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Abstract
Marfan syndrome (MFS) is a connective tissue disorder caused by mutations in the
fibrillin-1 gene, with aortic aneurysm considered as the most life-threatening complication.
Previous studies have shown that doxycycline, a general inhibitor of matrix
metalloproteinases (MMPs), can improve aortic contractility and elastin structure in the
mouse model of MFS. However, the longitudinal effects of MMPs inhibition on the gradual
progression of aneurysm and aortic wall biophysical properties in a live animal have not yet
been investigated. Therefore, we assessed the hypothesis that a long-term treatment with
doxycycline would delay the progression of aortic aneurysm, improve aortic wall elasticity,
and protect the ultrastructure of elastin in MFS mice.

In this study, non-invasive and label-free multiphoton microscopy imaging was used
to quantify fiber morphology and volumetric density of aortic and cutaneous elastin and
collagen in MFS mice. We also utilized non-invasive high-resolution echocardiography to
conduct a longitudinal in vivo study of the structural, functional, and biophysical properties
of the aortic wall in control and MFS mice in the absence and presence of doxycycline
treatment. The ultrastructure of aortic elastic fibers was also assessed by electron microscopy.

Multiphoton imaging revealed significant elastin fragmentation and disorganization
within the aortic wall of MFS mice, which was also associated with reduction in cutaneous
volumetric density of elastin and collagen. Ultrasound imaging showed that aortic pulse
wave velocity (PWV) was significantly elevated in MFS mice starting at the age of 6-monthold, which was associated with a distinct increase in aortic root dimeter in the regions of
aortic annulus and sinus of Valsalva. Long-term treatment with doxycycline resulted in a
significant improvement in elastin organization, reduction of aortic root growth and aortic
ii

PWV in MFS mice. These findings underscore the key role of MMPs in the pathogenesis,
and provide new insights into the potential therapeutic value of doxycycline in blocking
MFS-associated aneurysm.

Furthermore, the use of multiphoton imaging to detect the signs of elastin degradation
in the skin dermis may be considered as the first step towards the potential development of a
non-invasive approach for monitoring the aneurysm progression in MFS patients.
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Lay Summary
Marfan syndrome (MFS) is an inherited systemic connective tissue, with
characteristic cardiovascular malformations. The most common abnormality is dilatation of
the aorta, an enlargement of the main artery in the human body. MFS is caused by mutations
in gene encoding for fibrillin 1, a structural protein essential for the formation of elastic
fibers. Severe elastic fiber fragmentation and disorganization were quantified in the MFS
mice by the non-invasive multiphoton imaging. The aortic structure and function were
determined in the living MFS mice by an ultrasound, and significant aortic dilatation and
stiffness were found in these animals. The therapeutic effects of doxycycline, an antibiotic
found to prevent the elastic fiber fragmentation and slow down the progression of aortic
dilatation and stiffness, were investigated by performing a longitudinal study with the use of
ultrasound imaging and electron microscopy. These findings underscore the potential use of
doxycycline in blocking MFS-associated aneurysm.
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Preface
This thesis is devoted to the investigation of mechanisms underlying the progression
of aortic dilatation in a well-established mouse model of Marfan syndrome, and includes
characterization and assessment of the integrity of extracellular matrix of the aortic wall by
multiphoton microscopy, determination of the elastic fiber ultrastructure by electron
microscopy, and in vivo investigation of aortic wall elasticity and stiffness by high frequency,
high-resolution ultrasound imaging. In addition, this study evaluates the potential therapeutic
value of long-term treatment with a sub-antibiotic dose of doxycycline in the Marfan mouse.

All of the work presented henceforth was conducted in the Child & Family Research
Institute and James Hogg Research Centre at the University of British Columbia. All animal
procedures were approved by the University of British Columbia’s Animal Ethics Board
[Reference #A11-0018], and all animals received humane care in compliance with the Guide
for the Care and Use of Laboratory Animals (www.nap.edu/catalog/5140.html).

Portions of the introductory text are modified from previously written introductory
material from my Ph.D. comprehensive exam research proposal entitled “Investigation of
effects of losartan, mild aerobic exercise and their combination on Loeys-Dietz syndromeassociated aortic aneurysm in mice” (2016) completed at the University of British Columbia.
I created Table 1, by adapting and modifying Table 1 in (Stechmiller et al., 2010). I also
created Figure 1, by adapting and modifying Figure 4 in (Fedak et al., 2002).

