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Abstract

Pregnancy is a volume overload state accompanied by functional cardiac hypertrophy.
Interestingly, cardiac remodeling in pregnancy is distinct in its absence of myocardial
fibrosis, which is a common characteristic of pathological cardiac hypertrophy. Collagen-
specific remodeling of the myocardium can be discerned by decellularization — the removal
of cellular components whilst preserving the extracellular matrix (ECM). Unfortunately,
decellularization techniques, such as freeze-thawing and detergents, have the potential to
damage the structural-mechanical integrity of the ECM, particularly the collagen network.
The objectives of this study were (i) to characterize myocardial remodeling throughout
pregnancy & post-partum in the maternal bovine, and (ii) to characterize myocardial
collagen remodeling throughout pregnancy & postpartum by selecting a decellularization
technique that preserves collagen structure and mechanics.

Fresh hearts from pregnant and previously pregnant cows were dissected, excising the left
ventricle. Slices were obtained from the middle-third of the left ventricular free wall.
Uniaxial tensile testing was performed to measure tissue extensibility, ultimate strength,
and high-strain stiffness. Collagen denaturation temperature, load-decay half-time, and
immature crosslink index were measured using hydrothermal isometric tension testing with
sodium borohydride stabilization. Myocardial collagen content was quantified using the
Sircol Collagen Assay. Samples were paired to assess the effects of freeze-thawing on
collagen thermomechanical properties, and to assess the effects of Tergitol 15S9
decellularization on myocardial collagen.

This study has demonstrated mechanical adaptations of the maternal myocardium during
pregnancy — significant increases in UTS and extensibility. Accompanying those
transformations were reductions in myocardial collagen thermal stability and mature
crosslinking. Together, myocardial remodeling in pregnancy is a functional process
allowing the myocardium to expand to accommodate the blood volume overload state,
without compromising structural-mechanical integrity. Importantly, this study suggests that
myocardial remodeling leads to a permanent loosening of the myocardial collagen network
in postpartum, with a persistent increase in extensibility and the replacement of mature
with immature collagen crosslinks.

Additionally, freeze-thawing was found to reduce myocardial collagen thermal stability,
but only in tissue from pregnant cows, whereas Tergitol treatment reduced myocardial
thermal stability only in tissue from previously pregnant cows. Hence, the slackened
collagen network in postpartum may result in protection from the deleterious effects of ice
expansion during freeze-thawing, but increased permeability & susceptibility to the effects
of Tergitol. Finally, this work suggests that Tergitol alone is not an effective
decellularization agent, as cell nuclei were not completely removed following treatment.

This work has shown for the first time, pregnancy-induced collagen remodeling in the
maternal bovine myocardium. Nevertheless, the long-term implications of myocardial
collagen remodeling in pregnancy remain to be elucidated, and may offer insight into
prevention and management of cardiac disease in parous women.
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Chapter 1 Introduction
1.1 The Myocardium

Myocardial Function

The myocardium is the muscular layer of the cardiac wall, responsible for the
heart’s pumping action. The myocardium autonomically contracts and relaxes 100,000
times per day, capable of minute adjustments in strength and rate [1]. During cardiac
systole, the myocardium contracts causing the ejection of blood from the ventricles into
circulation; during cardiac diastole, the myocardium relaxes allowing for the heart to fill
with blood [1]. The rhythmic contraction and relaxation of the myocardium is effectuated

by its cellular and extracellular components [2].

Myocardial Structure & Composition

The functional cells of the myocardium are the cardiomyocytes - 2-3 billion
contractile cells occupying 70% of the myocardial volume [3]. Following birth,
cardiomyocytes expand, rather than multiply, to allow for heart growth [I1].
Cardiomyocytes are interconnected via intercalated discs, which are specialized gap
junctions that allow for rapid transmission of electrical signals between neighbouring cells
to elicit a coordinated contraction [3]. The contractile unit of the cardiomyocytes is the
sarcomere, which is composed of thick and thin filaments, giving a striated appearance. It
is the sliding of filaments that results in a muscle contraction [4]. Hence, the sarcomere
length ranges from 2.2pm to 1.5 um during the cardiac cycle, lengthening during diastole
and shortening during systole [5].

Cardiomyocytes are enmeshed in a network of extracellular matrix (ECM) proteins,
including elastin, proteoglycans, and collagen (Fig. 1.1) [6]. The ECM serves as a scaffold
to influence the structure and function of the myocardium. ECM proteins, primarily
collagen fibres, are interwoven around and between the cardiomyocytes [7], [8]. This
network of collagen connects layers of cardiomyocytes together, and also interconnects
adjacent cardiomyocytes [9]. ECM-cardiomyocyte adhesion is mediated through integrin

proteins, which are transmembrane receptors located circumferentially along the



cardiomyocyte in regions between adjacent sarcomeres [9]. In this way, the ECM is linked
to the contractile unit of the cardiomyocyte. Cardiomyocytes, together with ECM proteins,
have an important role in determining myocardial mechanics [1].

Organ Tissue 7 Cell

—— Myofibril ¥ cCostamere 0 Gap Junction

«w Microtubule @ AdherensJunction e Desmosome

Extracellular Matrix * Nucleus

Figure 1.1. The myocardium is composed of cardiomyocytes enmeshed in dynamic meshwork of
proteins (such as elastin, proteoglycans, glycoproteins, and collagens) that both provide structural
support. Each cardiomyocyte contains repeating contractile units called sarcomeres, which give a
striated appearance to the cell [10]. Reproduced with permission from Springer Nature.

ECM proteins are dynamic and serve a multitude of functions in addition to
providing structural support, such as assisting in cell signalling via release of growth factors
[11]. Cells attached to the ECM can sense changes in cardiac loading conditions and
respond by remodeling of the ECM [12]. As cardiomyocytes are terminally differentiated
cells with negligible regenerative capacity, ECM remodeling is a necessary response to
myocardial injury [1]. Alterations in the abundance and organization of proteins within the
ECM can result in major changes to the heart’s mechanical properties, which has important
implications for the management and prevention of cardiac diseases [11]. In particular,
collagen has been implicated in both physiological [2], [7], [13]-[16] and pathological
[17]-[21] myocardial adaptations.

1.2 Collagen

Structural Properties of Collagen

Collagen is the major structural protein of the ECM. Structurally, the collagen
molecule consists of three polypeptide a-chains, left-handed coils rich in glycine and
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proline amino acids [22]. A right-handed superhelix, stabilized by hydrogen bonds, is
formed from the three a-chains, and this rod-like structure contributes to the mechanical
stiffness and strength of the molecule. Indeed, collagen assists in maintaining tissue shape
by providing a binding scaffold to cellular and extracellular components [22].

Collagen molecules are secreted from fibroblast cells and undergo a series of post-
translational modifications [22]. These modifications include the hydroxylation of proline
and lysine residues. Hydroxylation of proline increases the thermal stability of the
superhelix through the formation of hydrogen bonds, whereas hydroxylation of lysine
produces hydroxylysine residues, which provide sites for the formation of intermolecular
cross-links [22].

The thermal stability of the collagen superhelix has been described by the polymer-
in-a-box model (Fig. 1.2) [23]. At a certain temperature called ‘denaturation temperature’,
the hydrogen bonds between alpha chains, in a region of the collagen molecule called the
‘thermally labile domain’ are disrupted, causing the molecule to unfold (Fig 1.2A) [23].
Thermal stability is affected by the packing of collagen molecules, with tightly packed
molecules constraining the thermally labile domain (Fig 1.2B), which increases the
denaturation temperature [23]. During conditions of collagen turnover or remodeling, the
spacing between molecules is thought to increase, reducing thermal stability and leading

to lower denaturation temperatures [23].

(A) @ ) @ +«— Collagen Molecule

Thermally Labile
Domain

(B) S g

Figure 1.2 According to the polymer-in-a-box model (A) increased spacing between collagen
molecules leaves the thermally labile domain unconstrained resulting in lower thermal stability,
but (B) tighter packing of collagen molecules constrain the thermally labile domain and increases
thermal stability [23]. Reproduced with permission from Elsevier.
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Cross-links form between lysine residues on adjacent collagen molecules, in a
reaction catalyzed by the enzyme lysyl oxidase (LOX) (Fig. 1.3). Divalent ‘immature’
cross-links may further react with a third collagen molecule, producing a trivalent ‘mature’
cross-link [22]. Cross-links enhance the connectivity within the collagen network, which
delays molecular slippage under conditions of tensile strain; this results in increased
stiffness and strength [22]. Alterations in collagen content, cross-links and density, affect
mechanics.

a. N «'}_"_W T

Cross-link

Tropocollagen 3 a-chains

molecule
Collagen fibril
b. c. QQ% m% R
N = (
Maturation
i 7 3] (‘ (Il
: 15 (tlme)

I< ).( >| ~J) )sﬁ.’&
Gap Overlap
1€ . >
D-period Immature divalent Mature trivalent
cross-link cross-link

Figure 1.3 The collagen molecule, known as the ‘superhelix’, consists of 3 coiled a-chains
stabilized by hydrogen bonds. Molecules self-assemble into collagen fibrils, with immature
divalent crosslinks forming between adjacent molecules. As the tissue matures, immature crosslinks
are enzymatically converted into mature trivalent crosslinks [5]. Reproduced with permission from
Elsevier.

Collagen molecules 'self-assemble’ into fibrils in a quarter-staggered arrangement,
resulting in repeated regions of overlaps about 67 nm, called D-bands; fibrils further bundle
to form collagen fibers, which often assume a wavy morphology termed ‘crimp’ [22]. The
structure and arrangement of collagen result in both intrinsic and form birefringence, an
optical phenomenon whereby light entering a material is refracted into two rays which may
travel at different velocities [24], [25]. Intrinsic birefringence is derived from the
anisotropic molecular structure of collagen [26]. Form birefringence is derived from the
anisotropic arrangement of fibres in tissue, and accounts for 80-95% of collagen

birefringence [26]. Birefringence is observed under polarized light microscopy, showing

alternating light and dark transverse bands throughout collagen fibres, representing crimp



[27]. When collagen fibres have been straightened and crimp removed, the intensity of
birefringence is reduced [27]. Birefringence intensity is also dependent on collagen fiber

density and arrangement [26], [27].

Mechanical Properties of Collagen

Collagen mechanical properties are highly dependent on its structural properties.
Collagen is stiff and strong when fibres are engaged, but in most soft tissues, fibres are
crimped at low-to-moderate stresses [16]. Collagen crimp increases the extensibility of the
fibers. As reflected in the ‘toe’ region of a typical stress-strain curve, collagen does not bear
loads until the crimp has been straightened [28]. The toe region allows collagen to sustain
large reversible deformations without rupture [15]. In general, highly aligned collagen
fibres result in a stiffer tissue, whereas disoriented fibers contribute to a more extensible
tissue [29]

Cross-links have significant effects on the mechanical properties of collagen fibrils,
by delaying molecular slippage under conditions of tensile loading [14], [30]-[34]. As a
result, collagen cross-links increase stiffness, strength, and toughness of fibrils [30].
Increasing cross-link density will increase fibril stiffness and strength through increases in
the connectivity of the collagen network [30]. Crosslink maturity also affects collagen
mechanical properties. A collagen fibril containing a density of 40% mature cross-links
will have an ultimate stress of 0.75 GPa, whereas a fibril containing a density of 40%
immature cross-links will have an ultimate stress of 0.50 GPa [30]. This differential
behaviour is due to the enhanced intermolecular connectivity of mature trivalent cross-
links compared to immature divalent cross-links.

There are several types of collagens, and the composition of the collagen network
dictates tissue mechanical properties. In the cardiac ECM, collagen type I is the most
common isoform and constitutes 85% of its volume [29]. Collagen I is characterized by
more stiff, well-structured fibres, important for preventing overstretching of tissue by
resisting tension. On the contrary, collagen type III, accounting for 11% of the cardiac
ECM, is more compliant and is thought to be important for providing distensibility [35].
For example, reduced tissue compliance may be attributable to increases in total collagen

content and in the Col I/Col III ratio [29]. Therefore, collagen remodelling, via alterations
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in collagen types, will have significant effects on cardiac passive mechanics, and resulting

function.

Role of Collagen in Ventricular Function and Disease

Collagen has a critical role in maintaining myocardial function. Collagen is aligned
in parallel with cardiomyocytes, attaching via integrin proteins within the intercalated disc
region of the cells [9]. During diastole, collagen fibers first uncrimp, then resist tension to
allow the myocardium to expand without overstretching cardiomyocytes [36]. Studies on
left ventricular endomyocardial biopsies have found that increased collagen crosslinking,
assessed via colorimetry, was associated with increased myocardial stiffness and decreased
ejection fraction [21]. A stiffened myocardium will be unable to sufficiently stretch to
accommodate the blood, resulting in lower end diastolic volumes [21]. By contrast, rat
hearts treated with collagenase exhibited increased left ventricular volumes at all pressures
compared to control hearts (0.265 +/- 0.061 mL vs 0.203 +/- 0.061 mL at 5 mmHg) [37].
Indeed, collagen is an important contributor to the passive tension of the myocardium
during diastole, particularly at larger deformations [13].

Further, collagen surrounds and interconnects adjacent bundles of cardiomyocytes,
transmitting force and ensuring a proper cellular alignment to coordinate contractions [38].
Animal studies have found that myocardial collagen degradation reduces systolic force
development, even when cardiomyocyte contractility is unchanged [39]. Human studies on
left ventricular endomyocardial biopsies have found that myocardial collagen content is
reduced by 28% in systolic heart failure patients, compared to healthy controls [40].
Further, myocardial protein expression of matrix metalloproteinases (MMPs), enzymes
that degrade collagen, is significantly increased in patients with systolic heart failure, which
is significantly negatively correlated with ejection fraction [40]-[42]. Thus, remodeling of
the myocardial collagen matrix can also affect systolic performance, by reducing force

generation capacity and weakening the myocardium [39].

Collagen Remodeling in Pathological Volume Overload

Volume overload refers to a state of increased blood volume, necessitating

adaptation of the ventricle [43]-[46]. Volume overload raises end-diastolic ventricular wall



stress, which leads to eccentric cardiac hypertrophy: chamber enlargement disproportionate
to myocardial mass [46]. Collagen remodelling serves initially as a compensatory response
to pathological volume overload [43]-[46]. In eccentric cardiac hypertrophy, there is rapid
collagen degradation, which increases chamber diameter and compliance, which precedes
cardiomyocyte elongation [46]. Twelve hours following induction of volume overload, via
aortocaval fistula, in rats, left ventricular end-diastolic diameter is increased by 20% and
collagen volume fraction is decreased by 75%, but there is no change in cardiomyocyte
length [46]. After 8 weeks, collagen volume fraction remains at 30%, whereas
cardiomyocyte length increases just 9% compared to controls [46]. Stretch of cardiac
fibroblasts is a mechanical stimulus that increases collagen degradation and may potentiate
this rapid response to volume overload [47].

Mechanically, after 8 weeks of volume overload, induced via arteriovenous fistula,
there is an increase in extensibility and a decrease in ventricular stiffness in rats, seen as a
right-ward shift and decreased slope of the pressure-volume curve (Fig. 1.4) [45]. As the
left ventricle is anisotropic, mechanical adaptations are more pronounced in the direction
of the collagen fibers - the circumferential direction - compared to the longitudinal
direction [44]. Taken together, collagen degradation during the acute stages of volume
overload, increases the diameter and decreases the stiffness of the ventricle, to increase

end-diastolic volume [46].
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Figure 1.4 Left ventricular pressure-volume curves from rats showing mechanical adaptations to
pathological volume-overload [45]. Reproduced with permission from The American Physiological
Society.



Unfortunately, as volume overload progresses, collagen degradation contributes to
decompensated ventricular failure due to reduced force transduction [48]. Further,
ventricular wall thickness does not increase proportionally to diameter, increasing wall
stress as per the Law of Laplace [48]. Therefore, chronic volume overload imposes a
mechanical disadvantage on the ventricle, resulting in systolic failure. In sum, collagen

remodeling has both compensatory and adverse effects in pathological volume overload.

1.3 Cardiac Adaptations to Pregnancy

Amazingly, volume overload in pregnancy is a physiological state, as the
cardiovascular system is able to compensate for the increased blood volume without major
adverse effects on the mother. [49]. Indeed, a 45% increase in blood volume is observed in
the maternal vasculature, with expansion of plasma volume and increased number of blood
cells to supply blood to the placenta [50]. There is an increase in peripheral vasodilation,
resulting in a 25-30% decrease in vascular resistance [50]. Heart rate also increases,
reaching its maximal in the third trimester [50]. These hemodynamic changes in the
maternal vasculature begin early in pregnancy, with a 20% increase in cardiac output by
eight weeks’ gestation [51]. By term, volume expansion, decreased total peripheral
resistance, and increased heart rate, contribute to a 40 % increase in cardiac output [51].
Pregnancy is a unique time to study cardiac remodeling, particularly of the collagen
network, to elucidate the mechanism by which the maternal cardiovascular system adapts

to volume overload for survival of both mother and child.

Ventricular Remodeling in Pregnancy

Pregnancy induces a functional cardiac hypertrophy, as the thickness and diameter
of the ventricular wall are proportionately increased [52]. In human pregnancy, the left
ventricle has been found to sustain a 15-25% increase in thickness beginning at 12 weeks
of gestation [50]. By the third trimester, left ventricular mass is increased by 50% [52].
Cardiac hypertrophy in pregnancy occurs via a 12.4% increase in length of cardiomyocytes,

enhancing the working capacity of the ventricles by reducing or maintaining wall stress
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[53], [54]. Additionally, left ventricular end-diastolic volume is increased 10.5% during
pregnancy, and is significantly positively correlated with cardiac output [54]. Therefore,
hypertrophy of the left ventricle serves an important function for cardiac adaptation to
volume overload in pregnancy — increasing cardiac output.

