics of tissue with low
GAG content can be indirectly affected by the interaction of GAGs with collagen fibers,
which have long been known to be one of the primary contributors to soft tissue
mechanics. Our earlier study showed that enzymatic GAG depletion results in straighter
collagen fibers that are recruited at lower levels of stretch, resulting in a corresponding
shift of nonlinear stiffening at lower levels stretch (Mattson et al., 2016). In this study,
the effect of GAGs on collagen recruitment was considered through a structure-based
constitutive model. The model incorporates structural information, such as fiber
orientation distribution, content, and recruitment for medial elastin, medial collagen, and
adventitial collagen fibers. The model was first fit to the planar biaxial tensile stress-
stretch data of untreated porcine descending thoracic aorta using the untreated structural
information. Changes in elastin and collagen fiber orientation distribution, and collagen
fiber recruitment were then incorporated into the model in order to predict the stress-
stretch behavior of GAG depleted tissue. Our study shows that incorporating early

collagen fiber recruitment into the model predicts the stress-stretch response reasonably
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well (rms=0.362), while further considering changes of fiber orientation distribution only
improves the predicting capability slightly (rms=0.344). Our study further supports the
experimental findings that earlier recruitment of straighter collagen fibers plays an
important role in the nonlinear stiffening of GAG depleted artery at lower stretch levels,
and should be considered in structural based constitutive models.
5.2 Introduction

Pathogenesis of many vascular diseases, including hypertension, atherosclerosis,
stenosis, and aneurysms has been associated with ECM disorders in structure and
function and its altered interaction with other arterial constituents. Studies of the
structural components of arteries are generally focused on elastin and collagen (Boumaza
et al., 2001; Briel and Oxlund, 1996; Campa et al., 1987; Humphrey and Holzapfel,
2012; Martinez-Lemus et al., 2009; Menashi et al., 1987; Vorp, 2007). Once thought of
as simply components of connective tissue, over the last decade the functional and
regulatory significance of proteoglycans has emerged as a promising field in all aspects
of cell biology and human diseases (Halper, 2014). Recent research suggested an
important role of GAGs in binding of low-density lipoprotein, or bad cholesterol, to the
arterial wall (Little et al., 2007). When proteoglycans are in excess, they play a major role
in the formation of atherosclerotic lesions due to the retention of low-density lipoprotein
(Huang et al., 2008; Wight and Merrilees, 2004). Localized accumulation/pooling of
proteoglycans can cause arterial wall layers to dissect from increased Donnan swelling
pressure (Humphrey, 2012; Sorrentino et al., 2015). In contrast, insufficient levels of the

proteoglycans reduce the arteries ability to regulate charge/structure and could play a role
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in diabetes (Jensen, 1997). Proteoglycans deficiency was also suggested lead to aortic
rupture by comprising the functionality of other structural components (Heegaard et al.,
2007).

The basic proteoglycan unit consists of a “core protein” with one or more
covalently attached glycosaminoglycan (GAGS) chains. Proteoglycans are found in all
connective tissues. They provide structural basis for multiple biological functions, such
as the organization of ECM assembly and the regulation of cell growth factors.
Proteoglycans provide appropriate spacing and organization for other ECM components
(Gandley et al., 1997). Since GAGs have a high affinity for water molecules, they serve
to hydrate the ECM but also can resist deformation (Lee et al., 2001). The highly charged
aggregates also interact with other ECM components, for example, decorin is a
proteoglycan known to bind to type I collagen (Halper, 2014). Electron microscopy and
immunofluorescence studies strongly suggest the association of proteoglycans with
specific regions of the banding pattern of collagen fibrils and also indicate that
proteoglycans can form bridges between fibrils (Bartholomew and Anderson, 1983;
Eisenstein and Kuettner, 1976; Lewis et al., 2010; Scott, 2003). Furthermore,
proteoglycans appear to bind to many cell-surface receptors with high specificity, thereby
activating signaling pathways that control cell proliferation, differentiation, adhesion, and
migration (Schaefer and Schaefer, 2010).

Various models have been developed to consider GAGs in connective tissue
mechanics. Bphasic and triphasic theories have been developed to model cartilage

mechanics based on the solid collagen-GAG phase and viscous fluid phase, then the
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addition of a third ionic phase (Lai et al., 1991; Mow et al., 1980). In tendon mechanics,
GAGs are modeled as cross-linking collagen to transfer stretch or isolating neighboring
collagen fibrils to promote sliding (Rigozzi et al., 2013; Scott, 2003). In lung tissue
mechanics, GAGs have been modeled as contributing to a spring network model that
maintains stability of alveolar structure (Takahashi et al., 2014). In carotid artery
mechanics, a constitutive model demonstrated that GAGs can cause local intramural
swelling that affects structural integrity and mechanosensing (Sorrentino et al., 2015).
Recently, a multiscale model was developed to incorporate GAGs protecting collagen
fibrils from over-stretching (Linka et al., 2016). In a structurally-based constitutive model
of porcine aorta, GAGs were considered to transfer load among collagen fibers through
the stiffness of collagen-GAG complexes (Polzer et al., 2015).

Our recent work suggests that GAG depletion indirectly affects arterial mechanics
by shifting the transition to nonlinear stiffening at lower strain (Mattson et al., 2016). The
shift of nonlinear stiffening at lower strain correlated with the structural finding that
GAG depletion resulted in straighter collagen fibers being recruited at lower strain, which
established a structure-function relationship. In this study, a structure-based constitutive
model (Wang et al., 2016) was adapted to consider the contribution of GAGs to collagen
fiber recruitment in arterial mechanics.

5.3 Materials and Methods

5.3.1. Determination of fiber recruitment function
ECM fiber orientation before and after GAG depletion were quantified from

simultaneously imaging the collagen and elastin fibers in tissue with second harmonic
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generation and multiphoton excitation fluorescence, respectively (Mattson et al., 2016).
Samples were imaged at 0% to 40% grip-to-grip biaxial strain in 5% increments. Fiber
orientation was quantified with two-dimensional fast Fourier transform analysis using the
Directionality plug-in in FIJI (fiji.sc/Fiji, Ashburn, VA). In this study, the fiber
orientation at 40% biaxial strain was used to reveal the fiber orientation distributions
when the fibers are straightened.