Project 1 of this thesis, ex vivo study of elastic fiber morphology in the mouse model
of Marfan syndrome by multiphoton microscopy, was based on my previous publication in
Journal of Structural Biology as the first author (Cui et al., 2014). Figures 2 and 5–10, along
v

with portions of the text in the results and discussion sections are used with permission from
licensed content publisher Elsevier, with a license #4146090966326 to reuse in a
thesis/dissertation. I was responsible for performing all the experiments, samples collection
and preparation, data acquisition and analysis, and writing the paper.

Project 2 of this thesis, in vivo study of aortic structure and function in the mouse
model of MFS by ultrasound imaging, was based on part of my previous publication in PLOS
ONE as the second author (Lee et al., 2016). Figures 11–14, along with portions of the text in
the results and discussion sections are used with a written permission from the journal’s
editorial manager, indicating that “all manuscripts are CC-BY which means that they can be
used, reused, and copied for free as long as they are properly cited. You may use your
publication in your upcoming thesis.” I created Table 2, which is adapted and modified from
Table 1 in this publication. I performed parts of the experiments, samples collection and
preparation, data acquisition and analysis, with a significant contribution from Dr. Glen
Tibbits’ laboratory.

Project 3 of this thesis, in vivo and ex vivo study of doxycycline effects on biophysical
and ultrastructural properties of the aorta in a mouse model of Marfan syndrome by
echocardiography and transmission electron microscopy, was based on the manuscript ready
for submission, entitled “Evaluation of the effects of long-term doxycycline intervention on
the progression of aortic dilatation in Marfan mice by high-resolution ultrasound imaging and
electron microscopy”. The portion using the echocardiography is a refinement and extension
of the method developed by Lee L. and Tibbits G.F., while I jointly developed the method for
quantitative analysis of the ultrastructure on electron microscopy, and was responsible for
designing and performing parts of the experiments, conducting all the long-term (12-14
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months) of animal care and drug treatments, data acquisition and analysis, and drafting the
manuscript, with collaboration with Dr. Glen Tibbits’ laboratory.
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Chapter 1. Introduction:
1.1 Genetics and classification of Marfan syndrome and its clinical manifestations
1.1.1 Genetic causes of Marfan syndrome and its classification
Marfan syndrome (MFS) is an inherited, autosomal dominant disorder of connective tissue
caused by mutations in the FBN1 gene located on chromosome 15 (15q21.1), which encodes for
fibrillin-1 (FBN1) (Dietz et al., 1991b). MFS was first described by Dr. Antoine Bernard-Jean
Marfan (1858-1942) in 1896, a pediatrician in France (Marfan, 1896), and since then it has been
characterized by defects in multiple systems, including cardiovascular, pulmonary, skeletal, and
ocular systems (Dietz et al., 1991a; Pyeritz, 2000), with a frequency of approximately 1 in 5,000
people (Judge and Dietz, 2005).

Fibrillin-1 is a large extracellular matrix (ECM) glycoprotein broadly distributed in elastic
and non-elastic tissues. FBN1 monomers self-associate to form a major component of the ECM
macro-aggregates, known as microfibrils, which provide a scaffold that plays an essential role in
construction and maturation of elastic fibers (Kielty et al., 2005). Over a thousand of mutations
have been identified distributing throughout the sequence of FBN1 so far (Ammash et al., 2008;
Keane and Pyeritz, 2008), of which missense mutations are responsible for the vast majority. It is
believed that each of these mutations alter a single one of the amino acids that constitute the
protein, and thus numerous effects at the protein level have been reported, such as affecting
cysteine residues that are involved in calcium binding, altering the secondary structure, delaying
secretion or enhancing protease susceptibility (Mizuguchi and Matsumoto, 2007). Furthermore,
most mutations that cause neonatal MFS are usually located in exons 24-32, and they are
responsible for the most severe phenotype of the disease (Faivre et al., 2007). Various degrees of
genetic deficiency in FBN1 have been reported previously, including a decrease in microfibril
production in fibroblasts obtained from patients with MFS (Godfrey et al., 1990b), and
1

pathological aging of arteries in a mouse model of MFS (Mariko et al., 2011).