Studies on systolic function in pregnancy have been largely based on ejection
fraction, a load-dependent parameter not entirely reflective of myocardial contractility,
which has resulted in discrepant results [54]-[56]. As such, systolic function has been
reported as slightly enhanced, slightly depressed, and unchanged [54]-[56]. Another
parameter of systolic function, myocardial strain, can be assessed using speckle-tracking
echocardiography (STE) to measure myocardial deformation in the longitudinal,
circumferential, and radial dimensions [57]. STE studies show that longitudinal and
circumferential strain is significantly reduced in pregnancy, beginning at the first trimester.
Conversely, radial strain is significantly increased, balancing the changes in the other
directions to preserve ejection fraction [57].

Diastolic function, which can be measured in terms of diastolic flow velocity, is
dependent on myocardial relaxation and passive properties — size and stiffness [58]. In
normotensive human pregnancies, left ventricular diastolic function is enhanced during the
first trimester, with increased filling velocities, and then progressively returns to baseline
throughout the remainder of gestation [57], [59]-[61].

In sum, left ventricular function is largely unaltered during pregnancy and increases
in cardiac output are attributable to cardiac hypertrophy (increases end-diastolic volume),

increased heart rate and decreased systemic vascular resistance [57].

Passive Mechanical Properties of Myocardial Tissue in Pregnancy

In addition to growth of the left ventricle, the passive mechanical properties of the
myocardium are also altered and contribute to adaptation to volume overload in pregnancy,
suggesting that collagen is being remodeled [62]. In late pregnancy, myocardial stiffness is
decreased by 39% in the ventricles of pregnant rats compared to non-pregnant controls,
developing lower stresses in response to extension [62]. Functionally, a less stiff and more
extensible myocardium would increase the filling capacity of the left ventricle,

accommodating for pregnancy-induced volume overload [63].
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Ventricular Collagen Remodeling in Pregnancy

Figure 1.5 Picrosirius red stain of left ventricular myocardium exhibiting collagen content from
(b) non-pregnant rats, (c) late pregnant rats, (d) non-pregnant rats treated with angiotensin II, (¢)
pregnant rats treated with angiotensin Il [64]. Reproduced with permission from Wiley.

Importantly, the heart does not develop fibrosis during pregnancy, indicating that
collagen content and crosslinks do not accumulate within the myocardium, which prevents
stiffening of the ventricular wall that accompanies many forms of hypertrophy [53], [64]-
[69]. Collagen content has been assessed using picrosirius red stain [64], [66]-[69] and
Masson’s trichrome stain [53], [65] to quantify the percent area occupied with collagen.
Collagen content is unchanged at mid-pregnancy [53], [68], late pregnancy [53], [64]-[66],
[68], and postpartum [65], [67]-[69]. In fact, pregnancy protects against the development
of myocardial fibrosis (Fig. 1.5, downregulating fibrosis-related genes, which are highly
expressed in pathological hypertrophy induced by angiotensin II [64]. This protection is
significant, as the renin-angiotensin system is upregulated during pregnancy [70].

Quantitative polymerase chain reaction (qQPCR) has been used to separately
measure collagens I and III gene expression in the left ventricle during pregnancy [64],

[71]-[74]. At mid-pregnancy, gene expression of both collagens I and III have been
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reported as five-fold upregulated compared to baseline [71], [72]. At late pregnancy, both
collagen isoforms have been reported as either upregulated [71], [72] or unchanged [64],
[73]. Only one study reported that collagen III gene expression is downregulated (0.493-
fold-changed) in late pregnancy [74]. In postpartum, collagen I has been reported as
upregulated [72] or unchanged [71], [73], whereas collagen III has been reported as
upregulated [72], [73] or unchanged [71], [74]. Regardless of these discrepant findings,
changes in collagen gene expression are not always reflected at the protein level, due to
post-transcriptional modulations, and are thus not fully indicative of tissue remodelling.

At the protein level, western blots have been used to measure collagens I and III
isoforms in the left ventricle during pregnancy [71], [73]. One study on rats (n=10 per
group) found that, compared to baseline, collagen I is 50% downregulated at mid-
pregnancy, late pregnancy, and postpartum; whereas collagen III is 50% upregulated at
mid-pregnancy and late pregnancy, returning to baseline in postpartum [71]. By contrast,
another study on mice (n=4 per group) reported that levels of both collagen isoforms were
unchanged in late pregnancy and postpartum [73]. Inconsistent findings may be due to
sample size and/or different animal models. Nonetheless, a decrease in the col I/col Il ratio
within the left ventricle [71], may underlie the decreased passive stiffness seen in late
pregnancy [62]. Taken together, although pregnancy does not result in myocardial fibrosis,
studies on changes in collagen expression throughout gestation have been inconclusive.

The absence of fibrosis in pregnancy-induced cardiac hypertrophy suggests that
collagen remodeling is tightly regulated throughout gestation. Collagen remodeling can be
indirectly studied by evaluating the expression of MMPs [72]-[75] and their endogenous
inhibitors - TIMPs [76]. At the transcriptional level, gene expression of cardiac MMPs
(MMP1, MMP2, MMP9) is unchanged from mid-pregnancy to postpartum, whilst TIMP1
expression is significantly increased [72], [73].

By contrast, at the protein level in late pregnancy, left ventricular expression of
MMP-1, MMP-2, & MMP-9 is decreased by 30%, 35%, and 50% respectively [75]; this is
associated with significantly increased expression of TIMP-4 and TIMP-1, with all values
returning to baseline values at postpartum [74], [75]. Taken together, it appears that
collagen degradation is suppressed in late pregnancy, and then returns to baseline or is

upregulated in postpartum.
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The full extent of myocardial collagen remodeling in pregnancy-induced volume
overload and its effects on myocardial mechanical function remains unclear. Collagen
content is not the only determinant of tissue biomechanical properties. Alterations in
collagen crosslinks and crimp also have substantial effects [15], [29], [30], but have not
been studied in the myocardium during pregnancy. Further, collagen remodeling in early
pregnancy — a period of major hemodynamic changes - has not been characterized.
However, collagen remodeling during pregnancy has been studied in other cardiovascular
tissue — heart valves, pericardium, & aorta — which must also adapt to accommodate

volume overload.

Valvular Remodeling in Pregnancy

Pregnancy has consequences on other aspects of cardiac structure and mechanics,
such as heart valves [77]. Heart valves experience increases in leaflet surface area with
pregnancy, accompanying the enlargement of ventricular chambers and valve orifices [78],
[79]. As per the Law of Laplace, a rise in leaflet surface area increases the stresses on the
valves. When stress exceeds the strength of a material, it results in deformation and/or
failure. However, despite substantial increases in leaflet surface area, the valves do not
typically experience failure during pregnancy [79]. The adaptation of heart valves to the
hemodynamic changes in pregnancy is believed to be owed to an extensive physiological
remodeling process [77]-[81].

The mechanical properties of bovine heart valves appear to follow a biphasic pattern
during pregnancy; biaxial tension tests on bovine valve leaflets have shown that, in the
mitral, aortic, and pulmonary valves, there is a sharp drop in extensibility in early
pregnancy, followed by a linear increase through the remainder of gestation [77]-[79].
However, the tricuspid valve exhibited no changes in extensibility, likely due to a
diminished remodeling as it experiences relatively lower loading conditions [78], [79].
Although one may expect that the same mechanisms underly the adaptations of all valves,

unique loading conditions stimulate unique remodeling.
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Figure 1.6 Histological images of mitral valve leaflets obtained from non-pregnant, early pregnant,
and late pregnant bovine hearts [82]. Reproduced with permission from Royal Society.

Pregnancy-induced remodeling of the collagen network has also been studied and
compared amongst the four valves. Valvular collagen content is increased between 8-26%
during pregnancy [81]. Interestingly, the increases in collagen content throughout
pregnancy coincide with increases in mature collagen crosslinks, as load decay half-time
was increased between 58-125% [78], [79]. Therefore, pregnancy seems to be a unique
stimulus for rapid collagen maturation [78], [79].

The structure of collagen within the valve leaflets is also altered during pregnancy,
with mechanical consequences. Histological analysis of the bovine mitral valve shows that
in early pregnancy, collagen fibres appear less crimped, whereas by late pregnancy,
collagen architecture has recovered to resemble its non-pregnant morphology more-
closely, but has a longer wavelength (Fig.1.6) [82]. As such, collagen crimp length
increased by 216% (aortic), 186% (mitral), 42% (pulmonary), and 61% (tricuspid) during
pregnancy [78], [79].

An innovative study proposed a model (Fig.1.7) by which, in early pregnancy, the
mitral valve undergoes plastic deformation, with collagen fibers losing their crimp, as the
tissue stretches to expand. Collagen remodels through the remainder of pregnancy, with
new fibers being added in series, to recover crimp and homeostasis [82]. This model
accounts for the initial decrease in extensibility — collagen fibers are straightened and lose

their crimp — followed by the linear increase in extensibility, as new collagen is laid down.
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Figure 1.7 Model of valvular growth proposed by Rego et al., whereby plastic deformation is

followed by serial addition of collagen allowing partial recovery of collagen crimp [82].
Reproduced with permission from Royal Society.

Pericardial Remodeling in Pregnancy

Further studies have evaluated adaptations in the pericardium during pregnancy. It
provides mechanical protection to the heart due to its tough outer layer composed primarily
of collagen. The outer layer is semi-rigid, which prevents overfilling and overexpansion of
the heart [83]. During pregnancy, the pericardium, which is also expanded, must adapt to
restrain the hypertrophied heart [84]. The adaptation of pericardial mechanical properties
is due to collagen remodeling.

Collagen remodeling in the pericardium, during pregnancy, shows similarities to the
structural changes seen in the valves. In early pregnancy, there is a loss of crimp and
organization of the collagen bundles [84]. By late pregnancy, the collagen architecture is
somewhat recovered, exhibiting crimp and laminar organization comparable to the
pericardia from nonpregnant cows (Fig.1.8) [84]. Further, as seen in the mitral, aortic, and
pulmonary valves, there is an increase in total and in mature collagen crosslinking in the
pericardium during pregnancy (suggesting that immature collagen was being rapidly
converted to mature collagen), which is strongly correlated with a decrease in extensibility
[84]. However, unlike in heart valves, total pericardial collagen content and crimp length
are unchanged during pregnancy [84]. Taken together, it appears that the pericardium
experiences collagen remodeling during pregnancy, increasing collagen crosslinks so as to

maintain functional integrity.
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Figure 1.8 H&E (top) and picrosirius red (bottom) stains from non-pregnant (A,D), early
pregnant (B,E), and late pregnant (C,F) bovine pericardium [84]. Reproduced with permission
from Springer Nature.

Aortic Remodeling in Pregnancy

The aorta is a large artery that receives oxygenated blood from the left ventricle
[85]. The ECM of the aorta is rich in elastin, which confers elasticity, and collagen, which
confers tensile strength [85]. The elasticity of the aorta confers a Windkessel effect; during
ventricular systole, the aorta expands and stores 50% of the stroke volume. During
ventricular diastole, the aorta recoils to dispel the stored blood forward in the systemic
circulation, ensuring a continuous flow of blood throughout the body [85]. Therefore,
increased stroke volume, which increases wall stress, should trigger aortic remodeling to
accommodate for volume overload in pregnancy.

Indeed, in the bovine cardiovascular system, there is a 35% increase in aortic
circumference, which is accompanied by wall thinning and a 53% increase in elastin
content [86]. Thus, just as the hypertrophic ventricle allows for an increased end-diastolic
volume during pregnancy, the remodeled aorta can also store and eject the increased stroke
volume [51], [86]. As in the pericardium, aortic collagen content was unchanged during
pregnancy, though there was a trend towards a lower denaturation temperature [86].
Interestingly, the changes in aortic dimensions and elastin content were not reversed
postpartum, the long-term implications of which have not been elucidated [86].

The mechanical adaptations of the bovine aorta in pregnancy [87] does not follow

the pattern observed in the pericardia [84] and heart valves [79]. Unlike the pericardia and
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heart valves, which must preserve structural integrity in response to volume overload, the
aorta must also increase distensibility. As such, in early pregnancy, aortic extensibility is
increased 13% and the elbow strain, which represents the load at which collagen fibers
become straightened and engaged, is increased 15% [87]. This is reflected by a rightward
shift in the stress-strain curve [87]. In late pregnancy, aortic extensibility and elbow strain
recover to non-pregnant values [87]. Therefore, changes in aortic mechanical properties
suggest that collagen is rapidly remodeling to allow for increased blood volume in early
pregnancy. Aortic circumference gradually increases through gestation, which allows

collagen to reassume its pre-pregnancy properties near term.

Reversibility of Remodelling

It is established that the maternal cardiovascular system undergoes remodelling
during pregnancy; it is less clear, however, whether pre-pregnancy structural and
mechanical properties are fully recovered postpartum. The question of the reversibility of
remodelling is relevant, as it may help explain cardiovascular phenomenon observed later
in the mother’s life: cardiovascular health during pregnancy is predictive for risk of
cardiovascular events [88].

Rodent studies suggest that cardiac remodeling is reversible. For example,
investigations using a rat model identified that heart weight and cardiomyocyte length,
were reverted to basal values by 7 days postpartum [62]. Reversibility of cardiac
hypertrophy has also been observed in a mouse model of pregnancy [65]. Mechanically,
myocardial stiffness returns to pre-pregnant values by 7 days postpartum, in rats [62].
However, these studies were limited by their time intervals, animal models, and
biomechanical testing. Seven days may not be an appropriate length of time to obtain true
postpartum measurements. Further, samples should be compared to nonpregnant animals
to ensure a proper baseline condition. Many studies use a rat model, due to the short
gestation time of 21 days. However, rodents differ from humans in terms of both gestation
time and heart size.

A bovine model, which has previously shown unrecoverable changes in the aorta,
including a 0.9°C reduction in collagen denaturation temperature [86], may provide a more

accurate representation of remodeling in pregnant human myocardium, as their gestation
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time is the same length [86]. Larger specimens facilitate mechanical testing. In addition,
studies on myocardial adaptation to pregnancy often measured only size and did not
evaluate the more intricate structure of the collagen matrix.

Gross observation from bovine hearts suggests that profound, and perhaps
unrecoverable, changes occur in the myocardium during pregnancy. Compared to hearts
from (never pregnant) heifers, hearts removed from (previously pregnant) cows appear to
be enlarged when empty, with an accompanying change in texture, becoming flaccid. There
is a statistically significant difference in heart mass and volume between heifers (2.12 +
0.12 kg; 2.26 = 0.13L), and cows (3.07+ 0.3 kg; 3.11+ 0.26L) [86]. Thus, myocardial
remodeling may be irreversible, which could underlie the link between pregnancy-related

cardiovascular complications and future cardiac health.

1.4 Tissue Decellularization

1.4.1 Purposes of Tissue Decellularization

Tissue decellularization is a technique to eliminate cells and their genetic materials
from tissue, whilst retaining the extracellular matrix (ECM) [89]. There are many
applications for tissue decellularization, particularly in relation to xenogeneic
transplantation. The removal of cellular material permits implantation without provoking
immune recognition to antigens, inflammation, and ultimately rejection [89]. Another
important application for tissue decellularization is for distinguishing between the
contributions of cells and the extracellular matrix to mechanical properties [90]. To study
collagen remodelling and its contribution to the passive mechanical properties in
myocardium with volume overload in pregnancy, it may be useful to remove the cellular

components.

Decellularization Techniques

Decellularization techniques have been developed due to endeavors in tissue
engineering. In general, decellularization is achieved by disrupting the membrane to cause
cell lysis, so that the cellular materials are released and rinsed from the tissue. These

techniques involve combinations of physical, chemical, and biological methods that extract
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cells from the cardiac ECM. Unfortunately, the process of decellularization has the
potential to damage the structural-mechanical integrity of the ECM, particularly the
collagen network. The ideal protocol will optimize cell removal, whilst preserving the
structural and mechanical integrity of the natural ECM [90]. The methods used to

characterize the effects of decellularization on collagen are discussed in more detail below.

Characterization of Decellularized Tissue

Studies have characterized the structural effects of decellularization at the
molecular, fibrillar, and fiber level of collagen. At the molecular level, the collagen
hybridizing peptide (CHP), circular dichroism (CD) spectroscopy, and attenuated total
reflectance — Fourier transform infrared (AT-FTIR) spectroscopy have been utilized to
assess the collagen triple helix. CHP is a synthetic peptide that mimics the triple helix
structure and hybridizes with unfolded collagen strands [91]. Fluorescent labelling of CHP
permits identification of denatured collagen [91], [92]. CD spectroscopy and FTIR-ATR
spectroscopy measure the absorbance differences and vibrational patterns, respectively, of
the collagen triple helix [93][94]. Observation of these spectra and their peaks enables
identification of the presence or absence of collagen secondary structure features [93].

Differential scanning calorimetry (DSC) and hydrothermal isometric tension (HIT)
testing are techniques that exploit collagen thermal properties for analysis of its molecular
structure. DSC measures the heat change associated with thermal denaturation under a
constant heating rate [95]. Denaturation is an endothermic process, requiring heat energy
to break hydrogen bonds within collagen molecules. DSC measures the amount of energy
required to denature collagen molecules and identifies the temperature at which it occurs
[95]. Similarly, HIT testing is conducted by heating collagen whilst under isometric
tension. In this test, the denaturation temperature refers to the temperature at which the load
increases, due to the contraction of collagen upon breaking of the hydrogen bonds [95].