Straightness parameter and fractal analysis provided insightful information on
changes in fiber network structure in response to mechanical loading (Mattson et al.,
2016). Straightness parameter provides direct information about the traced straightening
and recruitment of adventitial collagen fibers at different increments of strain. Therefore,
the distribution of straightness parameter measurements is informative about the
proportion of fibers recruited at each strain level. Specifically, a recruitment threshold
such as 0.98 can be set and cumulative fiber recruitment can be determined. Fractal
analysis determines the self-similarity of images, which shows minimal changes during
delayed fiber recruitment as well as after fibers are fully recruited and no longer
straightening. Thus, fiber recruitment only occurs over the increments of stretch in which
fractal analysis is changing due to straightening of fibers during recruitment. Therefore,
adventitial collagen (AC) and medial collagen (MC) fiber recruitment functions were fit
to fractal analysis of images before and after enzymatic GAG depletion at 0% to 40%
stretch (Chow et al., 2014; Mattson et al., 2016). The fiber recruitment function is defined

as (Lanir, 1979):
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where m; and d; (i = AC and MC) are the mean and standard deviation of the fiber

recruitment function, which were chosen to fit the stretch ranges where the fractal

analysis trendline was increasing. The fiber recruitment functions were then incorporated

in the model as 7} .

5.3.2. Constitutive modeling
In order to consider the contribution of GAGs to fiber recruitment, a structure-
based constitutive model that was previous developed by Wang et al. (Wang et al., 2016)
were adapted in this study, to which interested readers are referred. Briefly, the model
allows direct incorporation of information obtained from quantitative multiphoton
imaging analysis and biochemical assays for the prediction of tissue-level mechanical
response. The model considers the contribution from medial elastin (ME), medial

collagen (MC), and adventitial collagen (AC), incorporating relative collagen and elastin
amounts, N, fiber orientation distributions, R, (), and sequential fiber recruitment. The

total strain energy function of the arterial wall is the sum of the constituent strain energy:
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where v; (i = ME, MC, and AC) the fiber level strain energy function. Considering the
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close association between GAGs and collagen fiber assembly, fiber recruitment function
nt' and 7 are included for medial and adventitial collagen, specifically, and were
determined from imaging analysis from Section 2.1.

The fiber level strain energy function is defined by a freely-jointed chain model as

(Wang et al., 2016):

Pi pi 'B:J [
. =kON.| — . +In — [-k®P.S. In A
WI |[Niﬂp Slnhﬁ;] |ﬁp f

where k =1.38x10*J/K is Boltzmann’s constant, ® = 298K is the absolute temperature,
N, is the number of rigid links within each chain, p; is the normalized deformed chain

length, P, is the normalized undeformed length, A, is the fiber-level stretch and

B, =L"(p;/N;), where L(x)=cothx—1/x isthe Langevin function.

P

The tissue-level Cauchy stress can be expressed as o = J *FSF ", where
S = 0W / 6E s the second Piola-Kirchhoff stress, F is the deformation gradient, and
J =det(F).

The model was first fit to the untreated experimental data and then the same
parameters were used to predict the GAG depleted experimental mechanics data. To
distinguish the relative influence of fiber distribution and recruitment, the first prediction
used the untreated fiber distributions with the treated fiber recruitment functions. The
second prediction used the treated fiber distributions with the treated fiber recruitment
functions. The material parameters were determined by minimizing the objective function

with appropriate constraints (Wang et al., 2016):
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E= 2[(0'101 - Jfl)j + (0'202 - 522)?]
where m is the number of data points and o°and o represent Cauchy stress from the
model and biaxial tensile tests, respectively. Subscripts 1 and 2 correspond to the
longitudinal and circumferential directions of the aortic sample, respectively. The
objective function is minimized using the Nelder—Mead direct search method
implemented in the fminsearch subroutine in MATLAB (version R2013b, MathWorks,

Inc.). As a measure of goodness of fit, the root mean square error is defined as:

where (is the number of parameters in the model, and o is determined from the sum of

Cauchy stresses for each stress-stretch curve divided by the number of data points m .
5.4. Results
Representative images from multiphoton microscopy show adventitial collagen,
medial collagen, and medial elastin (Figure 5.1). The wavy, unstretched bundles of
adventitial collagen fibers straighten with stretch (Figures 5.1a,b). The more intricate
medial collagen network with tighter crimp is also shown (Figure 5.1c). The medial
elastin fiber network is visibly distinguished by lacking the characteristic crimp of

collagen (Figure 5.1d).
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Figure 5.1. Unstretched adventitial collagen fibers are wavy (a), but straighten with stretch
(b). Fiber recruitment for the finer medial collagen (c) and medial elastin (d) fiber networks
are detectable with fractal analysis. Horizontal is circumferential (C) and vertical is
longitudinal (L). Images are 360 pm x 360 pm.

The distributions of straightness parameters for each level of stretch demonstrate
that fibers of untreated tissue tend to have a lower straightness parameter compared to
treated tissue (Figure 5.2). In general, straightness parameter increases with stretch,

visualized by the bar graphs shifting and clustering to the right, asymptotically
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approaching 1, which represents a straight line. However, at each level, fibers in
untreated tissue tend to be wavier and to the left of fibers from treated tissue. To examine
adventitial collagen fiber recruitment, cumulative fiber recruitment was determined
where fibers with a straightness parameter of at least 0.98 were considered to be recruited
(Figure 5.3). Results in Figure 5.3 further shows that there are more recruited fibers for
treated versus untreated tissue at each level of stretch until almost all fibers are recruited

for both conditions at 1.4 stretch.
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Figure 5.2. Straightness parameter distributions of adventitial collagen for each level of
stretch for untreated (black) and treated (gray) tissue from Mattson et al. (Mattson et al.,
2016). The number of fibers in each bin were normalized to the total number of fibers
traced for each level of stretch for each tissue type.
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Figure 5.3. Cumulative adventitial collagen fiber recruitment for untreated (black) and
treated (gray) tissue, where a straightness parameter of at least 0.98 in Figure 5.2 qualifies a
fiber as recruited.