Previously, mutations of the FBN1 gene were believed to be the main cause of the majority
of cases of MFS, however, mutations in the genes located on chromosome 3 that primarily
encode for two transforming growth factor-beta (TGF-β) receptor subtypes, type I (TGFBR1)
and II (TGFBR2), have been also implicated collectively as the causes of MFS type 2. These
mutations on TGFBR1 and TGFBR2 are currently referred to as Loeys–Dietz syndrome (LDS),
which is further categorized as LDS type-I and LDS type-II, respectively (Loeys et al., 2005;
Loeys et al., 2006; Mizuguchi et al., 2004). This syndrome is characterized by dysmorphic
symptoms similar to those more generally recognized as in the patients with MFS, with the
exception of the finding of lenticular dislocation in ocular system, which are only present in
patients with MFS (Zangwill et al., 2006).

1.1.2 Clinical manifestations of Marfan syndrome
The pleiotropic manifestations of MFS in humans include aortic root dilatation, mitral valve
prolapse, pulmonary disease, lenticular dislocation, skeletal and neurologic abnormalities. The
cardiovascular complications are the leading cause of morbidity and mortality, with mitral valve
prolapse being the most common of these features in MFS patients. However, aortic root
dilatation and dissection are the most lethal complications, and has the biggest influence on
prognosis. (Citing quotations from (Cui, 2016) “Patients with MFS are typically characterized by
an early and rapidly progressive enlargement of the aorta. Weakening and stretching of the aorta
will result in root dilatation and aneurysms that can eventually lead to aortic dissection, a sudden
aortic wall medial layers separation, which is a life-threatening complication that can occur
without symptoms (Loeys et al., 2005; Loeys et al., 2006). Besides the aorta, MFS patients also
present with skeletal features, for instance, thin fingers and long limbs, as well as joint laxity and
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scoliosis (Boileau et al., 2012; Lindsay et al., 2012).”

Aortic aneurysm is characterized by degeneration of elastin and collagen in the tunica media
and adventitia, transmural infiltration of lymphocytes and macrophages, loss of medial vascular
smooth muscle cells (VSMCs) with thinning of the vessel wall (resulting in impairment of
vascular cell function), and deterioration of aortic mechanical properties (Ailawadi et al., 2003).
MFS-associated aneurysms and dissections can also occur in other arteries. In comparison to
thoracic and abdominal aortic aneurysms (TAA and AAA) that usually affect the ascending aorta
in the tubular area or the descending aorta, in majority of adult MFS patients, aortic dilatation
typically locates in the aortic root area (Milewicz et al., 2005). To be more specific, due to more
cyclic torsion and increasing wall stress during ventricular ejection as well as its higher elastic
fiber content, aortic dilatation usually occurs in the sinus of Valsalva, while the dilatation may
extend to other areas of the aorta.

Destruction of ECM reduces the load-bearing capacity of the aorta, contributing to microdissection and rupture of the aorta. The primary load-bearing components of the aortic wall are
elastic fibers (its assembly involves fibrillin-1), collagen fibrils, and VSMCs. In patients with
MFS, the medial layer of the aorta displays extensive irregularities, such as elastic fiber
disorganization, fragmentation, and loss of the fiber integrity and its replacement by a basophilic
material primarily composed of glucosaminoglycans (Chung et al., 2007a; Schlatmann and
Becker, 1977). Degeneration of elastin and alterations in collagen reduce the load bearing
capacity of the aorta in MFS, making it more susceptible to micro-dissection. Consequently,
progressive thoracic aortic aneurysm, dissection, and rupture are the leading causes of death in
MFS (Judge and Dietz, 2005). This medial degeneration is sometimes thought incorrectly to be
pathognomonic of MFS, however, it is non-specific and can be found in other kinds of TAA (El-
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Hamamsy and Yacoub, 2009). Therefore, investigations in the progression of elastic fiber
deterioration in Marfan-associated aortic aneurysm are crucial for understanding the underlying
mechanisms and improving the clinical management of patients with MFS.