Electron microscopes are imaging modalities used to assess collagen fibril and fiber
structure. The transmission electron microscope (TEM) emits electrons through thin
samples to visualize collagen fibril inner structure, including D-banding periodicity [96].
The scanning electron microscope (SEM) utilizes electron beams to obtain high resolution

images of a sample's surface [96]. It can show topographical and morphological
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information of collagen fibers [96]. These microscopes have high resolution and
magnification, but the utilization of electron beams may alter or damage samples [96].

Second harmonic generation (SHG) microscopy is a powerful imaging tool that
utilizes the intrinsic properties of collagen and therefore does not harm samples [97], [98].
SHG is used to visualize collagen fibrillar and fiber structure, by passing photons from a
laser through tissue [97]. Due to the non-centrosymmetric structure of collagen molecules,
the photons are combined and converted to an SHG signal [97]. The intensity of the SHG
signals depends on the concentration and organization of fibrillar collagen [98]; SHG can
also be used to assess fiber orientation pre- and post-decellularization, by quantifying the
coherence, which is the phase relationship between the SHG signal and the laser [97].
Coherence values range from 0, indicating absence of a dominant fiber orientation, to 1,
indicating a dominant fiber orientation [97], [98]. Hence, SHG microscopy provides
information on collagen fibrils and fibers without damaging tissue.

These techniques have all been employed to assess collagen structural features
before and after decellularization. With that, the effects of decellularization on collagen are

reviewed in detail below.

Effects of Freeze-Thawing on Collagen

Freeze-thawing is a physical method of inducing cell lysis that is often used as an
initial step in tissue decellularization protocols [89]. However, studies suggest that this
process is damaging to the collagen, due to the formation of extracellular ice [99], [100].
Indeed, freeze-thawing has been shown to result in a 1.4-1.6°C decrease in collagen thermal
denaturation temperature, measured via DSC [100]. As collagen denaturation temperature
is affected by packing and hydration levels, the expansion of extracellular ice likely
disrupts molecular packing. Further, structural changes induced by freeze-thawing are
exhibited at the collagen fibril level [99], [100] in posterior tibial tendons, there is a
significant decrease in the number of collagen fibrils, whereas mean collagen fibril
diameter is over 30% greater following freeze-thawing, and the intrafibrillar gap is
increased by over 300% (Fig.1.9) [99]. Additionally, freeze-thawing has significant effects

on tissue biomechanical properties, with the structural changes manifesting in 30% and
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34% reductions in ultimate stress and ultimate strain, respectively [99]. Therefore, freeze-

thawing damages the structural-mechanical integrity of collagen.

Figure 1.9 Cross-sectional TEM of fresh (a), and freeze-thawed (b) human posterior tibial tendons
[99]. Reproduced with permission from Springer Nature.

Effects of Detergents on Collagen

Another common technique for decellularization is treatment with detergents.
Detergents react chemically with the cell membrane to form pores and lyse the cell.
Commonly used detergents are sodium dodecyl sulfate (SDS), 3-[(3-cholamidopropyl)
dimethylammonio]-1-propane sulfonate (CHAPS), sodium deoxycholate, and Triton X-
100, and their respective effects on collagen structure and mechanics were reviewed and
summarized in table 1.

Briefly, SDS damages collagen at all levels of the structural hierarchy, including by
unfolding the triple helix[91], [101]-[104]. In addition, the mechanical properties are
compromised due to loss of collagen, following SDS treatment [102], [ 105]. The detergents
CHAPS and sodium deoxycholate are not as damaging as SDS, with the triple helix of
collagen remaining largely folded [91]. However, these detergents are disruptive to
collagen at the fibrillar and fiber levels, as observed with electron microscopy[102], [104]-
[107]. Further, tensile strength is not affected by these changes, whereas other mechanical
properties have not been fully assessed [102], [104]-[106]. Therefore, these detergents

were deemed suboptimal for tissue decellularization that preserves collagen properties.
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Decellularization using Triton X-100 showed discrepant results, due to the
concentrations and exposure times. At high concentrations and long exposure times, Triton
X-100 has damaging effects on collagen at all hierarchical levels [91], [101]-[103]. For
example, at concentrations of 3%, Triton X-100 was shown to denature collagen as
evidenced by CF-CHP [91]. At concentrations of 1-2% and exposure times greater than 24
hours, Triton X-100 causes disorientation and clumping of fibers [101]-[103].

However, at lower concentrations, 0.1-1%, Triton X-100 treatment showed
preservation of the collagen network [108]-[112]. Protocols involving 0.1-1% Triton X-
100, protease inhibitors, endonucleases, and alternating hyper/hypotonic shock, are highly
established in tissue decellularization [108]-[112]. A summary of the findings is reported
in Table 1.1. This method has been used on cardiac tissue such as pericardia [108], [110]and
valves [111], [113]. Studies show that the molecular structure of collagen is preserved, as
evidenced by DSC and HIT [108], [110]-[112]. Fibrillar structure is also maintained, with
the characteristic D-banding pattern appreciated on TEM [110], [111]. Observations on
collagen fiber-level structure, and mechanical properties are inconsistent. Overall, collagen
crimp appears to be maintained, but there may be slight disorganisation and clumping of
the fibers [108], [112]. Similarly, the results of mechanical testing are discrepant with some
studies showing preservation of mechanical integrity [108]-[110], whilst other show a loss
of tensile strength [111], [112]. Although Triton X-100 has been used for tissue
decellularization, it has been found to produce endocrine-sensitive by-products [114].
Therefore, a new detergent has been introduced as a replacement — Tergitol [112], [115]-
[118].

Studies using Tergitol can be put in two categories - fresh and frozen tissue. When
the decellularization was performed on freeze-thawed tissue, results were inconsistent,
showing both preservation and disruption of structural-mechanical integrity [116]-[118].
On the contrary, when Tergitol-based decellularization was performed on fresh tissue,
collagen structure at all hierarchical levels was consistently preserved, as were mechanical
properties [112], [115]. Taken together, this literature review (Table 1.1) suggests that the
detergent Tergitol can be used for tissue decellularization without disrupting collagen

structural-mechanical properties.
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Chapter 2 Rationale, Objectives, & Hypotheses

Pregnancy-induced alterations in structural-mechanical properties have been
studied in several cardiac structures. However, the mechanical changes that occur in the
myocardium remain unknown. It is probable that as seen in the heart valves and pericardia,
functional adaptation in the myocardium will be accompanied by remodeling of its collagen
network. The purpose of this study is to analyse the collagen architecture and mechanical
properties of the myocardium as it adapts to the major hemodynamic changes in pregnancy

and postpartum.

2.1 Characterization of Myocardial Remodeling in Pregnancy
& Postpartum
Objectives:

The primary objective of this research was to characterize myocardial remodeling

throughout gestation and post-pregnancy in a bovine model. Specifically, the aims were:

(i) To examine the mechanical properties of myocardium from pregnant and
previously pregnant bovine.
(i1) To assess content, helical stability and crosslinking of myocardial collagen from

pregnant and previously pregnant bovine.

Hypotheses:

It was hypothesized that the myocardium would remodel to accommodate the
volume overload state of pregnancy and that the changes would not be fully reversed in the

myocardium of previously pregnancy bovine. In particular:

(1) There will be an increase in myocardial UTS in pregnancy, which is reversed in
postpartum.
(i1) There will be an increase in extensibility and a decrease in stiffness modulus

throughout pregnancy, which are not fully reversed in post-pregnancy.
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(ii1)) There will be no difference in myocardial collagen content between pregnancy

and postpartum.

(iv) There will be a decrease in collagen denaturation temperature & mature crosslinks,
and an increase in immature cross-link index throughout pregnancy, which are not

fully reversed in post-pregnancy.

Rationale:

In pregnancy, myocardial UTS must increase to sustain elevations in wall stress
[68]. Further, extensibility must increase, and stiffness modulus must decrease to maintain
the diastolic function of the ventricle. Early increases in extensibility have been observed
in the pregnant bovine aorta [87] and in left ventricular pressure-volume curves during
acute volume overload [45]. Further, the left ventricles of pregnant rats have a decreased
stiffness [62], and acute volume-overload in the rat decreases ventricular stiffness by 257%
after 8 weeks [45]. Extensibility recovers to pre-pregnant values in the aorta [87] and
Young’s modulus recovers in the rat left ventricle [62]. However, gross observation of
bovine hearts reveals flaccid tissue in the previously pregnant animals [86] and multiparous
women have significantly elevated left ventricular end-diastolic volume index and cardiac
output compared to nulliparous women [119]. These findings suggest that mechanical
changes in the pregnant myocardium are not fully recovered, and are augmented with
subsequent pregnancies.

Previous studies have found that myocardial collagen content is unchanged
throughout pregnancy and postpartum [53], [64], [73]. Nonetheless, myocardial growth
and collagen turnover during pregnancy are expected to decrease the packing of collagen
molecules, which reduces thermal stability [23]. Given that newly synthesized collagen is
laid down in its immature form [22], it is expected that the ratio of immature to mature
crosslinks will increase. Based on findings that multiparous women have significantly
increased left ventricular mass indexes compared to nulliparous women [119], and that
hearts from previously pregnant cows remain flaccid [86], it appears that structural changes
to the myocardium are not fully recovered, and are augmented with subsequent

pregnancies.
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2.2 Selecting & Characterizing a Decellularization Technique
Objectives:

The second objective was to study myocardial collagen remodeling in gestation and
post-pregnancy, using a decellularization technique for bovine myocardium, that seeks to

preserve collagen structure and mechanics. In particular, this research aimed:

(1) To assess the effects of freeze-thawing on the helical stability and connectivity of

the myocardial collagen network.

(i1) To conduct a literature search to characterize the effects of detergents on collagen

structural and mechanical properties.
(ii1)To assess the effects of Tergitol on myocardial mechanical properties.

(iv)To assess the effects of the detergent Tergitol on the helical stability and

connectivity of the collagen network.

Hypotheses:
Decellularization using the reagent Tergitol on fresh tissue, will preserve the

thermomechanical and mechanical properties of myocardial collagen. Specifically:
(1) Freese-thawed tissue will exhibit decreased denaturation temperature and halftime

of load decay, compared to fresh tissue.
(i1) Tergitol will have no effect on myocardial UTS, extensibility, nor stiffness.

(ii1) Tergitol will have no effect on the collagen denaturation temperature nor halftime

of load decay.
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Rationale:

Previous studies have found that freeze-thawing has induced structural changes to
collagen fibrils, such as increased fibril diameter and intrafibrillar gaps [99], [100].
Thermal testing using DSC has revealed a significant decrease in denaturation temperature
post freeze-thaw [100] . Therefore, it is hypothesized that the thermomechanical properties
will similarly be affected, with decreases in denaturation temperature and half-time of load
decay, as compared to fresh tissue.

Tergitol has been used to effectively decellularize cardiac tissue, including
myocardium [112], [115], [117], [118]. Characterization of the effects of this detergent on
collagen has been employed via DSC, SHG, FTIR-ATR, electron microscopy, and uniaxial
tensile testing, with favourable results. The effects of Tergitol on myocardium, have
previously been characterized with SHG, suggesting that there are no effects on fibrillar
nor fiber structure of collagen [117], [118]. Therefore, it is hypothesized that
decellularization of bovine myocardium with this detergent with also have no effects on

the thermomechanical and mechanical properties of collagen.
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Chapter 3 Experimental Methodology
3.1 Tissue Collection and Dissection

The tissue harvesting protocol was approved by the University Committee on
Laboratory Animals at Dalhousie University. Hearts were harvested and obtained from
Curtmar Meats, a local abattoir in Shubenacadie, Nova Scotia, from pregnant and
previously pregnant cows, fresh from slaughter. The gestational age of the pregnant cows
was determined by measuring the crump-to-rump length (CRL) of the fetus and using the
following equation [120]:

Gestational Day = 8.4 +0.87(CRL) +5.46(CRL)"? 3.1

The hearts were transported back to the laboratory in a chilled cooler and were then freshly
dissected. Myocardial samples were prepared, as described by Ghaemi et al [121]. Briefly,
hearts were rinsed to clear the remaining blood. The base and apex of the heart were excised
by making transverse slices with a large kitchen knife (Fig 3.1A). Subsequently, the right
side of the heart was excised by cutting through the sagittal plane (Fig 3.1B) and the left
ventricle was unfolded by making a longitudinal incision through the interventricular
septum (Fig 3.1C). Finally, a large block was cut from the left ventricle (Fig 3.1D).

Myocardial slices were prepared by placing the endocardial surface of the left
ventricular block against the gauge plate of CUSIMAX meat cutter. Tissue slices of 1-2
mm thickness were sliced from the middle third of the left ventricular free wall (Fig 3.2)
[121]. Tissue slices were laid flat against a cutting board and, using a surgical scalpel,
rectangular myocardial strips, 5 x 20mm, were cut along the circumferential direction of
the tissue. The orientation of muscle fibres on each slice can be visualized with the naked

eye and therefore, care was taken to cut along the direction of the muscle (Fig 3.2).
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Figure 3.2 A. With the endocardial surface laid against the gauge, tissue slices were taken with a
meat cutter. B. Rectangular strips of bovine myocardium, 1-2 mm in thickness, were prepared.

3.2 Mechanical Testing

Setup and Failure Tests
Mechanical tests were performed using Series F + InteliMESUR® Advanced

Tension / Compression Force Tester in Dr. John Frampton’s lab. Testing was performed at
room temperature with a humidifier to provide moisture to the samples. Paired native and
Tergitol-treated myocardial samples (prepared as described in Section 3.5) from 8 pregnant
and 3 previously pregnant cows were subjected to mechanical testing. The cross-sectional
area (CSA) of each tissue strip was calculated prior to testing, using digital calipers to
measure the width and length of the samples. The calipers were opened wider than the
sample and then closed around the sample, such that the jaws were touching but not

compressing the tissue.
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Figure 3.3 Cross-sectional area was calculated by measuring the width (W) and thickness (T) of
rectangular-shaped myocardial strips. Measurements for each dimension were taken, using digital
callipers, at three equidistant regions across the specimen, with the mean value being used for
calculation of the CSA. Created with BloORENDER.

Measurements were taking at three locations across the width and three locations
across the length of the sample. The average width and thickness values were used to
calculate the CSA. As the samples were rectangular, the CSA was defined as:

CSA=wxt 3.2

To prevent slippage of the tissue from between the grips, a custom scaffold was
designed, and 3D printed in polylactic acid (PLA) filament (Fig 3.4). This scaffold both
increased the friction between the tissue and grips to prevent slippage, and ensured that the
initial gauge length for all samples was 10 mm. Tissue strips were superglued to the
scaffold prior to mechanical testing (Fig. 3.4). Then, the ends of the tissue-scaffold were
clipped into the jaw grips of the force tester and the scaffold was cut as shown in Figure
3.5. During tensile testing, the top grip, which was connected to a motor, moved upwards,

transmitting load along the tissue.
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Figure 3.4 A scaffold was 3D printed. Myocardial strips were positioned such that the tissue went
across the centre of the scaffold and the ends of the tissue were superglued to the arms of the
scaffold. After clipping the tissue-scaffold into the jaw grips, the scaffold was cut, as shown.
Created with BioRender.

Uniaxial stress-to-failure tests were conducted along the circumferential direction,
which was aligned with the muscle fibers with a 10 N load cell, as described by Faggioli
et al [117]. This allowed determination of the ultimate tensile strength, the extensibility,
and the stiffness modulus of the myocardial strips (Fig 3.5). Tissue strips were stretched at
arate of 0.3 mm/second to failure. Tensile force, displacement and time data were recorded

at a 40Hz sampling frequency. The data were exported to Excel for analysis.

Stress at Failure
Ultimate tensile strength

wrs)

Stiffness Modulus

Stress

. v
Strain Strain at UTS
Extensibility

Figure 3.5 Example stress-strain curve of myocardial strip stretched to failure. Created with
BioRENDER.
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Data Analysis
Tensile force (F) and displacement data were exported into Microsoft Excel, and
were converted to stress (o) and strain (g), values respectively. Stress-strain curves were

plotted for each sample.

F
o= — 33
CSA
Displacement

3.4

" Initial Gauge Length

The UTS was defined as the maximum stress achieved during the test and
extensibility was defined as the strain value at the UTS (Fig. 3.5). The stiffness modulus
was calculated for each sample using linear regression of the final 40% of ¢, the portion
where collagen is contributing to the load [117]. From this curve, ultimate tensile strength

(UTS), extensibility, and stiffness modulus were derived (Fig. 3.5).

3.3 Thermomechanical Testing

Hydrothermal Isometric Tension (HIT) Testing

Myocardial strips were subjected to denaturation temperature tests (DTT) and
hydrothermal isometric tension (HIT) testing, as described by Lee et al [122]. HIT testing
is a thermomechanical experiment for determination of collagen thermal stability and
crosslinking. Myocardial strips are held between two grips under isometric tension. The
apparatus is submerged in a water bath, whilst time, tensile load and temperature are
continuously recorded in a LabVIEW™ 7.0 (National Instruments) VI.