Fiber recruitment functions, hfc and /7}“, were determined for adventitial and
medial collagen of untreated and treated tissue (Figure 5.4). Increments of stretch where
the fractal analysis trendline is increasing indicates fiber recruitment. Therefore, hfc
spanned ~1.15 to ~1.35 stretch for untreated tissue (Figure 5.4a), but shifted to a lower
stretch range of 1 to ~1.15 after treatment (Figure 5.4b). For medial collagen, /7?4c

covered 1 to 1.4 stretch for untreated tissue, but decreased to a stretch range of 1 to ~1.2

after treatment (Figure 5.4d).
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Figure 5.4. Fractal analysis (circles and dashed line) and recruitment functions (solid curve)
for adventitial collagen before (a) and after (b) GAG depletion, as well as medial collagen

before (c) and after (d) GAG depletion. M; and d; are the mean and standard deviation of

the fiber recruitment function. Untreated data from (Chow et al., 2014) and treated data
from (Mattson et al., 2016).

Figure 5.5 shows the fiber orientation distributions before and after enzymatic
GAG depletion at 40% stretch (Figure 5.5). For untreated tissue, adventitial collagen has
a preferred longitudinal orientation as well as a minor circumferential oreintation, but
after treatement, more peaks emerge with a general shift towards the circumference.
Untreated medial collagen is circumferentially oriented and becomes even more so after

treatment. Both before and after treatment, medial elastin is relatively uniformly
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distributed with a slight longitudinal peak as well as a small circumferentialpeak

emerging after treatment.
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Figure 5.5. Average fiber distributions at 40%o stretch for untreated (solid) and treated
(dotted) tissue with circumferentially and longitudinally oriented fibers corresponding to 0°
and +£90°, respectively. After treatment, adventitial collagen becomes more
circumferentially orientated, whereas medial collagen remains circumferentially oriented
and medial elastin remains relatively uniformly distributed. Untreated data from (Chow et
al., 2014) and treated data from (Mattson et al., 2016).

GAG depletion results in straighter collagen fibers that are recruited at lower
levels of stretch with a corresponding earlier transition to nonlinear stiffening (Mattson et
al., 2016). Looking at the stress-stretch curves, the treated tissue stiffens more in the
circumferential direction in agreement with the primarily circumferentially oriented GAG
depleted adventitial and medial collagen fibers (Figures 5.5, 5.6). The model was fit to
the untreated biaxial mechanics data to determine the parameter values and fitting error
(rms=0.066), then the same parameter values were used to predict the treated stress-
stretch mechanics based on the change in fiber orientation distributions and recruitment
(Figure 5.6). Overall, the model is able to characterize the nonlinear, anisotropic behavior
with a small overestimate in the longitudinal direction at higher stiffness and small

underestimate in the circumferential direction. The prediction using the treated fiber
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orientation distributions and treated fiber recruitment functions was successful
(rms=0.344), with a slight overestimate of the nonlinear stiffening in the circumferential
direction after GAG depletion. In Figure 5.7, prediction results from using the treated
fiber recruitment functions with untreated vs. treated fiber orientation distributions were
presented. Considering both the fiber orientation distributions and the fiber recruitment
functions after GAG depletion resulted in a slightly better prediction (rms=0.344) than

using the untreated fiber orientation distributions (rms=0.362) (Figure 5.7).
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Figure 5.6. Average stress-stretch experimental data (points) and model fit/prediction (lines)
for untreated (black) and treated (gray) tissue in the longitudinal and circumferential

directions. Chain density (Nye =1.61E25,n,,. =5.16E24,n,. =5.16E23), rigid links

per chain (N =2.61, N, =1.69,N,. =1.51), root mean square error of fit
(rmsf=0.066), and root mean square error of prediction (rmsp=0.344).
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Figure 5.7. Predicting the treated mechanics data (symbols) with treated fiber distributions
(T fiber dist, rms=0.344) improved the fit compared to using untreated fiber distributions
(UT fiber dist, rms=0.362).

The contribution to biaxial mechanics from each ECM constituent reveals that
elastin is dominant over the range tested for both untreated and treated tissue (Figure 5.8).
The percent contribution from each ECM constituent at a physiologically relevant level
of stretch (20%) is shown in Table 5.1. After treatment, medial collagen and to a lesser
extent, adventitial collagen, contributes more to the mechanics, particularly in the
circumferential direction. Compared to using the treated fiber distributions, when the
untreated fiber distributions were used, the contribution from each ECM constituents to
artery mechanics was slightly altered. The percent contribution from longitudinal medial
elastin decreased while the contribution of longitudinal medial and adventitial collagen
increased. The opposite was true for the circumferential direction, where medial elastin

contributed more, but medial and adventitial collagen contributed less.
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Figure 5.8. Cauchy stress vs. stretch for medial elastin (ME, solid), medial collagen (MC,
dashed), and adventitial collagen (AC, dotted) of untreated (U_, black) and treated (T _,
gray) tissue in the longitudinal and circumferential directions.

Table 5.1. Percent contribution to mechanics at 1.2 stretch for medial elastin (ME), medial
collagen (MC), and adventitial collagen (AC) of untreated and treated tissue in the
longitudinal and circumferential directions. U/T uses untreated fiber distributions with
treated fiber recruitment functions.