The clinical presentation and diagnosis of aortic dilatation in patient is age-dependent,
however, it can begin during intrauterine life in the most severe form of the disease (Lalchandani
and Wingfield, 2003). “Patients with MFS, who reportedly tend to have aortic dilatation or
rupture at a young age and at small dimensions, are at a relatively high risk compared to those
with other aneurysm syndromes (Loeys et al., 2005). Therefore, intervention through operation is
recommended promptly at ascending aortic diameters of larger than 4.2 centimeter by
transesophageal echocardiography or larger than 4.4~4.6 centimeter by computed tomography
(Booher and Eagle, 2011). Previous studies reported that patients with aortic aneurysm could
ultimately develop aortic dissection at as early as 3 months of age, and cerebral hemorrhage as
the most severe form and the leading cause of mortality, with a mean age of death less than 27
years old (Malhotra and Westesson, 2009; Williams et al., 2007a). Therefore, this condition is of
medical urgency making early and correct diagnosis, better surveillance and treatment necessary
in order to extend the life span of affected patients.”

1.2 Transferring growth factor-beta and Marfan syndrome
1.2.1 TGF-β superfamily and its maturation process and related precursors
“Transferring growth factor-beta is a superfamily of multi-functional cytokines that regulates
a number of cellular activities (Massague, 1990), including cell growth and differentiation,
apoptosis, cellular homeostasis, as well as ECM deposition (Bierie and Moses, 2010; Pelton et
al., 1991; Pelton and Moses, 1990). TGF-β superfamily exists in five isoforms, with three of them
(TGF-β1, -β2, and -β3) mainly expressing in mammals (Lawrence, 1996). The TGF-β ligands
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along with TGF-β receptors are ubiquitously expressed in a majority of cell lines and normal
tissue (Hayashi and Sakai, 2012; Lawrence, 1996; Segarini, 1993; Wrana, 1998). TGF-β is
encoded as a large precursor protein, and each individual gene is responsible for encoding for a
separate isoform of TGF-β (Derynck et al., 1985; Gentry and Nash, 1990; Schlunegger and
Grutter, 1992; ten Dijke et al., 1990). Prior to their secretion from the cell as a large latent
complex (LLC), TGF-β proteins undergo a variety of intracellular processing, including
proteolysis of the precursor proteins by the endopeptidase furin and assembling into dimers,
which form the 65–75-kDa latency-associated peptide (LAP), and the 25-kDa dimer mature TGFβ (Blanchette et al., 1997; Dubois et al., 1995). It has been reported that the relatively larger
molecular weight LAP protein facilitates transportation of mature TGF-β from the cell and
constrains the bioactivities of TGF-β (Lopez et al., 1992). The LLC secreted from the cell
consists of the active cytokine and one of three latent TGF-β binding proteins (LTBP), LTBP-1,
LTBP-3, or LTBP-4 (Saharinen et al., 1996). Association of any LTBP proteins with latent TGF-β
(also referred to as small latent TGF-β) leads to the formation of the large latent TGF-β (Hayashi
and Sakai, 2012; Munger et al., 1997), which is bound and kept inactive to the ECM through
interactions between LTBP proteins and fibrillin and fibronectin complexes (Goumans et al.,
2009). It is suggested that defective fibrillin-1 protein (due to genetic defects in FBN1 genes) fails
to sequester the latent form of TGF-β in the ECM, leading to excessive activation of TGF-β
signaling pathway (Neptune et al., 2003). The active TGF-β ligands bind to TGFBR2,
subsequently recruiting and phosphorylating TGFBR1. The receptor-regulated SMADs (RSMADs) is then phosphorylated by TGFBR1, and translocate to the nucleus (Wrana et al., 1992).
Once in the nucleus, SMADs act as transcription factors, targeting a variety of DNA binding
proteins, and regulating transcriptional responses and downstream signaling, such as increased
transcription of TGF-β, TGFBR1, TGFBR2, and matrix metalloproteinase (MMP)-2 and -9
(Hijova, 2005; Lin and Pan, 2008; Wang et al., 2006)” (Fig. 1).
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Figure 1. The signaling mechanisms for MFS-associated aortic aneurysm. Fibrillin-1 contains
calcium-binding sites that are crucial in stabilizing the microfibrils against degradation within
the ECM. Fibrillin-1 also binds to LTBP, sequestering TGF-β activity within the ECM. A mutated
fibrillin-1 leads to failed sequestration of LLC, and releasing its active form from the ECM,
subsequently, allowing its interaction with TGFBRs, initiating the downstream signaling pathway,
such as phosphorylation of SMAD2/3. The phospho-SMAD2/3 will be translocated to the nucleus,
and they would target different DNA binding proteins to regulate transcriptional responses,
including activation of MMP-2 and -9. Increased MMPs activity will result in breakage of elastin
and collagen fibers, and therefore, the loss of vessel wall integrity. Eventually, aortic dilatation or
aneurysms may be the ultimate outcome. (Adapting and modifying the figure from (Fedak et al.,
6