During the initial segment of the test, the temperature of the water bath is increased
from room temperature to 90°C, enabling determination of the denaturation temperature.
The denaturation temperature is the temperature at which the hydrogen bonds within the
collagen molecules are disrupted, resulting in unfolding of the collagen superhelix. A force
is generated upon denaturation of the collagen molecules, as the sample is under isometric
constraint. The thermally labile immature crosslinks are destroyed as the temperature rises
to 90°C, such that only the thermally stable mature crosslink remain bearing tension in the

tissue [123].
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During the isothermal segment of the experiment, the temperature is held at 90°C
for three hours. As the temperature is held at 90°C, peptide bonds are hydrolyzed causing
chain slippage under isometric tension and the load to decay. Mature collagen crosslinks
delay molecular slippage, resulting in a slower load decay. Therefore, the load decay

halftime is an indicator of thermally stable collagen crosslinking [123].
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Sodium Borohydride (NaBHj4) Stabilization

Sodium borohydride (NaBH4) treatment is used to chemically stabilize thermally
labile immature crosslinks via a reduction reaction [124]. Briefly, control samples were
washed, for a duration of 15 minutes, with borate buffer (pH=9.0 £ 0.1), four consecutive
times. Treatment samples were washed, for a duration of 15 minutes, with borate buffer
containing 0.lmg/mL of sodium borohydride (NaBH4), four consecutive times [77].
Reactions were performed under constant agitation at 4°C. Finally, all samples underwent

a 15-minute rinse in PBS.

HIT Apparatus

The HIT testing apparatus [122] (Fig.3.7), is a custom-built stainless steel base plate
with 6 strain-gauged cantilever load cells (Vishay Micro-measurements). Hooks are
attached to each load cell, with the top hook being adjusted to apply tension to the tissue

and the bottom hook remaining stationary. This apparatus is suspended in a 4L water bath

Tension Thermometer for

Adjustment I / Calibration

Nuts
Strain Gauges From
\ /\hermistor
. Probe
Cantilever /(

Apparatus

[
H\“Stainless Steel Cover
To Excitation
Amplifiers
) |G
Adjustable Fixture
. 1 —— Spring-Loaded Grips
- -‘_'_'_'_'_‘_,_'-"‘-
-l |

Rigid Fixture —————" |

4 L Beaker Filled
with Distilled Water

( Heating Plate )
Interfaced with LabVIEW

for ON/OFF Control
\S\ 6 oo 9

Figure 3.7 The HIT testing apparatus is a custom-built machine used for thermomechanical testing
of tissue. Image by Dr. Peter Massaro, March 2007.

35



and heated on a heating plate. A thermistor probe is placed in the middle of the water bath
for temperature monitoring. The apparatus is interfaced with a PC, with which load,
temperature, and time data are recorded in a LabVIEW™ 7.0 (National Instruments) VI,
which was originally developed by Christopher Pereira. Conditioning amplifiers (A-tech
Instruments Ltd., Scarborough, Ont.) were used to relay load and temperature data from

the load cells and thermistor probe, respectively.

HIT Test Protocol

HIT tests were performed as described by Lee et al [122]. Briefly, a 4L beaker, filled
with room temperature deionized H,O was placed on the heating plate (Fig 3.7). On the
HIT apparatus, Control and NaBH4 treated myocardial strips were attached between grips
and placed on the top load cell hook, with the bottom grips hanging freely. The samples
were submerged in the water bath. The load cell amplifiers were zeroed and then the bottom
grips were placed through the bottom stationary hooks. Finally, an initial preload of 30g
was applied to each sample. The heating plate was turned on and the test was carried out.
Samples were heated from room temperature to 90°C, at a rate of 1°C/min. Then, the
temperature was held at 90°C for 3 hours, with load, temperature, and time data being

recorded every ten seconds.

Data Analysis

Following HIT testing, the data were saved to an external hard-drive and then
uploaded to an Excel spreadsheet for analysis. For the denaturation segment of the
procedure, the temperature vs load data were plotted. The denaturation temperature was
determined manually and was defined as the lowest load that was reached during this
testing segment prior to an ultimately increasing sequence (see Figures 3.6 and 4.6).

The isothermal segment was plotted as load vs time data. The load decay, which is
indicative of hydrolysis of the peptide bonds within the collagen molecules and chain
slippage under isometric tension, is treated as a Maxwell element [125]. Therefore, the load
decay was defined as the ratio of the load at time, L(t), to the maximum load, L(0), reached

at (or shortly after) the start of the isotherm.

36



L® _ -kt
0 e 34

For determination of k, the natural logarithm of this relationship was taken and plotted

against time, with -k now representing the slope of the curve.

In (%) = —kt 3.5

k was determined in Excel using linear regression of the natural logarithm of load vs time
to the first 2000-3000 seconds of the isothermal segment for each sample. The below

equation represents the load decay half-time,

g — e_ktl/z 3.6

Finally, the load decay half-time can be calculated as:

t1 = — 3.7

The load decay halftime was calculated for control and NaBHa-treated samples, and the
ratio was calculated as the index of immature collagen crosslinks [123].

t1/,NaBH4

3.8

tl/zcontrol

3.4 Sircol™ Collagen Assay

Soluble and insoluble collagen content was determined using the Sircol™
Colorimetric Collagen Assay, following the manufacturer’s protocol [126]. The wet weight
of each tissue slice was recorded prior to testing. The tissue was placed in low protein
binding 1.5mL microcentrifuge tubes and digested in an acid wash, consisting of 0.1 mg/ml
pepsin in 0.5M acetic acid, overnight at 4°C under agitation. Acid-pepsin digestion is used
to solubilize newly synthesized ‘immature’ collagen, by cleaving the molecule at non-
helical regions called telopeptides [127]. In mature collagen, crosslinks form between
neighbouring telopeptides, blocking cleavage access, and making this collagen insoluble
[128].

The following day, the microcentrifuge tubes were centrifuged for ten minutes at a
speed of 10,000 rpm. A pipette was used to transfer 15ul of supernatant (soluble collagen)

and 85 pl of deionized water into a new set of microcentrifuge tubes. The remaining tissue
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residues (insoluble collagen) were transferred to 2mL screw-capped digestion tubes and
Fragmentation Reagent (50pul/mg tissue residue) was added to each tube. The screw-capped
tubes were heated at 65°C for three hours, with the tubes being vortexed every thirty
minutes. This procedure serves to solubilize the remaining collagen. Following this step,
100 pl of supernatant from each screw-capped tube was transferred to microcentrifuge
tubes and the insoluble collagen assay was carried out as described below.

Collagen reference standards and blanks were prepared into microcentrifuge tubes.
One mL of Sircol dye reagent was added test samples, reference standards and blanks; this
dye contains Sirius Red, picric acid & surfactants, and binds to basic groups of soluble
collagen molecules. Addition of the Sircol dye to the tubes results in staining and
precipitation of collagen. The tubes were placed on a mechanical shaker for thirty minutes
at room temperature, resulting in a pellet forming at the bottom of each tube. The collagen
pellets were isolated and washed by centrifuging the tubes for ten minutes at 13,000 rpm.
The supernatant was drained into a waste beaker, with the assistance of cotton swabs, taking
great care to preserve the pellet. Unbound dye was further removed with the addition of
750 ul of cold Acid-Salt Wash to each tube and centrifugation at 13,000 rpm for ten
minutes. The supernatant was drained from the tubes. Finally, Alkali Reagent, (250 ul for
soluble and 1mL for insoluble), which consisted of 0.5M sodium hydroxide, was added to
each tube; this reagent serves to unbind Sircol dye from the collagen pellet.

A vortex mixer was used to fully dissolve the pellet and 125 pl of liquid from each
tube was transferred into a 96 micro-well plate. A microplate reader was used to measure
the absorbance of the collagen standards and test samples at 555nm against water. The
absorbance values were exported to Excel. The absorbance values of the standards were
plotted against their known concentrations to produce a calibration curve. The curve was
compared to the reference in the Sicrol™ Assay Manual to ascertain the accuracy of the
measurements. Linear regression was used to obtain the equation of the absorbance curve.

y=mx+b 3.9

Where y represents the absorbance value at 555 nm and x represents the pug of

collagen. This equation can be used to determine the mass of collagen in each test sample,

by rearranging such that
x =22 3.10

m
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Where x represents the mass in pg of collagen in each tube. This mass was divided
by the volume of supernatant used, yielding the concentration in pg/ pL of collagen in each
tube. The concentration was multiplied by the total extract volume, to calculate the total
mass of collagen, in pg, in each tissue sample. Finally, the collagen content of each tissue

sample was obtained by dividing the collagen mass by the wet mass of the tissue.

3.5 Fresh vs Frozen Tissue

A subset of experiments examined the effects of freeze-thawing on collagen
molecular stability. Briefly, paired samples were obtained from bovine myocardium, as
described in Section 3.1, and grouped into ‘frozen’ and ‘fresh’ categories. Frozen tissue
was wrapped in PBS-soaked Kim-Wipes and stored in freezer bags at -80°C for five days.
Prior to testing, the plastic bags containing the frozen samples were placed into a bucket
of 37°C water and thawed. Fresh and freeze-thawed myocardial tissue were subjected to

thermomechanical tests as described in section 3.3.

3.6 Tissue Decellularization

Following a literature review of decellularization detergents (see section 1.4),
Tergitol was selected as it had been shown to have minimal effects on collagen structure
and mechanics (Table 1.1). A tissue decellularization protocol (Fig. 3.8) was developed
based on previously published work [115], [117], [118]. Briefly, myocardial slices,
prepared as described in section 3.1, were initially washed in phosphate buffered saline
(PBS) for 15 minutes to rinse any remaining blood. Myocardial slices were placed into
Falcon tubes and washed overnight in a solution of 1% protease inhibitor cocktail (Sigma
Aldrich, St. Louis, MO, USA) in PBS at 4°C under agitation. This solution served to inhibit
endogenous proteases within the tissue from degrading the proteins [118]. To prevent
contamination, 1% gentamicin (Sigma Aldrich, St. Louis, MO, USA), and 1%
penicillin/streptomycin (Sigma Aldrich, St. Louis, MO, USA), were also added [118].

The overnight solution was switched to 1% protease inhibitor cocktail and 1%

Tergitol 15S9 (cat. no. 15S9, Sigma Aldrich, St. Louis, MO, USA), in sterile PBS for 8
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hours at 4°C under agitation. Tergitol is a non-ionic detergent, consisting of a hydrophilic
head group and hydrophobic tails [129]. In solution, Tergitol molecules preferentially
aggregate and arrange into micelles, such that the head groups are exposed to water, and
the tail groups are positioned in the centre of the micelle isolated from the water [129]. As
head groups are attracted to phospholipids, micelles insert themselves within cell
membranes eventually causing cell rupture [129]. The Tergitol solution was switched to a
hypotonic wash of ten-times-diluted PBS for 3 hours at room temperature, under agitation.
When cells are placed in hypotonic solution, there is a net flux of water into the cell leading
to swelling and lysis. A final detergent wash was done by washing the slices in 1% Tergitol
in sterile PBS solution for 16 hours at room temperature, under agitation.

Finally, the myocardial slices were rinsed with sterile PBS for 72 hours, with
solution changes every 24 hours. This was done at room temperature, under constant
agitation. These washes were used to remove cellular debris from the tissue. Control and
Tergitol-treated tissues were subjected to mechanical, thermomechanical and biochemical

testing, as described in sections 3.2, 3.3 and 3.4 respectively.
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3.7 Histology

Myocardial strips, control and Tergitol-treated, taken from three previously
pregnancy cows were studied histologically. Tissue samples were fixed in 4%
paraformaldehyde solution for one week. Then, tissue was enclosed into tissue processing
cassettes and placed in 70% ethanol solution for dehydration. Samples were sent to
Dalhousie HistoCORE for embedding in paraffin wax, cutting into 5 pm sections, and
staining with hematoxylin & eosin (H&E). H&E-stained slides were visualized under a
Nikon Eclipse 600 light microscope, with and without polarized light, and birefringence
filters.

3.8 Statistical Analysis

Statistical testing was performed in R (v.4.0.2, The R Foundation for Statistical
Computing, Vienna, Austria). Comparisons between the means of pooled pregnant (early
and late) and previously pregnant were made using T-tests. Statistical significance was
defined as p<0.05, whereas statistical trends were defined as p<0.1. The pregnant group
was further subdivided into ‘early’ and ‘late’, defined as gestational ages <150 days, and
>150 days respectively. Comparisons between early, late, and previously pregnant groups
were done using analysis of variance (ANOVA), with post hoc Tukey. In cases where the
sample sizes were low, non-parametric statistical methods were used, the Kruskal Wallis
test followed by post hoc Dunn’s test. Two-way repeated measures ANOVA was performed
to analyses the effects of both pregnancy state and Tergitol or freeze-thawing treatment on
collagen content and thermomechanical properties. This was followed by one way ANOVA

analysis for within group comparisons.
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Chapter 4 Results
4.1 Myocardial Mechanics

Myvocardial mechanical adaptations to gestation are not fully reversed post-

pregnancy.
(i) Changes in post-pregnancy

Uniaxial tensile testing was conducted on myocardium from eight pregnant and
three previously pregnant animals, showing differences in mechanical properties (Fig 4.1).
The results are summarized in Table 4.1. When the data from all pregnant animals were
pooled, the differences did not reach significance, but did indicate statistical trends in
mechanical properties, namely that the myocardium is stronger (Fig 4.2A) and stiffer (Fig

4.4A) during pregnancy compared to post pregnancy.

Table 4.1. Summary of uniaxial tensile testing on pregnant vs previously pregnant cows
myocardium, reported as mean + SD. Myocardial samples were obtained from 8 pregnant and 3
previously pregnant cows. The ultimate tensile stress (UTS) was defined as the maximal stress prior
to failure and the extensibility was defined as the strain at the UTS. Analysis was performed with
t-tests to identify differences in mechanical properties between the myocardium of pregnant and
previously pregnant cows. ‘denotes a trend between pregnancy states, p<0.1.

condition UTS (MPa) Extensibility Stiffness Modulus

(MPa)
Pregnant n=8 0.15 = 0.06 1.15+0.47 0.19 % 0.08
Previousl
reviousty 0.100.02 0.89 0.22 0.13+0.03

Pregnant n=3

(i) Changes during gestation

The pregnant animals were further subdivided into early (EP; gestational age<150
days), late (LP; gestational age>150 days) pregnant groups, revealing that interesting
biphasic changes occur throughout gestation and post pregnancy (Fig. 4.1). UTS increased
from early to late pregnancy (p=0.036), then decreased post-pregnancy, returning to EP
values (Fig 4.2B). Similarly, there was an increase in extensibility throughout gestation

(p=0.014), that partially recovered post-pregnancy (Fig 4.3B). These findings are
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indicative of an adaptive response towards the volume overload state of pregnancy,
allowing for the myocardium to sustain the increases in wall stress and filling capacity of
the left ventricle.

Unlike the findings from Table 4.1, which suggested that myocardial stiffness is
reduced in post-pregnancy (Fig 4.4A), when comparisons were made between EP, LP, and
PP (Table 4.2), there were no differences in stiffness between groups (Fig 4.4B). The
disappearance of this statistical trend may be due to the lower sample size numbers after
subdividing the pregnant animals. These results may suggest that myocardial stiffness is

unchanged throughout gestation, but reduced in postpartum.

0.30

late pregnant

0.25

0.20

o
—
(é)]

early pregnant

Stress (MPa)

—r—
0.10 —r—
—r—

—r—
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—r—

0.05 —r—
— —

previously pregnant

0.00
0.00 0.20 0.40 0.60 0.80 1.00 1.20 1.40 1.60

Strain
Figure 4.1 Average stress-strain relationships of myocardium taken from early (n=2; gestation
age<150 days; pink), late (n=6; gestation age>150days; purple), and previously pregnant (n=3; red)
cows, at 0.05 MPa intervals. Myocardial strips were stretched to rupture at a strain rate of 0.3mm/s.
Error bars represent SE.
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Although not used for statistical analysis, uniaxial tensile testing was performed on
one heifer (e.g. never pregnant animal); the results are reported in Table 4.2. The
myocardium from the heifer was similar in tensile strength to those of the early pregnant
and previously pregnant animals, whereas myocardial extensibility of the heifer was
similar to the values from early pregnant animals only. Further, myocardial stiffness in the
heifer was lower than the values from the pregnant animals. Taken together, the data in
Table 4.2 suggest that pregnancy results in reversible increases in myocardial UTS &

stiffness, and a permanent increase in myocardial extensibility.

Table 4.2. Summary of uniaxial tensile testing at difference stages of gestation in bovine
myocardium, reported as mean + SD. Myocardial samples were obtained from 2 early pregnant
(gestational age<150 days), 6 late pregnant (gestational age >150 days), and 3 previously pregnant
cows. Analysis was performed with the Kruskal Wallis test, a nonparametric test to identify
differences between groups. This was followed by a post-hoc Dunn’s test. Different superscripts
denote a difference between groups p<0.1.