Percent Contribution to Stress-Stretch Curve at 1.2 Stretch
Longitudinal Circumferential
ME MC AC ME MC AC
Untreated | 95.39% | 4.58% | 0.03% | 91.13% | 8.83% | 0.04%
Treated | 80.43% | 15.79% | 3.78% | 62.09% | 34.32% | 3.59%
u/iT 74.81% | 20.43% | 4.76% | 78.44% | 47.15% | 5.70%

5.5 Discussion
GAGs have been found to contribute to the mechanics of soft tissues such as
cartilage, tendon, lung, eye sclera, and artery (Halper, 2014; Legerlotz et al., 2013;
Mattson et al., 2016; Murienne et al., 2015; Sorrentino et al., 2015; Takahashi et al.,
2014). In artery, proteoglycans constitute only a minor component of vascular tissue
(2%-5% by dry weight), however these macromolecules are of enormous importance in
influencing arterial properties such as viscoelasticity, thrombosis, permeability, lipid

metabolism, and hemostasis of the arterial wall (Gerald S Berenson et al., 1984; Camejo,
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1982; Mattson et al., 2016; Wight, 1989). Using a structure-based model that incorporates
changes in fiber recruitment due to GAG depletion, the present study successfully
predicted the earlier mechanical stiffening based on earlier fiber recruitment due to
enzymatic GAG depletion. The material parameters are directly based on quantitative
analysis of multiphoton microscopy images and biochemical assays. The constitutive
model in this study provides new understandings of the structure-function relationship
between arterial wall mechanics and ECM constituents, elastin, collagen, and GAGs.
The contribution of GAGs to the mechanics of soft tissue has emerged as an
important area of research. Potential mechanisms of GAGs contributing to tensile
mechanics are not fully understood. Pressure-controlled inflation testing of eye sclera
found that GAG depletion decreased low-pressure stiffness and increased high-pressure
stiffness (Murienne et al., 2015). A study of porcine coronary adventitia inflation-
extension biaxial mechanics found a negligible GAG contribution (Chen et al., 2016).
However, coronary arteries are muscular with lower ECM content compared to aorta, a
large elastic artery. Controversial results have been found on the contribution of GAGs to
collagen fibril sliding in tendon mechanics (Scott, 2003) (Rigozzi et al., 2013). Findings
suggest GAGs either transmit loads between adjacent collagen fibrils by acting as a
mechanical crosslink (Scott, 2003), or isolate adjacent fibers from shear friction and do
not directly contribute to tensile stiffness (Rigozzi et al., 2013). Building upon the latter
and according to the slide-stuck theory, a sufficient level of GAGs reduce fibril strain by
allowing sliding rather than overstretch (Linka et al., 2016). Though the mechanism may

be different, our findings are more consistent with the idea that GAGs protect collagen
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fibers from over-stretching since enzymatically depleting GAGs results in straighter
fibers that are recruited at lower levels of stretch (Figure 5.3). Furthermore, decreased
elastin and GAG content from trypsin decellularization reduces fiber waviness (Lin et al.,
2016), but since our enzyme treatment specifically targets GAGs, decreasing GAG
content alone is sufficient for a loss of collagen fiber waviness (Figure 5.2).

Fiber orientation distributions at 40% stretch were used (Figure 5.5). GAG
depletion resulted in more distinct adventitial collagen fiber bundle peaks, perhaps
because GAGs are associated with collagen organization, so GAG depletion could lead to
less organized fiber bundles with greater variation in orientation (Couchman and Pataki,
2012). Comparing the changes in fiber orientation distributions (Figure 5.5) to changes in
fiber contributions to each anatomical direction (Table 5.1) demonstrates that there is a
close interplay between fiber recruitment and fiber orientation, and also among different
fiber types. For example, the treated fiber orientation distribution for adventitial collagen
shows more circumferential peaks (Figure 5.5) and adventitial collagen contributed more
to the circumferential direction in treated versus untreated tissue (Table 5.1). However,
the fiber orientation distribution for medial elastin showed minimal changes (Figure 5.5),
but the contribution of medial elastin decreased in the circumferential direction of treated
tissue due to increased collagen recruitment (Table 5.1).

The fiber recruitment function in the present study was obtained based on fractal
analysis (Figure 5.4). Fractal analysis serves as a broad measure of fiber recruitment for
adventitial collagen as well as medial collagen, which has a finer, more intricate fiber

network that cannot be traced with straightness parameter (Chow et al., 2014). In
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previous studies, collagen fiber recruitment was usually estimated in structure-based
constitutive models (Cacho et al., 2007; Weisbecker et al., 2015; Zeinali-Davarani et al.,
2015; Zulliger et al., 2004). Hill et al. (Hill et al., 2012) measured medial collagen fiber
tortuosity, the inverse of straightness parameter, based on multiphoton images of rabbit
carotid artery, and defined fibers as recruited when tortuosity was below 1.02. A gamma
cumulative distribution function was then fit to the tortuosity data. In their study, uniaxial
loading was used and the model assumes the rest of the arterial structure is an isotropic
matrix (Hill et al., 2012). The present study employs biaxial loading, which is important
to fully characterize the anisotropic mechanical behavior of aorta. The use of a
straightness parameter of at least 0.98 to represent recruited fibers in Figure 5.3 is
consistent with the tortuosity of 1.02 by Hill et al. (Hill et al., 2012). The left-skewed
straightness parameter distributions in Figure 5.2 complement and support fractal
analysis (Figure 5.4), which is a broad measure of fiber recruitment, since both show
collagen fibers are being recruited at lower levels of stretch when GAGs are depleted.

Previous work has considered a multiscale structurally-based constitutive model
of biaxial porcine aorta, including stiffness of “collagen-GAG complexes” (Polzer et al.,
2015). However, GAGs were only considered to transfer load rather than affect fiber
recruitment. In addition, the structural parameters were determined from histology
analysis, which requires tissue processing. Multiphoton microscopy data used in the
present study was simultaneously imaged for collagen and elastin in the same unfixed
tissue over a range of stretch levels. Since elastin fibers respond to immediate

deformation of the arterial wall, fiber recruitment functions were fit to the fractal analysis
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of medial and adventitial collagen, which shows changes in fiber recruitment with GAG
depletion (Figure 5.4).