2002).

1.2.2 TGF-β and its downstream signaling pathways in Marfan syndrome
The overall abnormalities in the homeostasis of the ECM are believed to be responsible for a
variety of manifestations of MFS described before, in which the mutated forms of FBN1 play a
critical role in modifications in the mechanical characteristic of the connective tissues, elevated
TGF-β activity and downstream signaling, and loss of interactions between cells and the ECM
(El-Hamamsy and Yacoub, 2009). The irregular homeostasis results in vascular remodeling,
characterized by over expression and activation of MMP-2 and -9, leading to an exaggerated
elastolysis and increased hyaluronan content (Nataatmadja et al., 2006). It has been shown in
samples of dilated aortas of patients with MFS that apoptosis of VSMCs might be part of the
process of vascular remodeling that contributes to cystic medial necrosis (Nagashima et al.,
2001), but the role of apoptosis process still remains unclear. A previous study reported that upregulated TGF-β signaling had an important impact on the development of aortic root aneurysms
in a mouse model of MFS (Habashi et al., 2006). Administration of TGF-β-neutralizing
antibodies was shown to have a beneficial effect on the phenotype by slowing down the growth
of the aortic root and reducing the fragmentation of elastin in the aortic wall of treated mice,
when comparing against the placebo group (Habashi et al., 2006). The same research group also
showed that aortic root aneurysm in the MFS mouse model was diminished by pharmacological
inhibition of the TGF-β signaling pathway (Habashi et al., 2011).