Tissue UTS (MPa) Extensibility Stiffness Modulus

(MPa)
Never Pregnant n=1‘ 0.08 0.60 0.12
(not used for analysis)
Early 0.09%0.00°  0.560.03° 0.16 % 0.01
pregnant n=2
Late pregnant n=6 0.17 £0.05° 1.35+0.33° 0.20+0.09
Previously Pregnantn=3 0.10 £ 0.02® 0.89+ (.22 0.13+0.03
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Figure 4.2A. Mean myocardial UTS in pregnant and previously pregnant cows, with error bars
representing SD. The UTS was defined as the maximal stress prior to failure. Comparisons between
groups were made using t-tests. B. Mean myocardial UTS in early pregnant (gestational age<150
days), late pregnant (gestational age >150 days), and previously pregnant cows, with error bars
representing SD. Comparisons between groups were made using the Kruskal Wallis test, with a
post-hoc Dunn’s analysis. p values<0.1 are shown.
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Figure 4.3 A. Mean myocardial extensibility in pregnant and previously pregnant cows, with error
bars representing SD. Extensibility was defined as the strain at the UTS. Comparisons between
groups were made using t-tests. B. Mean myocardial extensibility in early pregnant (gestational
age<150 days), late pregnant (gestational age >150 days), and previously pregnant cows, with error
bars representing SD. Comparisons between groups were made using the Kruskal Wallis test, with
a post-hoc Dunn’s analysis. p values <0.1 are shown.

47



0.35

p=0.077

0.30

0.25

Stiffness (MPa)
o
N
o

o

o

(6]
T

reeo——e

0.10

0.05

0.00
Pregnant Previously Pregnant

0.35

0.30

0.25

0.20

Stiffnes (MPa)

——e—f—e—@

0.10

0.05

0.00

Early Late Previously
Pregnant Pregnant Pregnant

Figure 4.4 A. Mean myocardial stiffness modulus in pregnant and previously pregnant cows, with
error bars representing SD. Comparisons between groups were made using t-tests. B. Mean
myocardial stiffness modulus in early pregnant (gestational age<150 days), late pregnant
(gestational age >150 days), and previously pregnant cows, with error bars representing SD.
Comparisons between groups were made using the Kruskal Wallis test, with a post-hoc Dunn’s
analysis. p values<(0.1 are shown.
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4.2 Myocardial Collagen Content

Myvocardial collagen content is unchanged between pregnancy and post-
pregnancy.

Myocardial collagen content was measured using the Sircol Collagen Assay, and
the data are summarized in Table 4.3. The assay showed that collagen occupied
approximately 7% of the myocardial wet tissue weight, with the majority being insoluble
collagen. For comparison, only 14% of the total collagen was soluble collagen, suggesting
a relatively low quantity of newly deposited compared to matured collagen in the
myocardium. Myocardial collagen content did not differ between pregnant and previously
pregnant animals (Fig 4.5). Indeed, these findings suggest that there is no net deposition of
collagen in response to pregnancy-induced volume overload. It should be noted that the
myocardial samples used in this analysis were obtained from previously pregnant and late
pregnant (gestational age<150 days) animals. Therefore, observations of myocardial

collagen content in early pregnancy could not be made.

Table 4.3. Summary of Sircol Collagen Assay results for bovine myocardium from pregnant and
previously pregnant cows, reported as meant SD. Myocardial samples were collected from 6
pregnant and 6 previously pregnant cows. T-tests were performed to identify differences between
groups; there were no significant differences.

insoluble
soluble collagen total collagen
. collagen
Tissue (ug/mg wet (ug/mg wet
. (ug/mg wet .
tissue) . tissue)
tissue)
Late Preghant (n=6) 10+6 62 = 31 72 +£35
Previously Pregnant 1613 61+ 49 76 £ 60

(n=6)
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Figure 4.5 Mean soluble (A), insoluble (B), and total (C) collagen content in myocardium from
pregnant and previously pregnant cows, with error bars representing SD.
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4.3 Myocardial Collagen Thermomechanical Properties

Myvocardial collagen thermal stability and mature crosslinks are reduced in
post-pregnancy.

(i) Changes in post-pregnancy

Thermomechanical testing was performed on myocardial samples from twelve
pregnant and five previously pregnant animals. (Table 4.4). Typically, a single curve can
be derived from the entire isotherm using linear regression, as the load undergoes
exponential decay. However, the behaviour of these curves was abnormal, with the initial
segment of the isotherm exhibiting exponential decay, followed by either a
flattening/plateau in the load, or a continued contraction. Therefore, to obtain the best the
measurement of the load decay half time, linear regression was fitted to the initial linear
segment of the natural logarithm curves, corresponding to the first 3000 or 2000 seconds
of the isotherm (Appendix I). The data are summarized in table 4.4.

Denaturation temperature (Tq) was significantly decreased in post pregnancy
compared to during gestation (p= 0.003) (Fig. 4.8A). Likewise, load decay half-time was
significantly decreased in post pregnancy compared to during gestation (p=0.009) (Fig
4.9A). The index of immature crosslinks was significantly increased in post pregnancy
compared to during gestation (p=0.001) (Fig 4.10A). Taken together, these findings suggest
collagen turnover, resulting in decreased molecular packing and a loss of mature crosslinks

in post pregnancy.

Table 4.4. Summary of results from HIT/DTT with NaBH4 stabilization tests on myocardium
samples from pregnant vs previously pregnant cows, reported as mean = SD. Myocardial samples
were obtained from 12 pregnant and 6 previously pregnant cows. T-test analyses were performed
to identify differences in thermomechanical properties in the myocardium of pregnant and
previously pregnant cows.  denotes a significant difference between pregnancy groups, p<0.05.

' o t1/2 NaBH4
Tissue Td( C) t1/2(hOUTS) t1/2 control
Pregnant n=12 67.1+0.9 6.4+2.0 1.1+0.2
Previously

66.4 £ 0.6* 3.2+2.6*% 1.6+0.3*
Pregnant n=6
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(i) Changes during gestation

The animals were further subdivided into early (EP; gestational age<150 days), late
(LP; gestational age>150 days), and previously (PP) pregnant groups, to examine changes
throughout gestation (Fig. 4.6) The data are reported in table 4.5. There was a significant
difference in denaturation temperature between groups (p=0.027), with denaturation
temperature gradually decreasing from EP to PP (Fig 4.8B).
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Figure 4.6 Representative denaturation curves of myocardial samples taken from early (gestation
age<150 days; pink), late (gestation age>150days; purple), and previously pregnant (red) cows
heated from room temperature to 90°C at a rate of 1-2°C/min.
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Figure 4.7 Representative isothermal (90°C) relaxation curves of myocardium taken from early (gestation age<150 days; pink), late (gestation
age>150days; purple), and previously pregnant (red) cows.
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Similarly, the load decay half-time was significantly different between groups (Fig.
4.7). Specifically, there was a significant reduction in load decay half-time between early
pregnancy and post-pregnancy (Fig 4.9B). The index of immature crosslinks was also
significantly different between groups (p=0.005), with a significantly increased index in
post pregnancy compared to both early and late pregnancy (Fig 4.10B). These results are
suggestive of a gradual reduction in collagen thermal stability and crosslinking throughout
pregnancy, which reaches significance in post pregnancy. Immature collagen is then laid
down in post pregnancy, increasing the immature crosslink index, and balancing collagen
degradation and deposition.

Although not used for statistical analysis, HIT/DTT testing was performed on
myocardial samples from one heifer (e.g. never pregnant animal); the results are reported
in Table 4.5. Based on these results, one may hypothesize that changes in collagen
thermomechanical properties follow a biphasic pattern, with an initial reinforcement of the
myocardial network very early in pregnancy, increasing collagen molecular packing and

crosslinks, followed by a reversal as the heart continues to grow.

Table 4.5. Summary of results from HIT/DTT with NaBH4 stabilization tests on bovine
myocardium at different stages of gestation, reported as mean + SD. Myocardial samples were
obtained from 5 early pregnant (gestational age<150 days), 7 late pregnant (gestational age >150
days), and 6 previously pregnant cows. Analysis was performed with an ANOVA test, a parametric
test to identify differences between groups. This was followed by a post-hoc Tukey’s test. Different
subscripts denote a significant difference between pregnancy states, p<0.05.

Tissue T (°C) t (hours) jj—"

never pregnant n=1 67.4 3.8 1.1

early pregnant n=5 68.0 £ 1.0° 7.5+2.1° 1.0+0.1°
late pregnant n=7 67.1+1.2%» 5615 1.2+0.12
previously pregnantn=6  66.4+0.6° 3.2+2.6° 1.6+0.2°
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Figure 4.8 A. Mean collagen denaturation temperature in myocardium from pregnant and
previously pregnant cows, with error bars representing SD. Comparisons between groups were
made using t-tests. B. Mean collagen denaturation temperature in myocardium from early pregnant
(gestational age<150 days), late pregnant (gestational age >150 days), and previously pregnant
cows, with error bars representing SD. Comparisons between groups were made using an ANOVA
test, with a post-hoc Tukey’s analysis. p values<0.1 are shown.
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Figure 4.9 A. Mean load decay half-time in myocardium from pregnant and previously pregnant
cows, with error bars representing SD. Comparisons between groups were made using t-tests. B.
Mean load decay half-time in myocardium from early pregnant (gestational age<150 days), late
pregnant (gestational age >150 days), and previously pregnant cows, with error bars representing
SD. Comparisons between groups were made using an ANOVA test, with a post-hoc Tukey’s
analysis. p values<(0.1 are shown.
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Figure 4.10 A. Mean immature crosslink index in myocardium from pregnant and previously
pregnant cows, with error bars representing SD. Comparisons between groups were made using t-
tests. B. Mean immature crosslink index in myocardium from early pregnant (gestational age<150
days), late pregnant (gestational age >150 days), and previously pregnant cows, with error bars
representing SD. Comparisons between groups were made using an ANOVA test, with a post-hoc
Tukey’s analysis. p values<0.1 are shown.
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4.4 Effects of Freeze-Thawing

Myvocardial collagen is less susceptible to freeze-thaw induced disruption
post-pregnancy.

Freeze-thawing had differential effects on myocardium, depending on gestational
state (Table 4.6). The myocardium from pregnant animals sustained significant reductions
in denaturation temperature (p=0.022) (Fig 4.11A), load decay half-time (p=0.0177) (Fig
4.11B), and immature crosslink index (p=0.045) (Fig 4.11C), following freeze-thawing.
Conversely, in the myocardium from previously pregnant animals, freeze-thawing had no
effect on myocardial thermomechanical properties. Freeze-thawing is known to expand the
intrafibrillar space through ice formation, reducing collagen thermal stability [100];
however, this effect was dependent on gestational state (p=0.043). These findings suggest
that ice formation did not cause expansion of the myocardial intrafibrillar space in
previously pregnant animals, possibly because the collagen network is already less tightly
packed. In contrast, the myocardial collagen network may be more tightly packed in

pregnancy, such that ice formation had a more pronounced effect on the intrafibrillar space.

Table 4.6. Summary of results from HIT/DTT with NaBHj stabilization tests on fresh vs frozen
bovine myocardium, reported as mean + SD. Paired myocardial samples were collected from 4
pregnant and 3 previously pregnant cows, with samples being either tested fresh or following
freeze-thawing. Following two-way ANOVA with repeated measures, which identified a
significant interaction between the effects of freezing and pregnancy state on Tq (p=0.043), t2

(p=0.017) and:l//wﬂ (p=0.068), paired t-tests were performed for within group comparisons*
1/2 control

denotes significant difference between groups <0.05.

t
Tissue Condition Tq4(°C) t12 (hours) _1/2 NaBHY
t1/2 control
Presnant n=4 Fresh 67.6+1.4 8.3%x1.7 1.1+ 0.2
g Frozen 64.8 +0.8* 3.1%£1.1* 0.7+0.3*
Previously Fresh 66.5+0.7 56%1.5 1.6+0.2
pregnant n=3 Frozen 65.7+1.6 4.8+2.6 2.0+x04
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Figure 4.11 A. Mean collagen denaturation temperature in fresh and frozen myocardial samples,
grouped by pregnancy state. B. Mean load decay half-time in fresh and frozen myocardium cows,
grouped by pregnancy state. C. Mean immature crosslink index of fresh and frozen myocardium,
grouped by pregnancy state. Error bars represent SD; Following two-way ANOVA with repeated
measures, paired t-tests were used for within group comparisons. p values <0.1 are shown.
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4.5 Effects of Tergitol Treatment

Tergitol treatment was ineffective for myocardial decellularization, but
disrupted the muscle fibers and collagen network.

(i) Gross appearance and histological findings

Tergitol, a chemical detergent, is a lipophilic agent that partitions into the cellular
membrane, causing cell lysis [129]. Following Tergitol treatment, the myocardium was
transformed from a dark red colour to a light brown (Fig. 4.12). However, staining of
Tergitol-treated myocardial samples revealed that the decellularization protocol had been
ineffective. H&E stains of control myocardial samples taken from previously pregnant
cows displayed aligned muscle cells, with acidophilic sarcoplasm and central oval nuclei
(Fig.4.13A, Fig.4.14A). Stains of Tergitol-treated myocardial samples revealed that nuclei
were present in the specimens, though they appeared darkly pyknotic (white arrow) and
were floating in the interstitial space within some regions (black arrow) (Fig. 4.13B). The
sarcoplasm was deeply acidophilic. The muscle cells were misaligned and widely separated
(Fig. 4.13B). Interestingly, muscle striations and intercalated discs were more prominent
in the Tergitol-treated samples (Fig.4.14B). Although complete decellularization was not
achieved, the histological findings indicate that the Tergitol indeed disrupted the membrane
of cardiomyocytes, causing dispersion and swelling of muscle cells. This likely resulted in

the more prominent appearance of the striations and eosin stain.
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Figure 4.12 Bovine myocardial samples before (A) and after (B) Tergitol treatment.
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Figure 4.13. Cross-sections of (A) control, and (B) Tergitol-treated myocardium from previously
pregnant bovine stained with H&E and viewed at 40X magnification. (Black arrow pointing at
nuclei floating in interstitial space. White arrow pointing at pyknotic nucleus)
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Figure 4.14. Cross-sections of (A) control, and (B) Tergitol-treated myocardium from previously
pregnant bovine stained with H&E and viewed at 100X magnification.
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(ii) Observations with polarized light microscopy (PLM)

Under polarized light, the control myocardial samples exhibited birefringence,
arising due to the anisotropy of collagen fibers. Alternating dark and bright patterns
corresponding to the collagen crimping pattern were apparent (Fig.4.15A, Fig.4.16A).
Notably, this pattern was absent in the Tergitol-treated samples, with an overall reduction
in birefringence (Fig.4.15B, Fig.4.16B). Further, despite the intermuscular space
containing collagen fibers (as observed without PLM), there was no birefringence in these
spaces, suggesting a disorganization in the collagen network or a loss of collagen crimp.
This is not unexpected, as the collagen network encapsulates cardiomyocytes; with the

separation of myocytes, the surrounding collagen fibers were likely dispersed as well.
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Figure 4.15. Cross-sections of (A) control, and (B) Tergitol-treated myocardium from previously
pregnant bovine stained with H&E and viewed with polarized light microscopy at 40X
magnification.
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Figure 4.16. Cross-sections of (A) control, and (B) Tergitol-treated myocardium from previously
pregnant bovine stained with H&E and viewed with polarized light microscopy at 100X
magnification.
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Tergitol does not affect myocardial mechanical properties.

The effects of Tergitol treatment on myocardial mechanical properties are
summarized in Table 4.7. As expected, there were no changes in myocardial UTS (Fig
4.17A), extensibility (Fig 4.17B), nor stiffness (Fig 4.17C), following treatment with
Tergitol. Further, a two-way repeated measures ANOVA found that there was no interaction

between Tergitol treatment and gestational state.

Table 4.7. Summary of uniaxial tensile testing from control and Tergitol-treated bovine
myocardium samples, reported as mean + SD. Paired myocardial samples were obtained from 11
bovine. Analysis was performed with paired t-tests, which identified no significant differences
between groups.

Stiffness Modulus

condition UTS (MPa) Extensibility (MPa)
Control n=11 0.14+0.05 1.08+0.42 0.17+0.08
Tergitol n=11 0.15+0.08 1.09+0.37 0.23+0.19
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Figure 4.17. Mean myocardial (A) UTS, (B) extensibility, and (C) stiffness from control and

Tergitol-treated samples.

68



Myocardial collagen is more susceptible to Tergitol induced disruption in
post-pregnancy.

(i) Effects on collagen content

Tergitol treatment had differential effects on myocardial collagen content,
depending on gestational state (Table 4.8). In the samples taken from pregnant animals,
there was a significant increase in insoluble collagen content following Tergitol treatment
(Fig 4.18B). This may be caused by the expected reductions in cellular mass resulting in
the collagen occupying a greater percentage of the myocardial volume. Conversely, in the
samples from previously pregnant animals, Tergitol treatment did not result in collagen
occupying a greater percentage of the volume, but instead there was a trend towards
reduced myocardial collagen content (Fig 4.18C); these findings suggest that the removal
of cells was accompanied by an inadvertent loss of collagen. This suggests that the
myocardial collagen network is more susceptible to chemical disruption in post-pregnancy,

compared to during gestation.

Table 4.8. Summary of Sircol Collagen Assay results for bovine myocardium treated with Tergitol
compared to control according to pregnancy state, reported as meant SD. Paired myocardial
samples were collected from 6 pregnant and 6 previously pregnant cows to examine the effects of
Tergitol treatment on collagen content. Following a two-way repeated measures ANOVA, which
identified a significant interaction between the effects of Tergitol treatment and pregnancy state on
soluble (p=0.076), insoluble (p<0.001) and total (p<0.001) collagen content, one-way ANOVA was
performed to examine differences between control and Tergitol-treated samples, according to
pregnancy state. "denotes a significant difference between treatment groups, p<0.05. " denotes a
trend between treatment groups, p<0.1.

soluble insoluble
total collagen
. - collagen collagen
Tissue condition (ug/mg wet
(ug/mg wet (ug/mg wet .
. . tissue)
tissue) tissue)
Presnant n=6 Control 106 62 + 31 72 £31
g Tergitol 17 +17 242 £ 44* 253+ 44*
Previously Control 1613 61+49 76 48
Pregnant n=6 Tergitol 2+0* 297 317t
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Figure 4.18. Mean soluble (A), insoluble (B), and total (C) collagen content in myocardium from
pregnant and previously pregnant cows. Error bars represent SD; Following two-way ANOVA with
repeated measures, one-way ANOVA was used for within group comparisons. p values<0.1 are
shown.