The model in the present study provided a good fit to the untreated data as well as
prediction of the treated biaxial data (Figure 5.6), Using the treated instead of untreated
fiber orientation distributions only slightly affects the model’s prediction of overall
mechanics (rms=0.344 vs 0.362, Figure 5.7) as well as the relative contribution of each
ECM constituent (Table 5.1). This suggests that change to fiber orientation distribution
due to GAG depletion has a smaller effect on aorta mechanics than changes to fiber
recruitment. An advantage of the constitutive model in this study is that the contribution
of individual ECM constituents can be estimated (Figure 5.8 and Table 5.1). Ata
physiological relevant stretch of 20%, elastin primarily contributes to the total stress,
which is expected since collagen, particularly adventitial collagen, is to provide stiffening
and prevent arterial rupture during exceptional cases of overextension (Hemmasizadeh et
al., 2015; Wagenseil and Mecham, 2009). However, GAG depletion results in collagen
being engaged at lower loading levels. As a result, the relative contribution of both
medial and adventitial collagen to the total mechanical stress increases, and this change is
more prominent in the circumferential direction. Such redistribution of stresses may hold
significant implications in alterations of tissue homeostasis, which usually triggers a
catastrophic series of events in artery remodeling (Humphrey et al., 2014).

A limitation of the constitutive model in this chapter is that constraints were
placed on the six free parameters to ensure a unique solution. However, this is reasonable

since the constraints were relatively broad and based on physiologically realistic values.
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Furthermore, it is possible that the six parameters of the model overfit the experimental
data, but each parameter represents a physical quantity and successfully predicted the
treated data set, so overfitting the untreated data set is unlikely. Enzymatic GAG
depletion is considered specific and effective, but we cannot entirely rule out an
unobservable structural change. In the present model, the changes in mechanical
properties were attributed to changes in elastin and collagen fiber distributions as well as
in fiber waviness. However, the mechanical properties of elastin and collagen fibers and
relative content are assumed to be the same before and after GAG depletion. Multiphoton
microscopy z-stacks were conducted from both the adventitial and intimal surfaces, but
the middlemost portion of the arterial wall was not captured. Thus, the fiber orientation
distributions may not reflect the full structure of arterial wall. Also, averaged data were
used, but ultimately subject-specific data will be more clinically relevant. Finally, fiber
orientation and recruitment were measured in 2D instead of 3D, but a previous 3D study
concluded that a planar assumption is justified since fibers were almost all less than 5°
out of plane (Hill et al., 2012).
5.6 Summary

In this chapter, a structure-based constitutive model successfully predicted
changes to biaxial arterial mechanics considering the contribution of GAGs to fiber
recruitment. The model incorporates medial elastin, medial collagen, and adventitial
collagen fiber distributions, recruitment, content, and fiber properties to determine tissue-
level biomechanical function. Enzymatic GAG depletion shifts collagen fiber recruitment

to lower levels of stretch with a corresponding earlier nonlinear stiffening. Additionally,
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successful fitting and predicting was accomplished with a small set of physically
meaningful material parameters related to the structure and properties of the ECM
constituents. This model has clinical and physiological relevance to understanding
mechanisms that lead to arterial stiffening with associated alterations in GAG content
such as aging, diabetes and atherosclerosis. Our study provides new understandings on
the relationship among ECM constituents, elastin, collagen, and GAGs, and how they

contribute to mechanics, which may affect vascular homeostasis and mechanobiology.
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CHAPTER 6 ONGOING RESEARCH: EFFECT OF AGING AND DIABETES ON
HUMAN AORTIC STRUCTURE AND MECHANICS
6.1 Overview

This chapter extends our experimental expertise gained from testing porcine blood
vessels and applies our skills to human thoracic aorta from diabetic and age-matched
control donors. A framework is established for this research to be continued with a
greater sample size and more conclusive findings. Results to date show the aorta
thickness increases with age and diabetes seemingly due to intimal thickening and
increased, but less organized discontinuous lamellar spacing. With increasing age,
collagen/elastin ratio also increases, adventitial collagen fibers are straighter at each level
of stretch, and tangent modulus generally increases. Percent stress relaxation and
relaxation rate also increased with age, but surprisingly not with diabetes.

6.2 Introduction

As of 2014, an estimated 387 million people have diabetes worldwide, and the
number is expected to rise to 592 million by 2035 (WHO, 2004). With the number of
people with diabetes rising exponentially, this disease represents one of the greatest
medical and socioeconomic challenges worldwide. Diabetic patients are often at high risk
of developing cardiovascular diseases (CVDs). In fact, diabetic patients are two to four
times more likely to have heart disease or a stroke than nondiabetic subjects
(“Cardiovascular Disease & Diabetes,” 2015). Whether in type | or type Il diabetes,
vascular complications represent the leading cause of morbidity and mortality in diabetic

patients. Diabetic patients frequently show signs of accelerated atherosclerosis and age-
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associated arterial stiffening (Chaturvedi, 2007). Recent studies investigating the
association between diabetes and arterial stiffness have consistently shown that diabetic
patients have stiffer arteries than nondiabetic subjects (Stehouwer and Ferreira, 2006).
Altered extracellular matrix (ECM) structure and composition is identified as one of the
main factors attributing to stiffening of the arterial wall in diabetic patients. The structural
and biochemical alterations in diabetic vasculature are complex, and the resulted ECM
mechanics in and the molecular mechanisms remain poorly understood (Schram et al.,
2004; Sun et al., 2009).