70



(ii)  Effects on collagen thermomechanical properties

Tergitol treatment also had differential effects on myocardial thermomechanical
properties depending on gestational state (p=0.041) (Table 4.9). As seen with regards to
changes in collagen content, the Tergitol treatment had no effect on the pregnant samples,
but there was a significant reduction in the denaturation temperature of myocardial samples
taken from previously pregnant animals, following Tergitol treatment (p=0.035) (Fig
4.19A). This could be due to the loosening of the collagen network in pregnancy, which
was previously noted (i.e. reductions in denaturation temperature and crosslinking),
allowing for a deeper penetration of Tergitol throughout the tissue. Conversely, the collagen
network may be more tightly packed during pregnancy, impeding Tergitol penetration and

thus protecting against any deleterious effects.

Table 4.9. Summary of results from HIT/DTT with NaBH4 stabilization tests on bovine
myocardium treated with Tergitol compared to control, according to pregnancy state, reported as
mean + SD. Paired myocardial samples were collected from 6 pregnant and 3 previously pregnant
cows to examine the effects of Tergitol treatment on collagen thermomechanical properties.
previously pregnant bovine, with samples being either tested fresh or following freeze-thawing.
Following two-way ANOVA with repeated measures, which identified a significant interaction
between the effects of Tergitol treatment and pregnancy state on Tq(p=0.041), paired t-test were
performed for within group comparisons. “denotes a significant difference between groups, p<0.05.

t
Tissue Condition Tq4(°C) t12 (hours) _1/2 NaBH4
t1/2 control
Presnant n=6 Control 67.8+0.6 5.6+1.4 1.2+0.4
g Tergitol 66.7+2.7 4.4+1.6 1.7+0.1
Previously Control 66.2 +0.5 1.4+0.8 3.8+3.8
Pregnantn=3  Tergitol 63.5+x1.1* 1.6+1.1 1.0+0.9
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Figure 4.19. A. Mean collagen denaturation temperature in control and Tergitol-treated myocardial
samples, grouped according to pregnancy state. B. Mean load decay half-time in control and
Tergitol-treated bovine myocardium grouped by pregnancy state. C. Mean immature crosslink
index for control and Tergitol-treated bovine myocardium group by pregnancy state. Error bars
represent SD; Following two-way ANOVA with repeated measures, paired t-tests were used for

within group comparisons. p values<(0.1 are shown.
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Chapter S Discussion

This is the first study to investigate myocardial remodeling during pregnancy and
postpartum in a bovine model. The myocardium accommodates the blood volume overload
state by increasing UTS and extensibility, from early to late pregnancy (Table 4.1). It was
discovered that, whereas UTS reverts to early pregnant values in postpartum, myocardial
extensibility is increased and stiffness is reduced in previously pregnant animals (Table
4.1). Moreover, for the first time, myocardial collagen remodeling in pregnancy and
postpartum was identified, using HIT/DTT. Although, myocardial collagen content is
unchanged (Table 4.3), there is a significant reduction in collagen helical stability (Table
4.4), accompanied by the replacement of mature for immature crosslinks (Table 4.5), in
postpartum. The loosening of the myocardial collagen networks between pregnancy and
postpartum may explain the gestation-dependent effects of freeze-thawing and Tergitol
treatment on tissue. The myocardium from previously pregnant cows was less susceptible
to collagen thermal destabilization from extracellular ice expansion (Table 4.6), but was
more vulnerable to collagen disruption following Tergitol treatment (Table 4.8; Table 4.9),

compared to tissue from pregnant animals.

5.1 Myocardial Mechanics in Pregnancy & Postpartum
UTS

The current study found that myocardial UTS was significantly increased between
early and late pregnancy (Fig 4.2). This mechanical adaptation was expected, as left
ventricular function is reportedly unchanged during pregnancy [57], despite increases in
wall stress due to blood volume overload [50], [51]. Unlike pathological states of volume
overload which do not trigger cardiomyocyte elongation [43], [45], [46], significant
increases in cardiomyocyte surface area and length have also been observed during
pregnancy in rodents [62]. In human pregnancy, changes in left ventricular geometry have
also been reported, showing increases in both mass and thickness, thus normalizing wall
stress, per the Law of Laplace [52]-[54]. As ventricular wall stress is normalized, the
increase in myocardial UTS may serve as an additional fail-safe mechanism. Taken

together, the findings from the current and past studies indicate that the myocardium adapts
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to volume overload and increased wall stress in pregnancy not only by proportional rises
in left ventricular diameter and width, but also by increasing myocardial UTS.

Regarding post-pregnancy recovery, the data from previously pregnant cows
indicate that myocardial UTS reverts to EP values in postpartum (Fig 4.2). Similarly,
studies have found that cardiomyocyte length and left ventricular thickness and mass are
recovered in the postpartum as well [62]. As UTS is a measure of the maximum stress that
can be applied, it follows that with elevated load on the heart, UTS increases in parallel,

and that when the load is reduced, the UTS also decreases.

Extensibility

This study reported that myocardial extensibility is significantly increased between
early and late pregnancy (Fig 4.3). Extensibility refers to the strain, or normalized change
in length, that can be sustained by a tissue under tension, such as during diastole [130].
Previous studies have shown that end-diastolic volume is increased during pregnancy [50],
[131]. Hence, an increased myocardial extensibility may underly the increased blood
storage capacity of the left ventricle during pregnancy. Previous studies on pregnancy-
induced remodeling of the pericardium and heart valves observed a biphasic pattern:
extensibility was reduced in early pregnancy, compared to baseline and recovered through
the remainder of gestation [77], [78] [84]. In the current study, the gestational ages of the
cows were all over 75 days, thus very early mechanical adaptations to pregnancy may have
been overlooked. Further, in the current student, values were not compared to those of
never pregnant animals and thus the initial extensibility cannot be confirmed.

Curiously, the results from the current study suggest that myocardial extensibility
does not fully reverse in postpartum (Fig 4.3). Therefore, pregnancy may result in a
permanent dilation of the left ventricle; this would certainly account for the flaccid hearts

harvested from previously pregnant cows that have been observed in the lab.

Stiffness

In the current study, there was no difference in myocardial stiffness between early
and late pregnancy (Fig 4.4B). However, the sample sizes used for mechanical testing were

low (EP=2; LP=6; PP=3), which may have caused differences between groups to remain
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undetected. Interestingly, there was a trend towards an increased myocardial stiffness in
pregnant cows compared to previously pregnancy cows (p=0.077; Fig 4.4A). Therefore,
these results suggest that myocardial stiffness may be reduced in postpartum, compared to
gestation. Taken together, it may be postulated that pregnancy-induced myocardial
remodeling serves to maintain a constant stiffness throughout gestation, but may result in
decreased myocardial stiffness in postpartum perhaps due to reductions in collagen
crosslinks (Fig 4.9).

The results of the current study differed from the published literature. Virgen-Ortiz
reported that elastic modulus of the left ventricle was significantly reduced in LP compared
to PP [62]. A possible explanation for this discrepancy is the fact that the Virgen-Ortiz
study only stretched the myocardial samples to 10% of their initial length to derive the
elastic modulus [62], whereas the current study stretched the samples to failure and derived
the stiffness modulus from the final 40% of the strain at failure. Myocardial stiffness is
derived from a number of constituents, including collagen [132]. The crimped structure of
collagen means that it does not bear load until it has been straightened, hence the stress-
strain curves are commonly separated into two regions [132]. Therefore, it is possible that
the inconsistent findings of myocardial stiffness in pregnancy are due to different regions
of the stress-strain curve being utilized for its derivation.

Another difference between the Virgen-Ortez study and the current study is the
animal model. The current study utilized cows, which have larger heart sizes compared to
rodents. Whereas Virgen-Ortiz suggests that decreased myocardial stiffness enhances
diastolic filling during pregnancy, it is possible that due to the much larger size of cow
hearts, the increased ventricular size is more highly attributable for the increased end-
diastolic volume rather than changes in stiffness. [62]. Therefore, myocardial remodeling

may differ between species.

5.2 Collagen Remodeling in Pregnancy & Postpartum
Collagen Content

This study found that collagen does not accumulate in the heart over gestation; this
is an observation that has also been noted in the literature [64]-[69]. Myocardial collagen

content was not different between late pregnant and previously pregnant cows (Fig 4.5).
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The absence of increased myocardial collagen content in pregnancy may be explained by
the downregulation of fibrosis-related genes [64], as well as the expression of the relaxin.
Relaxin is a pregnancy hormone responsible for relaxing the muscles and connective
tissues of the pelvis to prepare for delivery and has been found to inhibit collagen synthesis
and suppress crosslinking [133], [134]. As relaxin receptors are expressed on the heart
[134], this hormone may confer protection against the development of fibrosis in
pregnancy.

It is also important to state that comparisons were not made with early pregnant nor
never pregnant cows. Therefore, collagen content may have been increased or decreased at
the timepoints measured compared to baseline. Nonetheless, changes in collagen content
are not always indicative of remodeling; collagen remodeling also encompasses alterations
in molecular packing, crosslinks, and isoforms, all of which can have substantial effects on
myocardial properties. For instance, Limon-Miranda et al. found that protein expression of
collagen I was downregulated, and collagen III was upregulated in the left ventricles of
pregnant rats [71]. For that reason, collagen thermomechanical properties were also

explored.

Thermomechanical Properties

In the current study, there were no differences in myocardial collagen denaturation
temperature throughout gestation, but there was a significant reduction in postpartum (Fig.
4.8). These findings indicate that collagen helical stability is significantly reduced in the
myocardium of previously pregnant cows, compared to pregnant cows (Fig 4.8). Helical
stability is influenced by molecular packing, according to the polymer-in-a-box model
which explains that a smaller box confines the thermally labile domain of collagen,
enhancing helical stability [23]. Hence, the current study suggests that collagen molecules
are less tightly packed in postpartum, possibly due to collagen turnover.

Interpretation of collagen crosslinking was less clear, due to the abnormal load-
decay behaviour of certain myocardial strips during the isothermal segment of the
HIT/DTT (see Appendix I); whereas some myocardial tissue displayed an exponential
decay in load throughout the entirety of the isotherm, others did not; rather, the initial 2000-
300 seconds of the isotherm followed the regular behaviour, with peptide bond hydrolysis
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leading to a decay in the load, but further into the isotherm contractions and plateaus in
load occurred, for some samples (Appendix I). This behaviour may have been due to the
heterogeneous composition of myocardial tissue, with various proteins contributing to its
passive properties [13]. Water uptake within tissue, may have also occurred later in the
isotherm, which can increase passive tension [135]. Therefore, some process /ater in the
isotherm, be it thermoelastic contraction of other proteins or water uptake, may oppose the
load relaxation from peptide bond hydrolysis.

The load decay half-time was calculated from the first 2000 (for EP samples) or
3000 (for LP and PP samples) seconds of the isotherm. These results suggested that
collagen mature crosslinks are significantly reduced in the myocardium of previously
pregnant cows compared to pregnant cows (Fig 4.9). When gestation was subdivided into
EP (<150 days) and LP (>150 days), the results indicated that mature collagen crosslinks
may begin to be lost during gestation, as there is a 25% reduction in load decay half-life
from EP to LP (Fig 4.9). Loss of collagen crosslinking may serve to increase ventricular
dilation throughout gestation. Additionally, the index of immature collagen crosslinks was
significantly increased in the myocardium from previously pregnant cows compared to
pregnant cows (Fig 4.10). As collagen crosslinks are initially synthesized as immature
divalent crosslinks [33], the findings from this study suggest that there is increased
myocardial collagen turnover in postpartum.

These findings suggest that myocardial collagen remodeling differs from
remodeling of the pericardium and heart valves, which are associated with significant
increases in mature crosslinking throughout gestation, a proposed adaptation to elevated
tissue stress [77]-[79], [84]. The function and composition of the myocardium, compared
to the latter cardiac structures, may explain the divergent collagen remodelling processes
in pregnancy. Firstly, the myocardium must expand to permit diastolic filling and increases
in collagen crosslinking have been found to stiffen the myocardium, compromising this
function [34]. Thus, unlike in the pericardium and heart valves, an increase in collagen
crosslinks may have adverse effects on myocardial adaptation to pregnancy. Secondly,
whereas heart valves and pericardia are primarily collagenous structure, 70% of the

myocardial volume is occupied by cardiomyocytes [3]. During pregnancy, cardiomyocytes
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lengthen [62] and therefore, remodeling of the myocardial collagen network must also
balance changes of the cardiomyocytes.

The current study suggests that pregnancy does not trigger rapid collagen
degradation, as helical stability (Fig. 4.8) and mature crosslinks (Fig. 4.9) are not
significantly different between EP and LP, and myocardial collagen content is not
significantly different between pregnancy and postpartum. Therefore, myocardial collagen
remodeling in pregnancy differs from pathological volume overload, wherein collagen
breakdown is rapid and precedes cardiomyocyte lengthening [46]. Further, rodent studies
indicate that MMP expression is downregulated in LP [73], [75], indicating that pregnancy
inhibits excessive degradation of myocardial collagen. Total (Fig. 4.10) and mature (Fig.
4.9) collagen crosslinking were significantly reduced in postpartum, which may explain
the reductions in UTS (Fig. 4.2) and stiffness (Fig. 4.4) which were observed postpartum.
Taken together, the current study suggests that mature collagen is slowly lost throughout
gestation and is replaced with immature collagen in postpartum. This explanation also
explains how collagen content is unchanged between LP and PP (Fig 4.5), as degradation
and deposition are balanced, and why collagen denaturation temperature is significantly

reduced in PP, as turnover reduces molecular packing.

5.3 Effects of Freeze-Thawing

Freeze-thawing is commonly used in tissue decellularization, as well as for
applications such as storage and preservation [100], [136], [137]. Thus, the effects of
freeze-thawing on tissue structure and stability must be elucidated. The effects of freeze-
thawing on collagen stability were dependent on the cow’s gestational state (Table 4.6). In
the myocardium of pregnant cows, freeze-thawing resulted in significant decreases in
collagen denaturation temperature (Fig. 4.11), indicating that helical stability was reduced.
Further, in the myocardium of pregnant cows, the load decay half-time was significantly
reduced by freeze-thawing (Fig 4.11), suggesting perhaps a mechanical disruption of the
connectivity between molecules.

Conversely, myocardium from previously pregnant cows did not exhibit reduction
in collagen denaturation temperature, nor load decay half-time (Fig 4.11). This was an

unexpected finding, and there are several possible explanations for this phenomenon.
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Firstly, collagen thermal stability was found to already be reduced in the myocardium of
postpartum cows, compared to pregnant animals (Fig 4.8), reflecting a larger
intermolecular space. Hence, the looser myocardial collagen network of previously
pregnant cows may result in sufficient intermolecular gap space to accommodate ice
expansion, protecting against any deleterious effects.

There are inconsistent findings in the literature pertaining to the effects of
intermolecular gaps on ice expansion. Some studies report that larger gaps are more
susceptible to ice formation, as the freezing temperature of water is elevated [137].
Conversely, other studies suggest that larger gaps are indeed more resistant to ice expansion
[136]. Clearly, more information is required on the effects of intermolecular gaps on freeze-
thawing resistance. Another explanation for the differential responses of the pregnant and
postpartum myocardium is intracellular water content. During freezing, intracellular water
diffuses into the extracellular space and expands upon forming ice [138]. Pregnancy is
associated with increased water retention, [139] which may explain the increased
susceptibility of myocardium from pregnancy cows to freeze-thawing disruptions to the

collagen network.

5.4 Effects of Tergitol

Efficacy of Decellularization

An unexpected finding from the current study was the ineffectiveness of Tergitol
for myocardial decellularization. Although previous studies were able to remove all cellular
material from myocardium using Tergitol [117], [118], there were several differences
between the protocols used in the current study and those in the literature. Notable, the
current study omitted the use of DNAse and dimethyl sulfoxide (DMSO), instead selecting
a gentler combination to minimize possible damage to the collagen network. Whereas the
actions of Tergitol are to adsorb and disrupt the cellular membrane [129], DNases are
enzymes that digest DNA [140]. The histological images depict pyknotic nuclei within cells
(Fig 4.13B), suggesting that the process of cell lysis had been initiated. Other regions of
the tissue samples showed nuclei floating within the interstitial space (Fig 4.13B). By
contrast, in the control (untreated) samples, nuclei were oval-shaped and centrally located

within cardiomyocytes (Fig 4.13A). Therefore, based on these stains, it appears that the
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Tergitol indeed adsorbed to cell membranes, causing cellular swelling in the case of
condensed nuclei within intact cells, and cell lysis in the case of the free-floating nuclei.
The absence of a DNase may explain the preservation of nuclei within the Tergitol-treated
tissue. Numerous studies on tissue decellularization have found that the addition of DNase
treatment to protocols significantly reduces DNA content [141].