There are many biochemical changes in the long-lasting ECM structural proteins
with aging and diseases (Lillie and Gosline, 2002; Sell and Monnier, 2012; Zarkovic et
al., 2015). Non-enzymatic glycation, the reaction between glucose and the ECM proteins,
is magnified in diabetic patients (Lillie and Gosline, 1996; Winlove et al., 1996; Winlove
and Parker, 1990). It is one of the main mechanisms of ageing of the long-lived ECM
protein, and has been shown to correlate with the severity of diabetic complications
(Vishwanath et al., 1986; Vlassara et al., 1986), and to accelerate the age associated
stiffening of arteries in diabetic patients (Cameron et al., 2003). Despite the documented
biochemical modifications of ECM and their association with CVD, their effect on the
biomechanical functionality of ECM remains poorly understood. Such knowledge is
integral to understanding the ECM performance in living biological systems. In this
Chapter, we build upon our previous work on ECM imaging and mechanical
characterization; results from ongoing work on ECM mechanics in diabetes will be

presented.
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6.3 Materials and Methods

6.3.1 Sample Preparation

Human descending thoracic aortae were obtained from National Disease Research
Interchange (NDRI). Duplicate square samples (~30x30 mm) were cut from each donor.
Samples were cut with one edge parallel to the longitudinal direction and the other edge
parallel to the circumferential direction of the aorta. We have received cylindrical
sections (7 cm in length) of human proximal descending thoracic aortas, 15 from non-
diabetic donors and 15 from type Il diabetic donors. From each of the cylindrical
sections, we will obtain 2 samples for a total n=60. To explore the effect of aging, each
group will be subdivided into 5 aortas from the following age groups: 18-40, 41-60, 61—
100. NDRI harvests the aortas from cadavers within 12 hours of death and snap freezes
the specimens in liquid nitrogen, which are then shipped on dry ice overnight and stored
in a -80°C freezer upon receipt. Exclusion criteria include: history of cancer, connective
tissue diseases, alcoholism, daily tobacco use, intravenous drug use, glucocorticoid

treatment, sepsis. In this preliminary study, 8 samples from 4 donors were studied.

6.3.2 Histology
Movat’s pentachrome stain was used to compare the overall structural

composition of aorta. Refer to Chapter 2.2 for details.

6.3.3 Biochemical assays
For the elastin and collagen assays, adjacent tissue from each blood vessel next to

where biaxial samples were cut was used. Refer to Chapter 2.3 for further details. GAG



80

content was quantified with dimethylmethylene blue assay read at 525 nm after using

papain digestion of tissue to free GAGs for dye-binding (Stone et al., 1994).

6.3.4 Biaxial Tensile Test
Refer to Chapter 2.4 and 2.4.1 for the biaxial tensile testing protocol. For this
experiment, samples were subjected to a 200 N/m equibiaxial loading condition to

characterize the anisotropic mechanical behavior.

6.3.5 Multiphoton Microscopy

Refer to Chapter 2.5 for multiphoton microscopy imaging. Samples in this
experiment was imaged with a Carl Zeiss LSM 710 NLO microscope system equipped
with a Coherent Chameleon Vision—S tunable femtosecond IR pulse laser with an
excitation wavelength of 800nm. Power was tuned to approximately 11% of 1900mW,
not including attenuation from the optics. Each sample was imaged with a field-of-view
of 425 pum at five locations spread over an area of 1 cm?2. Aorta samples were imaged at
0, 5, 10, 20, and 30% equibiaxial grip-to-grip strain. The images were then used in the
analysis of fiber straightening and recruitment in response to mechanical loading.

Samples were also embedded in optimal cutting temperature (OCT) compound
and sliced in 100 pm increments on a microtome-cryostat for through-thickness medial
imaging. Intimal and medial thickness were determined from histology and images were
collected at five evenly spaced locations from the inner media, midl, mid2 (middle),

mid3, and outer media.
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6.3.6 Imaging analysis
Fiber orientation and frequency of fiber angle were 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. Adventitial collagen
fiber waviness was quantified with NeuronJ (imagescience.org/meijering/
software/neuronj) by measuring the end-to-end distance (Lo) and total fiber length (L), to

define a straightness parameter:

P. = LO/Lf
which is equal to 1 for a straight line (Chow et al,, 2014).
6.3.7 Statistical Analysis

Blood vessel thickness, collagen and elastin assay results, mechanics data, and
straightness parameter are summarized and plotted with mean + standard error of the
mean. Two-tailed independent t-tests were used for analysis with p<0.05 considered as
statistically significant.

6.4 Results

Donor data is summarized in Table 6.1. In general, arterial thickness increases
with age and diabetes, though 08315 and 10618 had hypertension, which also contributes
to arterial wall thickening.

Table 6.1. Summary of donor data. Thickness is mean £ SEM of the duplicate samples.

NDRI# | Age | Sex |Height | Weight |Thickness (mm)] Diabetes [Hypertension

09486 | 24 | F 64" | 176 lbs. | 1.25 £0.01 N N
08315 | 44 | F 62" 1209 Ibs.| 1.53 +0.03 N Y
08484 | 57 | F 66" | 1151bs. | 1.48 £0.05 N N
10618 | 58 | M 727 1165 1bs.| 1.96 £0.12 Y Y
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Movat’s histological stain for each nondiabetic donor is shown in Figure 6.1.
09486 is a young, healthy aorta. Similar to what we have seen in porcine aorta (Figure
4.2): the intima makes up a small portion of the thickness and the media has regularly
spaced elastic lamellae (black) with an adventitial collagen (yellow) outer layer. The
older donors are thicker overall with thicker intima, and less regular continuity but

increased spacing of the elastic lamellae.

09486 age:24

Figure 6.1. Movat’s histological stain of through-thickness aorta for different ages. Intima is
to the left of the image and adventitia is to the right. Adventitia is mostly collagen (yellow),
and media has layers of elastic lamellae (black) interspersed with GAGs (blue) and smooth
muscle cells (dark red). Scale bars are 100 pm.

Biochemical assays complement the histology of ECM structure with relative
ECM content of collagen, elastin, and GAGs (Figure 6.2). Collagen and elastin comprise
most of the ECM, while GAGs make up a smaller fraction for all donors. The

collagen/elastin ratio increases significantly (p<0.0.5) with age.
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Figure 6.2. Biochemical assays for collagen, elastin, and GAG content for each donor. The
collagen/elastin (C/E) ratio significantly (p<0.05) increases with age.