The efficacy of tissue decellularization is dependent not only on the choice of
detergents, but also on the concentration used, exposure time, tissue thickness, and cell
density [89], [90]. For thick tissue in particular, such as myocardium, the penetration depth
of the detergent is an important parameter for an effective decellularization [142], [143].
DMSO is a chemical solvent that has been used in other Tergitol-based decellularization
protocols, serving to enhance detergent penetration [115]-[118]. As DMSO was not used
in the current study, it may explain the ineffectiveness of the Tergitol treatment, with the
cells in the deeper levels of the tissue not being accessible to the detergent. The addition of
DNase and DMSO to the decellularization process in the current study should be used to
enhance the removal of genetic material in subsequent studies.

Native myocardial tissue is dark red in colour (Fig. 4.12A), due to the presence of
the intracellular protein myoglobin [144]. Following decellularization, myocardial tissue,
from pregnant and previously pregnant cows, appeared light brown (Fig 4.12B) suggesting
the removal of myoglobin, and thus that some cells had been partially affected by the
Tergitol treatment. Indeed, the histological stains, despite showing nuclei retention,
displayed regions of increased intramuscular spacing and regions where muscle fibers
appeared fragmented (Fig 4.13B). Further, the Tergitol-treated samples were more
eosinophilic showing a more intense pink staining with H&E (Fig 4.13B; Fig 4.14B). Eosin
binds to positively charged particles [145], which results in altered staining intensities
between compounds with different side chain groups, such as muscle and collagen.
Changes in the intensity of the eosin stain suggest that the tissue composition has been
altered. Following Tergitol treatment, intensity of the eosin stain was stronger (Fig 4.13B),
likely because the proteins became more concentrated. During cell death, the cytoplasm
condenses, resulting in tighter packing of cytoplasmic proteins and potentially stronger
eosin staining [146]. Therefore, the stronger pink colour of the Tergitol treated samples

may be due to initiation of cell lysis.
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Effects on Myocardial Collagen

The results of the uniaxial tensile tests indicated that Tergitol had no effect on
myocardial UTS, extensibility, nor stiffness. However, previous decellularization studies,
such as those using sodium deoxycholate and CHAPS, also found that, whilst tissue
mechanical properties were unaltered, the collagen network had been disrupted [102],
[104]-[106]. Therefore, damage sustained by collagen may not be manifested in changes
to tissue mechanical properties.

The current study found that Tergitol did affect myocardial collagen, depending on
the gestational status of the animal (Table 4.8; Table 4.9). In the myocardium from
previously pregnant cows, the results from the collagen assay show that there was a trend
towards a reduction in collagen content following Tergitol treatment (Table 4.8), suggesting
that some collagen may have been degraded. Further, collagen denaturation temperature
(Fig 4.19A) was significantly reduced in the myocardium of previously pregnant cows
following Tergitol treatment. H&E staining of control (untreated) and Tergitol-treated
myocardial samples from previously pregnant cows, revealed stronger eosin staining
intensity and a loss of collagen crimp, as the alternating birefringence bands were absent
(Fig 4.15B; Fig 4.16B). This may be explained by a deeper penetration of the eosin through
the Tergitol-treated tissue, and a disorganization of myocardial collagen following Tergitol
treatment, resulting in a disruption in fiber alignment. Taken together, the findings of the
current study suggest that Tergitol treatment resulted in a reduction of thermal stability and
organization of the myocardial collagen network from previously pregnant animals.

Conversely, in the myocardium from pregnant cows, collagen content was
increased following Tergitol treatment, as per the results of the collagen assay (Table 4.8).
As new collagen could not have been synthesized, it is likely that the cellular mass had
been reduced allowing the collagen to occupy a greater percentage of the myocardial
volume. Additionally, there were no changes in myocardial collagen thermomechanical
properties (Fig 4.19) for pregnant cows following Tergitol treatment. The explanation for
the differential effects of Tergitol on the myocardium from pregnant cows, compared to
previously pregnant, may be in the structural properties of collagen. According to the
current study, myocardial collagen molecular packing is increased in pregnancy (Fig 4.8),

in conjunction with increases in collagen crosslinking (Fig 4.9), compared to postpartum.
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Crosslinking has been shown to increase collagen molecular packing and to reduce tissue
permeability [32], which is pertinent because the effects of Tergitol are mediated by its
penetration through the tissue [129]. Taken together, the findings from the current study
indicate that the myocardial collagen network is more densely packed in pregnancy

reducing susceptibility to Tergitol-induced damage.

5.5 Clinical Implications

Pregnancy is a time of dramatic changes in the maternal cardiovascular system. As
cardiac health during gestation is a significant indicator for cardiac disease in later life, it
is critical to improve our understanding of myocardial remodeling underlying the

hemodynamic transformations and their reversal in postpartum.

5.5.1 Long Term Effects

Cardiovascular disease is the leading cause of death worldwide [147]; hence,
identification of risk factors is critical to ensure early detection and intervention, halting
disease progression. Adverse pregnancy outcomes have already been identified as risk
factors for the later development of cardiovascular disease [148], [149]. For example,
women who suffer from hypertension during pregnancy have a four-fold higher risk for
heart failure and a two-fold higher risk of ischemic heart disease, compared to women with
normotensive pregnancies [149]. The current study has important implications for the
management of cardiovascular health; myocardial remodeling in pregnancy may be
associated with effects that persist in postpartum, including increases in extensibility and
reductions in collagen helical stability and mature crosslinks. For instance, decreases in
myocardial collagen crosslinks may be a predisposition for ventricular dilation in
cardiomyopathy [17], [20], [32]. Further, reductions in mature collagen may contribute to
the development of systolic heart failure [39]. Alternatively, collagen remodeling in
pregnancy and postpartum may be protective against the development of cardiac fibrosis
later in life, as mature collagen is replaced with looser immature collagen. These questions
remain to be elucidated, but are critical for enhancing our comprehension of cardiac
diseases in women. Although cardiac disease is diagnosed more frequently in men, women

are commonly diagnosed with heart disease at older ages and more advanced stages of
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disease [150]. Therefore, identification of risk factors can contribute to earlier detection

and intervention.

Abnormal and/or Cumulative Remodeling

Peripartum cardiomyopathy (PPCM) is a rare and life-threatening form of heart
failure that develops during the final weeks or postpartum period of pregnancy, in women
with no prior cardiac history [151]. PPCM, which is characterized by a reduced left
ventricular ejection fraction, is associated with a high mortality rate [152]. The causes and
pathophysiology of PPCM are not well understood, but certain risk factors have been
identified for the development of disease including high parity [151]-[153]. Studies have
shown that the majority of women aftlicted with PPCM have had three or more prior
pregnancies [152]. The current study suggests that permanent changes in myocardial
extensibility and myocardial collagen crosslinks occur through gestation and postpartum.
It is possible that abnormal myocardial remodeling and/or the augmented effects with
multiple pregnancies contribute to the development of PPCM. By improving our
understanding of the pathophysiology, the treatment of PPCM can be ameliorated, as
current treatment is directed towards symptoms management rather than targeting the
causes of disease. Taken together, the current study may be indicative of the role of

myocardial remodeling to the development of PPCM.

5.6 General Conclusions

The current study identified myocardial remodeling, in a bovine model, as the heart
adapts to the hemodynamic changes in pregnancy and postpartum. Mechanically, between
EP and LP, there are significant increases in the UTS and extensibility of the myocardium,
which allow the left ventricle to sufficiently expand and sustain the stress of blood volume
overload. Interestingly, there was no significant difference in myocardial stiffness between
EP and LP; this suggests that, during pregnancy for larger animals, reductions in
myocardial stiffness are not the adaptation by which the left ventricle accommodates the
left ventricle. Additionally, the current study found that, unlike UTS, myocardial
extensibility does not fully recover in postpartum, suggesting that pregnancy may have

long lasting effects on the heart.
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Amazingly, this study identified for the first time myocardial collagen remodeling
in pregnancy and postpartum. Whilst, collagen content is indeed unaffected by gestation,
alterations in collagen helical stability and crosslinks were observed. It appears that the
collagen network loosens during pregnancy through a loss of mature crosslinks, potentially
to allow ventricular dilation or maintenance of myocardial stiffness, and that immature
crosslinks are added in postpartum.

This study showed that, depending on pregnancy state, freeze-thawing negatively
affects the myocardial collagen network, reducing thermal stability and connectivity.
Interestingly, myocardial collagen from previously pregnancy displayed no differences in
thermomechanical properties following freeze-thawing. The exact reason for these
differential results is unclear, but may be due to increased intermolecular gaps of the
myocardial collagen network in postpartum negating the effects of ice formation.

Another important finding from the current study was that Tergitol alone is ineffective for
the decellularization of myocardium. Given the histological appearance of the Tergitol-
treated tissue, specifically the nuclei in the interstitial space, it is evident that an
endonuclease should be incorporated into decellularization protocols to fully remove
genetic material from tissue. Additionally, the Tergitol treatment had differential on
myocardial collagen based on pregnancy state - in postpartum, the replacement of mature
for immature collagen crosslinks may have increased myocardial permeability, resulting in
losses or destabilization of collagen in the previously pregnant animals. Therefore, tissue
permeability affects the penetration, and ultimately efficacy of detergents; chemical agents
such as DMSO should be utilized to improve decellularization efficacy, particularly in thick

tissue.

5.7 Recommendations for Future Work

The current study identified differences in myocardial properties between
pregnancy and postpartum. However, only one heifer was available for analysis, and
therefore establishment of true baseline myocardial mechanical and collagen properties
was not possible. Further, the parity of each cow was not assessed in this study. Future

studies should examine the effects of multiple pregnancies on myocardial properties to
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identify whether changes are cumulative. Future studies should also perform histological
analysis on native and control-treated myocardium from never-pregnant and pregnant
cows, to make observations on both the effect of the Tergitol treatment and the effect of
pregnancy. A DNA assay should be used to quantify the amount of nuclear material pre-
and post-decellularization. The current study utilized H&E stains, which identified that
nuclei remained in the myocardium following Tergitol treatment, but the relative reduction

could not be assessed.
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9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service. Unless otherwise provided in the Order Confirmation, a
proper copyright notice will read substantially as follows: “Used with permission of [Rightsholder's name], from [Work's title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably legible font size and must be placed either on a cover page or in another
location that any person, upon gaining access to the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent to the Work as
used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or notices for the new work containing the republished Work are located. Failure to
include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in the
Order Confirmation, in addition to the use fee itself and any other fees and charges specified.

10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability, damages, costs, and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work which has
been altered in any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING
WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF
ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective employees and
directors) shall not exceed the total amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its principals, employees, agents,
affiliates, successors, and assigns.
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12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS IS.” CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT.
CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS,
INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR
THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License set forth in the Order Confirmation and/or the Terms,
shall be a material breach of such License. Any breach not cured within 10 days of written notice thereof shall result in immediate termination of such License without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder's ordinary license price therefor; any
unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be
subject to all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder’s ordinary license price for the most closely analogous licensable
use plus Rightsholder’s and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for academic coursepacks or classroom handouts). For photocopies for academic coursepacks or classroom
handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at their request by on-campus bookstores or copy centers,
or by off-campus copy shops and other similar entities.

ii) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by
means of deleting material immediately preceding or following the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular anthology would be
systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;
C) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;

D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to produce an identical copy of a Work before or during
the academic term (or analogous period) as to which any particular permission is granted. In the event that User shall choose to retain materials that are the subject of a
photocopy permission in electronic memory for purposes of producing identical copies more than one day after such retention (but still within the scope of any permission
granted), User must notify CCC of such fact in the applicable permission request and such retention shall constitute one copy actually sold for purposes of calculating
permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall maintain for at least four full calendar years books and
records sufficient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User's ordinary business hours, upon two days’ prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any photocopies sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning g academic institution intranets). For uses in
e-coursepacks, posts in electronic reserves, posts in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course e-coursep for text-based content, which grants authorizations to import requested material in electronic format,

and allows electronic access to this material to members of a designated college or university class, under the direction of an instructor designated by the college or university,
accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course management systems, e-coursepacks for material consisting of photographs or other still images not embedded in text, which grants not
only the authorizations described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification of the resolution of such requested material (provided that such modification does not
alter the underlying editorial content or meaning of the requested material, and provided that the resulting modified content is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of the
requested material;

C) Posting e-reserves, course management systems, e-coursepacks or other academic distribution for audiovisual content, which grants not only the authorizations
described in Section 14(b)(i)(A) above, but also the following authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)(i)}(A)
above; (ii) to display and perform the requested material to such members of such class in the physical classroom or remotely by means of streaming media or other video
formats; and (iii) to “clip” or reformat the requested material for purposes of time or content management or ease of delivery, provided that such “clipping” or reformatting does
not alter the underlying editorial content or meaning of the requested material and that the resulting material is used solely within the scope of, and in a manner consistent
with, the particular authorization described in the Order Confirmation and the Terms. Unless expressly set forth in the relevant Order Conformation, the License does not
authorize any other form of manipulation, alteration or editing of the requested material.
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ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the
Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied or, in the case
of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit “publishing ventures” where any particular course materials would be systematically
marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided
by User), any use authorized under the electronic course content pay-per-use service is limited as follows:
A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;
C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;
D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identification or other control
permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the subject
of a permission, shall see:

o a proper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the class,
and

o astatement to the effect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether electronically
or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material chooses to print out the
material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable material from
any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions under the
electronic course content pay-per-use Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no later than the end of
the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years books and
records sufficient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User's ordinary business hours, upon two days’ prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any reason.

c) Pay-Per-Use issions for Certain Rep. ions (A P pies for library reserves and interlibrary loan reporting) (Non-, ic inter nal i uses
and commercial document delivery). The License expressly excludes the uses listed in Section (c)(i)-(v) below (which must be subject to separate license from the applicable
Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in these Terms.

d) Electronic Repre i in Online Envir (Non-A ic-email, intranet, internet and extranet). For “electronic reproductions”, which generally includes e-mail use
(including instant messaging or other electronic transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance
incidental thereto), the following additional terms apply:
i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an intranet or
extranet and one year for any other use, all as measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the date of the Order
Confirmation.
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CcCC ‘ Marketplace

This is a License Agreement between Valerie Metlege (“User”) and Copyright Clearance Center, Inc. (“CCC") on behalf of the Rightsholder identified in the order details below. The
license consists of the order details, the Marketplace Permissions General Terms and Conditions below, and any Rightsholder Terms and Conditions which are included below.

All payments must be made in full to CCC in accordance with the Marketplace Permissions General Terms and Conditions below.

Order Date
Order License ID
ISSN

Publication Title
Article Title

Author / Editor

Date
Language
Country

Portion Type

Number of Charts / Graphs / Tables /
Figures Requested

Format (select all that apply)
Who Will Republish the Content?
Duration of Use

Lifetime Unit Quantity

Rights Requested

Title

Instructor Name

The Req Person / Organization to
Appear on the License

Title, Description or Numeric Reference
of the Portion(s)

Editor of Portion(s)

Volume / Edition
Page or Page Range of Portion

Marketplace Perm

26-Aug-2024
1519246-1
0341-2695

International orthopaedics

Effects of freezing on the biomechanical
and structural properties of human
posterior tibial tendons.

INTERNATIONAL SOCIETY OF
ORTHOPAEDIC SURGERY AND T

01/01/1977
English, English, French, French

Germany

Chart/graph/table/figure
1

Electronic
Not-for-profit entity
Life of current edition
Up to 499

Main product

REMODELING OF MYOCARDIAL COLLAGEN
IN THE BOVINE DURING PREGNANCY AND
POSTPARTUM

Valerie Metlege

Valerie Metlege

Figure 3

Sandro, Giannini; Roberto, Buda;
Francesco, Caprio; Patrizia, Agati; Adriana,
Bigi; Viviana, Pasquale; Alessandro, Ruggeri

32
145-151

ions General Terms and Conditions

Type of Use
Publisher
Portion

Rightsholder
Publication Type
Start Page

End Page

Issue

Volume

Distribution

Translation

Copies for the Disabled?
Minor Editing Privileges?
Incidental Promotional Use?

Currency

Institution Name
Expected Presentation Date

Title of the Article / Chapter the Portion Is
From

Author of Portion(s)

Publication Date of Portion

Republish in a thesis/dissertation
SPRINGER-VERLAG
Chart/graph/table/figure

Springer Nature BV
Journal

145

151

2

32

Canada

Original language of publication
No

No

No

CAD

Dalhousie University
2024-08-31

Effects of freezing on the biomechanical
and structural properties of human
posterior tibial tendons.

Sandro, Giannini; Roberto, Buda;
Francesco, Caprio; Patrizia, Agati; Adriana,
Bigi; Viviana, Pasquale; Alessandro, Ruggeri

2008-04-01

The following terms and conditions (“General Terms”), together with any applicable Publisher Terms and Conditions, govern User’s use of Works pursuant to the Licenses granted by
Copyright Clearance Center, Inc. (“CCC") on behalf of the applicable Rightsholders of such Works through CCC's applicable Marketplace transactional licensing services (each, a “Service").

1) Definitions. For purposes of these General Terms, the following definitions apply:

“License” is the licensed use the User obtains via the Marketplace platform in a particular licensing transaction, as set forth in the Order Confirmation.

“Order Confirmation” is the confirmation CCC provides to the User at the conclusion of each Marketplace transaction. “Order Confirmation Terms” are additional terms set forth on specific
Order Confirmations not set forth in the General Terms that can include terms applicable to a particular CCC transactional licensing service and/or any Rightsholder-specific terms.

“Rightsholder(s)" are the holders of copyright rights in the Works for which a User obtains licenses via the Marketplace platform, which are displayed on specific Order Confirmations.

“Terms” means the terms and conditions set forth in these General Terms and any additional Order Confirmation Terms collectively.