Results from mechanical testing show that the younger donor has less inter

sample variability and is generally more compliant than older donors, except 08315 in the

circumferential direction (Figure 6.3). Tangent modulus was obtained by taking the

derivative of a 5" order polynomial fit to the stress-stretch data. Samples from the

diabetic donor had similar stiffness to the age-matched nondiabetic donor.
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Figure 6.3. Stress-stretch data and corresponding tangent moduli of the circumferential and

longitudinal directions for each sample.

Stress relaxation data also provide insight into the effect of aging and diabetes on

viscoelastic behavior of aorta (Table 6.2). The rate of relaxation was obtained from the

semi-log plot. 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). The oldest nondiabetic donor had the fastest relaxation rate and highest percent

stress relaxation. Surprisingly, the diabetic samples were similar to the young donor with

slower relaxation rate and less percent relaxation, but this may be due to the low initial

stress.
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Table 6.2. Stress relaxation rate and percent relaxation for each sample.

Circumference Longitude
Sample | Initial ¢ (kPa)|Relaxation Rate| % Relaxation [Relaxation Rate| % Relaxation
09486-3 160 1.36 8.90 1.53 9.14
09486-4 155 1.23 8.01 1.77 10.74
08315-1 135 1.81 13.16 2.10 13.37
08315-2 140 1.96 13.80 2.22 12.28
08484-2 150 5.90 25.26 7.54 36.28
08484-3 140 431 21.48 5.21 28.15
10618-1 95 1.08 10.29 1.05 10.09
10618-2 115 1.33 9.17 1.34 10.14

Quantitative analysis of the multiphoton images provides information about

adventitial collagen fiber recruitment (Figures 6.4, 6.5). The oldest donor had

significantly (p<0.05) straighter adventitial collagen fibers (Figure 6.4), which supports

the mechanics data that 08484 has higher tangent moduli than the younger donors (Figure

6.3). Straightness parameter distributions at each level of stretch show that the older

donors tend to have straighter adventitial collagen fibers that get recruited at lower levels

of stretch (Figure 6.5).
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Figure 6.4. Straightness parameter of each donor. For undeformed samples, the oldest
donor (08484) has significantly (p<0.05) straighter adventitial collagen fibers than the

younger donors.
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Figure 6.5. Straightness parameter distributions of adventitial collagen for each level of
stretch for each donor. The number of fibers in each bin were normalized to the total
number of fibers traced for each level of stretch for each donor.

Fiber orientation distributions were quantified from the multiphoton images using

fast Fourier transform analysis for adventitial collagen, medial collagen, and medial

elastin from nondiabetic and diabetic samples (Figure 6.6).
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Figure 6.6. Fiber orientation distributions for adventitial collagen, medial collagen, and
medial elastin for nondiabetic and diabetic donors at each level of stretch.

Due to the thickened intimal layer, it is likely that the “medial collagen” and
“medial elastin” presented in Figure 6.6 are actually from the intimal layer. Detailed
structural information are provided from multiphoton imaging throughout the medial
thickness (Figures 6.7, 6.8). For each donor, collagen and elastin were imaged at five
locations throughout the medial thickness. Representative images from the inner media
(Figure 6.7) are shown. Donor 08315 with hypertension was lacking the shift from
circumferentially to longitudinally oriented fibers at the inner media observed in the

normotensive donors (Figure 6.8).
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Figure 6.7. Multiphoton images of collagen and elastin at the inner media for each donor.
Horizontal is circumferential (C) and vertical is longitudinal (L). Images are 425x425 pm.
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6.5 Discussion

Aging and disease can have profound effects on the mechanical properties of
blood vessels. In this study, human donors were divided into age groups of 18-40, 41-60,
and 61-100 with age-matched controls for diabetes. Compared to younger arteries, older
arteries generally have a thicker intima, larger interlamellar spacing, with less organized,
discontinuous lamellae (Figure 6.1). Increasing arterial thickness with age (Schriefl et al.,
2012) and the thickness range of 1.25 to 1.96 mm is consistent with other research
(Roccabianca et al., 2014; Schriefl et al., 2012). Consistent with existing literature
(Tsamis et al., 2013), the collagen/elastin ratio also significantly (p<0.05) increases with
age (Figure 6.2), However, GAG content was not significantly different.

Older arteries are generally stiffer, but the diabetic aorta was not stiffer than the
age-matched control (Figure 6.3). Our results support a similar previous study of
descending aorta planar biaxial mechanics for ages 0-30, 31-60, and 61+ (Haskett et al.,
2010). A cyclic tension of 120 N/m was used compared to 200 N/m in the present study
and our range of tangent moduli overlap, but also contain higher values due to higher
loading (Table 6.3). Our results are also in general agreement with previous data sets of
descending thoracic aorta mechanics compiled and standardized by the authors
(Roccabianca et al., 2014). A recent study also found that descending thoracic aorta from
donors older than 55 years generally had stiffer biaxial mechanics compared to donors
younger than 40 years (Taghizadeh and Tafazzoli-Shadpour, 2017). Furthermore, despite
using uniaxial tension, previous studies found a similar range of stretch for nonlinear

stiffening as well as the longitudinal direction generally being stiffer than the
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circumference (Garcia-Herrera et al., 2012; Pierce et al., 2015).

Table 6.3. A comparison of stiffness from the four samples in the present study to age
groups of a previous study (Haskett et al., 2010).

Age | Circumference Stiffness (MPa) | Longitude Stiffness (MPa)
24 0.35-1.41 0.25-1.10
44 0.21-1.41 0.36-1.92
57 0.25-2.29 0.16-5.73
58 0.21-2.12 0.35-4.70
0-30 0.60-0.75 0.60-0.70
31-60 1.05-1.55 1.50-2.60
61+ 1.25-1.65 3.7-4.85

The total percent and rate of stress relaxation generally increase with age, but
surprisingly, the diabetic aorta, had less total percent stress relaxation than the age-
matched control (Table 6.2). The percent stress relaxation was in the range of other
studies such as ~15% for ascending aorta of 42-51 year olds (Craiem et al., 2008) and
~20% for cerebral artery of 28-32 year olds (Li et al., 2013). Some of this difference may
be attributed to the fact that the diabetic samples were thicker and because the test is
tension-controlled, the initial stress level was lower, which can result in less relaxation
(Zou and Zhang, 2011).

The straightness parameter results (Figures 6.4, 6.5) suggest that aging results in
straighter adventitial collagen fibers that get recruited at lower levels of stretch and
correspond with the nonlinear stiffening of stress-stretch data in Figure 6.3. However,
there weren’t any obvious differences in fiber orientation distribution between

nondiabetic and diabetic donors (Figure 6.6). A previous study used small-angle light
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scattering validated with multiphoton imaging to suggest a general circumferential fiber
orientation of descending aorta for all ages, but increasing alignment with age (Haskett et
al., 2010). However, another study used polarized light histology and found diagonally
oriented fiber families throughout the thickness (Schriefl et al., 2012). Through-thickness
analysis in the present study revealed that the nondiabetic hypertensive aorta (08315)
seemed to lack a longitudinally oriented inner media observed in the other donors
(Figures 6.7, 6.8). It is possible that the through-thickness sectioning missed the internal
lamina, but looking at the histology, the location of where the lamina could be expected
is less organized and blends more with the thickened intima (Figure 6.1).

6.6 Summary
This ongoing study has revealed interesting results combining microstructure
quantification with biaxial mechanics. Standard techniques of histology and biochemical
assays show typical changes with aging such as thicker aorta with higher collagen/elastin
ratio. Multiphoton imaging allows for quantification of medial elastin, medial collagen
and adventitial collagen fiber orientation as well as adventitial collagen fiber recruitment.
Samples from the oldest donor showed fiber recruitment at lower levels of stretch,
consistent with the biaxial mechanics showing the same samples having higher stiffness
at lower levels of stretch. Rate of stress relaxation and total percent stress relaxation also
seem to increase with age, but not with diabetes. However, increasing the sample size is

necessary before drawing conclusions of clinical and physiological relevance.
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CHAPTER 7 CONCLUSIONS AND OUTLOOK
7.1 Conclusions

Elastin and collagen fibers are the major load-bearing ECM constituents of the
vascular wall. Our research compared the relationship between biaxial mechanical
function and ECM structure of porcine thoracic aorta and inferior vena cava. Our study
suggests that aorta contains slightly more elastin than collagen due to the cyclical
extensibility, but vena cava contains almost four times more collagen than elastin to
maintain integrity. In addition to differences in relative ECM content, ECM fiber
orientation and recruitment varied between vena cava and aorta. In vena cava, elastin is
longitudinally oriented while collagen is primarily circumferentially oriented and
recruited at supraphysiologic stress, but low levels of strain. However in aorta, elastin is
distributed uniformly and the primarily circumferentially oriented collagen is recruited at
higher levels of strain than vena cava. These structural differences support the highly
anisotropic mechanics of vena cava with the longitude being more compliant than the
stiff circumferential direction.

While studies often focus on the contribution of elastin and collagen fibers to the
mechanics of blood vessels, we also considered the role of GAGs. 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.
Our research found that GAGs also affect arterial mechanics by influencing ECM fiber
recruitment. Enzymatic GAG depletion results in straighter fibers that are recruited at

lower levels of stretch, which corresponds to a shift in nonlinear stiffening to lower levels
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of stretch for arterial mechanics. A structure-based constitutive model that incorporated
relative ECM content with fiber orientation and recruitment successfully predicted the
changes in mechanics due to structural changes after GAG depletion. The model
parameters were determined using the untreated structural measurements to fit the
untreated biaxial stress-stretch data. Then using the same parameters with GAG depleted
structural measurements, the GAG depleted stress-stretch data was successfully predicted
for porcine thoracic aorta.

Our research coupling multiphoton structure quantification with rigorous biaxial
mechanical testing and structure-based constitutive modeling has been expanded to study
human thoracic aorta from diabetic and age-matched control donors. Aging correlates
with thicker aorta, higher collagen/ratio, straighter adventitial collagen fibers, stiffer
mechanics, and more stress relaxation at a faster rate. Whether it is due to differences in
blood vessel type, GAG depletion, aging or disease, straighter collagen fibers strongly
correlate with stiffer mechanics in the direction that the fibers are oriented. Differences
due to diabetes will need to be established with a larger sample size.

7.2 Outlook

The contribution of each structural aspect (e.g., relative ECM content, fiber
orientation, fiber recruitment) to mechanics can be intuitive, but a more complex
relationship emerges when necessarily considering all aspects together due to interaction
effects. A reductionist approach is useful for establishing a framework, but it can be
difficult to isolate effects of each component from interactions among components. Using

new technology is helpful and maintaining rigorous quantification and characterization is
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necessary. It is important to pair validated structure-based models with experimental
mechanics and test predictions in a continually improving cycle.

Our structure-based constitutive model could be expanded to include changes in
elastin recruitment or through-thickness structural variations. Analysis of microstructure
can be continued in 3-D and ECM volume can be mapped. Furthermore, our research
could incorporate residual stress or be applied to growth and remodeling. Additionally,
the relationship between GAGs and hydration or osmotic conditions can be explored,
potentially with GAG-specific depletion or a mouse GAG-knockout model. Fundamental
research is essential, but because there are endless possibilities of research questions, it is
important to be guided towards translational research.

Our robust techniques can be applied to other arteries and veins, possibly from
different animal models or different diseases. There is a need to establish a baseline
characterization to understand native, healthy tissue to be able to understand pathologic
changes and how to restore vital conditions. This same knowledge can provide essential
benchmarks for the emerging field of tissue engineering, opening the way for more
collaboration with tissue engineers and considering the mechanobiological effect of ECM

multiscale strain transfer on cellular activity.
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