3

Privacy
“User” or “you" is the person or entity making the use granted under the relevant License. Where the person accepting the Terms on behalf of a User is a freelancer or other third party who
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d) Electronic Reproductions in Online Environments (Non-Academic-email, intranet, internet and extranet). For “electronic reproductions”, which generally includes e-mail use
(including instant messaging or other electronic transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance
incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an intranet or
extranet and one year for any other use, all as measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the date of the Order
Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation (after request by User and approval by Rightsholder); provided,
however, that a Work consisting of photographs or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution modified without
additional express permission, and a Work consisting of audiovisual content may, if necessary, be “clipped” or reformatted for purposes of time or content management or ease of
delivery (provided that any such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or meaning of the Work used, and that
the resulting material is used solely within the scope of, and in a manner consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the
Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not apply to
Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at www.copyright.com/about/privacy-policy/.

) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any rights
granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of
User’s rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightsholder. The Rightsholder
and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern or otherwise
relate to the License described in the Order Confirmation, which terms are in any way inconsistent with any Terms set forth in the Order Confirmation, and/or in CCC's standard
operating procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order Confirmation, and whether such writing appears on a copy of the
Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole diseratinn_in 2g
court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of t e protected by reCAPTC]
Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.

Privacy - Terms

“Work(s)" are the copyright protected works described in relevant Order Confirmations.

2) Description of Service. CCC's Marketplace enables Users to obtain Licenses to use one or more Works in accordance with all relevant Terms. CCC grants Licenses as an agent on behalf of
the copyright rightsholder identified in the relevant Order Confirmation.

3) Applicability of Terms. The Terms govern User’s use of Works in connection with the relevant License. In the event of any conflict between General Terms and Order Confirmation Terms,
the latter shall govern. User acknowledges that Rightsholders have complete discretion whether to grant any permission, and whether to place any limitations on any grant, and that CCC
has no right to supersede or to modify any such discretionary act by a Rightsholder.

4) Representations; Acceptance. By using the Service, User represents and warrants that User has been duly authorized by the User to accept, and hereby does accept, all Terms.

5) Scope of License; Limitations and Obligations. All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the Rightsholder. The License
provides only those rights expressly set forth in the terms and conveys no other rights in any Works

6) General Payment Terms. User may pay at time of checkout by credit card or choose to be invoiced. If the User chooses to be invoiced, the User shall: (i) remit payments in the manner
identified on specific invoices, (ii) unless otherwise specifically stated in an Order Confirmation or separate written agreement, Users shall remit payments upon receipt of the relevant
invoice from CCC, either by delivery or notification of availability of the invoice via the Marketplace platform, and (iii) if the User does not pay the invoice within 30 days of receipt, the User
may incur a service charge of 1.5% per month or the maximum rate allowed by applicable law, whichever is less. While User may exercise the rights in the License immediately upon
receiving the Order Confirmation, the License is automatically revoked and is null and void, as if it had never been issued, if CCC does not receive complete payment on a timely basis.

7) General Limits on Use. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) involves only the rights set forth in the Terms and does not include
subsequent or additional uses, (i) is non-exclusive and non-transferable, and (jii) is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Terms. Upon completion of the licensed use as set forth in the Order Confirmation, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by deleting or by removing or severing links or other locators) any further copies of the
Work. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No Work may be used in any way that is unlawful, including without limitation if
such use would violate applicable sanctions laws or regulations, would be defamatory, violate the rights of third parties (including such third parties’ rights of copyright, privacy, publicity, or
other tangible or intangible property), or is otherwise illegal, sexually explicit, or obscene. In addition, User may not conjoin a Work with any other material that may result in damage to the
reputation of the Rightsholder. Any unlawful use will render any licenses hereunder null and void. User agrees to inform CCC if it becomes aware of any infringement of any rights in a Work
and to cooperate with any reasonable request of CCC or the Rightsholder in connection therewith.

8) Third Party Materials. In the event that the material for which a License is sought includes third party materials (such as photographs, illustrations, graphs, inserts and similar materials)
that are identified in such material as having been used by permission (or a similar indicator), User is responsible for identifying, and seeking separate licenses (under this Service, if
available, or otherwise) for any of such third party materials; without a separate license, User may not use such third party materials via the License.

9) Copyright Notice. Use of proper copyright notice for a Work is required as a condition of any License granted under the Service. Unless otherwise provided in the Order Confirmation, a
proper copyright notice will read substantially as follows: “Used with permission of [Rightsholder's name], from [Work’s title, author, volume, edition number and year of copyright];
permission conveyed through Copyright Clearance Center, Inc.” Such notice must be provided in a reasonably legible font size and must be placed either on a cover page or in another
location that any person, upon gaining access to the material which is the subject of a permission, shall see, or in the case of republication Licenses, immediately adjacent to the Work a:
used (for example, as part of a by-line or footnote) or in the place where substantially all other credits or notices for the new work containing the republished Work are located. Failure t¢
include the required notice results in loss to the Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal to twice the use fee specified in th¢ Privacy
Order Confirmation. in addition to the use fee itself and anv other fees and charges soecified.
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10) Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective employees and directors, against all claims, liability, damages, costs, and
expenses, including legal fees and expenses, arising out of any use of a Work beyond the scope of the rights granted herein and in the Order Confirmation, or any use of a Work which has
been altered in any unauthorized way by User, including claims of defamation or infringement of rights of copyright, publicity, privacy, or other tangible or intangible property.

11) Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT, INDIRECT, CONSEQUENTIAL, OR INCIDENTAL DAMAGES (INCLUDING
WITHOUT LIMITATION DAMAGES FOR LOSS OF BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY TO USE A WORK, EVEN IF
ONE OR BOTH OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event, the total liability of the Rightsholder and CCC (including their respective employees and
directors) shall not exceed the total amount actually paid by User for the relevant License. User assumes full liability for the actions and omissions of its principals, employees, agents,
affiliates, successors, and assigns.

12) Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED “AS 1S.” CCC HAS THE RIGHT TO GRANT TO USER THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT.
CCC AND THE RIGHTSHOLDER DISCLAIM ALL OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING WITHOUT LIMITATION IMPLIED
WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE. ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS,
INSERTS, OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER; USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR
THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL RIGHTS TO GRANT.

13) Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope of the License set forth in the Order Confirmation and/or the Terms,
shall be a material breach of such License. Any breach not cured within 10 days of written notice thereof shall result in immediate termination of such License without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated by payment of the Rightsholder’s ordinary license price therefor; any
unauthorized (and unlicensable) use that is not terminated immediately for any reason (including, for example, because materials containing the Work cannot reasonably be recalled) will be
subject to all remedies available at law or in equity, but in no event to a payment of less than three times the Rightsholder’s ordinary license price for the most closely analogous licensable
use plus Rightsholder’s and/or CCC's costs and expenses incurred in collecting such payment.

14) Additional Terms for Specific Products and Services. If a User is making one of the uses described in this Section 14, the additional terms and conditions apply:

a) Print Uses of Academic Course Content and Materials (photocopies for demic ¢ packs or cla. For photocopies for academic coursepacks or classroom
handouts the following additional terms apply:

i) The copies and anthologies created under this License may be made and assembled by faculty members individually or at their request by on-campus bookstores or copy centers,
or by off-campus copy shops and other similar entities.

i) No License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the Work or to edit or in any other way modify the Work (except by
means of deleting material i diately preceding or ing the entire portion of the Work copied) (ii) permit “publishing ventures” where any particular anthology would be
systematically marketed at multiple institutions.

iii) Subject to any Publisher Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided by User), any use authorized under the
academic pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;
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B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;
Privacy - Terms

Q) use is limited to no more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue,
D) no User may sell or distribute any particular anthology, whether photocopied or electronic, at more than one institution of learning;

E) in the case of a photocopy permission, no materials may be entered into electronic memory by User except in order to produce an identical copy of a Work before or during
the academic term (or analogous period) as to which any particular permission is granted. In the event that User shall choose to retain materials that are the subject of a
photocopy permission in electronic memory for purposes of producing identical copies more than one day after such retention (but still within the scope of any permission
granted), User must notify CCC of such fact in the applicable permission request and such retention shall constitute one copy actually sold for purposes of calculating
permission fees due; and

F) any permission granted shall expire at the end of the class. No permission granted shall in any way include any right by User to create a substantively non-identical copy of
the Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied).

iv) Books and Records; Right to Audit. As to each permission granted under the academic pay-per-use Service, User shall maintain for at least four full calendar years books and
records sufficient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User’s ordinary business hours, upon two days’ prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any photocopies sold or by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this License for any reason.

b) Digital Pay-Per-Uses of Academic Course Content and Materials (e-coursepacks, electronic reserves, learning academic institution intranets). For uses in

e-coursepacks, posts in electronic reserves, posts in learning management systems, or posts on academic institution intranets, the following additional terms apply:

i) The pay-per-uses subject to this Section 14(b) include:

A) Posting e-reserves, course management systems, e-coursepacks for text-based content, which grants authorizations to import requested material in electronic format,
and allows electronic access to this material to members of a designated college or university class, under the direction of an instructor designated by the college or university,
accessible only under appropriate electronic controls (e.g., password);

B) Posting e-reserves, course manag e-cour: ks for material consisting of photographs or other still images not embedded in text, which grants not
only the authorizations described in Section 14(b)(i)(A) above, but also the following authorization: to include the requested material in course materials for use consistent with
Section 14(b)(i)(A) above, including any necessary resizing, reformatting or modification of the resolution of such requested material (provided that such modification does not
alter the underlying editorial content or meaning of the requested material, and provided that the resulting modified content is used solely within the scope of, and in a manner
consistent with, the particular authorization described in the Order Confirmation and the Terms), but not including any other form of manipulation, alteration or editing of the
requested material;

C) Posting e-reserves, course e-c ks or other academic distribution for audiovisual content, which grants not only the authorizations
described in Section 14(b)(i)(A) above, but also the following authorizations: (i) to include the requested material in course materials for use consistent with Section 14(b)(i)(A)
above; (i) to display and perform the requested material to such members of such class in the physical classroom or remotely by means of streaming media or other video
formats; and (iii) to “clip” or reformat the requested material for purposes of time or content management or ease of delivery, provided that such “clipping” or reformatting does
not alter the underlying editorial content or meaning of the requested material and that the resulting material is used solely within the scope of, and in a manner consistent
with, the particular authorization described in the Order Confirmation and the Terms. Unless expressly set forth in the relevant Order Conformation, the License does not
authorize any other form of manipulation, alteration or editing of the requested material. p|
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ii) Unless expressly set forth in the relevant Order Confirmation, no License granted shall in any way: (i) include any right by User to create a substantively non-identical copy of the
Work or to edit or in any other way modify the Work (except by means of deleting material immediately preceding or following the entire portion of the Work copied or, in the case
of Works subject to Sections 14(b)(1)(B) or (C) above, as described in such Sections) (ii) permit “publishing ventures” where any particular course materials would be systematically
marketed at multiple institutions.

iii) Subject to any further limitations determined in the Rightsholder Terms (and notwithstanding any apparent contradiction in the Order Confirmation arising from data provided
by User), any use authorized under the electronic course content pay-per-use service is limited as follows:

A) any License granted shall apply to only one class (bearing a unique identifier as assigned by the institution, and thereby including all sections or other subparts of the class) at
one institution;

B) use is limited to not more than 25% of the text of a book or of the items in a published collection of essays, poems or articles;
C) use is limited to not more than the greater of (a) 25% of the text of an issue of a journal or other periodical or (b) two articles from such an issue;
D) no User may sell or distribute any particular materials, whether photocopied or electronic, at more than one institution of learning;

E) electronic access to material which is the subject of an electronic-use permission must be limited by means of electronic password, student identification or other control
permitting access solely to students and instructors in the class;

F) User must ensure (through use of an electronic cover page or other appropriate means) that any person, upon gaining electronic access to the material, which is the subject
of a permission, shall see:

o aproper copyright notice, identifying the Rightsholder in whose name CCC has granted permission,
o astatement to the effect that such copy was made pursuant to permission,

o a statement identifying the class to which the material applies and notifying the reader that the material has been made available electronically solely for use in the class,
and

o astatement to the effect that the material may not be further distributed to any person outside the class, whether by copying or by transmission and whether electronically
or in paper form, and User must also ensure that such cover page or other means will print out in the event that the person accessing the material chooses to print out the
material or any part thereof.

G) any permission granted shall expire at the end of the class and, absent some other form of authorization, User is thereupon required to delete the applicable material from
any electronic storage or to block electronic access to the applicable material.

iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions under the
electronic course content pay-per-use Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no later than the end of
the academic term (or analogous period) as to which any particular permission is granted.
I
iv) Uses of separate portions of a Work, even if they are to be included in the same course material or the same university or college class, require separate permissions under the
electronic course content pay-per-use Service. Unless otherwise provided in the Order Confirmation, any grant of rights to User is limited to use completed no later than the end of
the academic term (or analogous period) as to which any particular permission is granted.

v) Books and Records; Right to Audit. As to each permission granted under the electronic course content Service, User shall maintain for at least four full calendar years books and
records sufficient for CCC to determine the numbers of copies made by User under such permission. CCC and any representatives it may designate shall have the right to audit such
books and records at any time during User’s ordinary business hours, upon two days’ prior notice. If any such audit shall determine that User shall have underpaid for, or
underreported, any electronic copies used by three percent (3%) or more, then User shall bear all the costs of any such audit; otherwise, CCC shall bear the costs of any such audit.
Any amount determined by such audit to have been underpaid by User shall immediately be paid to CCC by User, together with interest thereon at the rate of 10% per annum from
the date such amount was originally due. The provisions of this paragraph shall survive the termination of this license for any reason.

) Pay-Per-Use Permissions for Certain Reproductions (Academic ph pies for library reserves and interlibrary loan reporting) (Non: uses
and commercial document delivery). The License expressly excludes the uses listed in Section (c)(i){v) below (which must be subject to separate license from the applicable

Rightsholder) for: academic photocopies for library reserves and interlibrary loan reporting; and non-academic internal/external business uses and commercial document delivery.

i) electronic storage of any reproduction (whether in plain-text, PDF, or any other format) other than on a transitory basis;

ii) the input of Works or reproductions thereof into any computerized database;

iii) reproduction of an entire Work (cover-to-cover copying) except where the Work is a single article;

iv) reproduction for resale to anyone other than a specific customer of User;

v) republication in any different form. Please obtain authorizations for these uses through other CCC services or directly from the rightsholder.

Any license granted is further limited as set forth in any restrictions included in the Order Confirmation and/or in these Terms.

d) Electronic Repr i in Online i (Non-A ic-email, i internet and extranet). For “electronic reproductions”, which generally includes e-mail use
(including instant messaging or other electronic transmission to a defined group of recipients) or posting on an intranet, extranet or Intranet site (including any display or performance
incidental thereto), the following additional terms apply:

i) Unless otherwise set forth in the Order Confirmation, the License is limited to use completed within 30 days for any use on the Internet, 60 days for any use on an intranet or
extranet and one year for any other use, all as measured from the “republication date” as identified in the Order Confirmation, if any, and otherwise from the date of the Order
Confirmation.

ii) User may not make or permit any alterations to the Work, unless expressly set forth in the Order Confirmation (after request by User and approval by Rightsholder); provided,
however, that a Work consisting of photographs or other still images not embedded in text may, if necessary, be resized, reformatted or have its resolution modified without
additional express permission, and a Work consisting of audiovisual content may, if necessary, be “clipped” or reformatted for purposes of time or content management or ease of
delivery (provided that any such resizing, reformatting, resolution modification or “clipping” does not alter the underlying editorial content or meaning of the Work used, and that
the resulting material is used solely within the scope of, and in a manner consistent with, the particular License described in the Order Confirmation and the Terms.

15) Miscellaneous.

a) User acknowledges that CCC may, from time to time, make changes or additions to the Service or to the Terms, and that Rightsholder may make changes or additions to the
Rightsholder Terms. Such updated Terms will replace the prior terms and conditions in the order workflow and shall be effective as to any subsequent Licenses but shall not apply to
Licenses already granted and paid for under a prior set of terms.

b) Use of User-related information collected through the Service is governed by CCC's privacy policy, available online at www.copyright.com/about/privacy-policy/.

) The License is personal to User. Therefore, User may not assign or transfer to any other person (whether a natural person or an organization of any kind) the License or any rights
granted thereunder; provided, however, that, where applicable, User may assign such License in its entirety on written notice to CCC in the event of a transfer of all or substantially all of
User’s rights in any new material which includes the Work(s) licensed under this Service.

d) No amendment or waiver of any Terms is binding unless set forth in writing and signed by the appropriate parties, including, where applicable, the Rightsholder. The Rightsholder
and CCC hereby object to any terms contained in any writing prepared by or on behalf of the User or its principals, employees, agents or affiliates and purporting to govern or otherwise
relate to the License described in the Order Confirmation, which terms are in any way inconsistent with any Terms set forth in the Order Confirmation, and/or in CCC's standard
operating procedures, whether such writing is prepared prior to, sir isly with or sub 1t to the Order Confirmation, and whether such writing appears on a copy of the
Order Confirmation or in a separate instrument.

e) The License described in the Order Confirmation shall be governed by and construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to such License shall be brought, at CCC's sole discretion, in any federal or state
court located in the County of New York, State of New York, USA, or in any federal or state court whose geographical jurisdiction covers the location of the Rightsholder set forth in th¢
Order Confirmation. The parties expressly submit to the personal jurisdiction and venue of each such federal or state court.
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