1.3 Angiotensin II signaling in Marfan syndrome
1.3.1 Angiotensin II and its receptors
“Angiotensin II (Ang II) is a key effector molecule of cardiovascular homeostasis that exerts
multiple functions in various target tissues, such as controlling blood pressure, blood volume and
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vascular tone in the cardiovascular system, hormone secretion, tissue growth, and neuronal
activities (Whitebread et al., 1989). Most importantly, Ang II triggers ECM remodeling and
vascular hypertrophy, and stimulates collagen formation, while reducing elastin synthesis,
depressing nitric oxide (NO)-dependent signaling, and increasing reactive oxidant stress (ROS)
production, which collectively contributes to aortic stiffness (Dzau, 1986). Ang II mainly
interacts with two pharmacologically different sub-types of cell surface receptors, Ang II type 1
receptor (AT1R) and Ang II type 2 receptor (AT2R) (Iwai and Inagami, 1992), with the former
being the dominant receptor responsible for the majority of the proinflammatory effects of Ang
II in adult tissues. AT1R mediates the activation of the phosphoinositide or calcium pathway, as
well as the inhibition of adenylate cyclase activity (Murphy et al., 1991; Sasaki et al., 1991;
Sasamura et al., 1992); whereas AT2R seems to mediate vasculo-protective effects through the
activation of bradykinin / NO-mediated pathway (Mukoyama et al., 1993). In addition, the
abundant expression of AT2R in developing fetal tissues and brain and healing skin wounds has
brought forward the suggestion that AT2R activation is critical for normal growth and
development (Chiu et al., 1989). It has been known that the interaction of Ang II with AT1R
results in decreased apoptosis while increased cellular proliferation and fibrosis, as well as
increased MMP-2 and -9 activities, contributing to the degradation of elastin and collagen, and
the loss of fiber integrity. On the contrary, the AT2R is thought to increase apoptosis, while
decreasing proliferation, fibrosis, and MMP-2/-9 activities (Chung et al., 2007a; Habashi et al.,
2006). However, the role that AT2R plays in the progression of MFS aortic aneurysm remains
controversial. Some studies have shown that AT2R activation can oppose AT1R-mediated
enhancement of TGF-β signaling in some cell types and tissues, suggesting a protective role for
AT2R in MFS aneurysm (Doyle et al., 2012; Jones et al., 2004; Rodriguez-Vita et al., 2005).”
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1.3.2 Ang II receptor blockers (ARBs) in Marfan syndrome
The renin-angiotensin system (RAS) is a hormone system that is critically involved in
vasodilation and has been used as a potential therapeutic target in the treatment of a wide variety
of cardiovascular diseases, such as cardiomyopathy and hypertension. “Vasoconstriction induced
by Ang II signaling in VSMCs can be blocked by a commonly prescribed angiotensin converting
enzyme inhibitor (ACEI), captopril, through prevention of the conversion of angiotensin I (Ang
I) to Ang II, limiting signaling through both AT1R and AT2R, and has been used successfully to
treat numerous cardiovascular diseases with few side effects. On the other hand, vasoconstriction
induced by Ang II signaling can also be disrupted by selective blockers of AT1R such as losartan
(Bahk et al., 2008). Losartan is often prescribed for cardiovascular conditions such as
hypertension where ACEIs cannot be used due to their bradykinin-mediated side effects. Unlike
the ACEIs, losartan does not play a role in inhibition of VSMCs apoptosis, and as such may not
diminish cystic medial degeneration, the histological irregularity observed in aortic dissection
(Williams et al., 2008). Nonetheless, other AT1R blockers, for instance irbesartan, are found to
decrease MMPs activities (Schieffer et al., 2004). Furthermore, the potential role of TGF-β
receptor antagonism by ARBs has been reported to reduce blood pressure and attenuate the
deterioration of renal function in uraemic rats (Lavoie et al., 2005). A previous study has shown
that the expression of TGF-β1 and collagen in a mouse model of hypertrophic cardiomyopathy,
as well as the interstitial fibrosis can be reversed by losartan (Lim et al., 2001). Activation of
AT1R by Ang II can also increase the generation of thrombospondin-1 (Tsp-1), a powerful
regulator of latent TGF-β activation. Elevated levels of Tsp-1 activate latent TGF-β in response
to its signaling through AT1R, resulting in increased expression of active TGF-β ligands and
downstream signaling (Albo et al., 1999). Losartan blocks TGF-β activation through inhibition
of Tsp-1 production. A recent in vivo study of TGF-β signaling in the aortic wall reported that the
SMADs phosphorylation and TGF-β target gene output were up-regulated progressively, which
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paralleled deterioration of aneurysm pathology and coincided with up-regulation of TGF-β
protein expression, all of which were reversed by losartan (Gallo et al., 2014).”

1.4 Matrix metalloproteinases (MMPs) and their inhibitors in MFS aortic aneurysms
1.4.1 MMP sub-types and their roles in diseases
“Matrix metalloproteinases are a family of over 25 zinc-dependent endopeptidases with
proteolytic activity that break down most of the components of ECM including microfibrils, and
regulate many normal and pathological processes (Nagase and Woessner, 1999; Yang and
Rosenberg, 2011). They play a central role in organ development and subsequent tissue
remodeling and degradation, as well as participating in inflammation and injury.” Collagenase,
the founding member of the MMPs family, was the first MMP described in 1962 by Gross and
Lapiere, who found that this protease is capable of degrading fibrillar collagen during tadpole tail
metamorphosis (Brinckerhoff and Matrisian, 2002; Gross and Lapiere, 1962). This protease was
later renamed as MMP-1, following the identification of a similar collagenase in human skin, and
inspired a huge body of research on the physiological and pathological role of MMPs. Later in
1960s to 1970s, it was reported that MMPs were up-regulated in various human diseases, such as
cancer and rheumatoid arthritis. Furthermore, the increased MMPs activity was usually
associated with poor prognosis in human patients (Egeblad and Werb, 2002). However, the roles
of MMPs in diseases are controversial in previous clinical research; for instance, elevated MMP
activity can either augment tumor progression or can prevent it (Coussens et al., 2002). This
complicated relationship between MMP expression and cancer has raised the awareness and
drawn more interest in understanding the underlying mechanism of MMP function and cancer
pathology, but relatively less focus has been paid to the normal and physiological roles of these
enzymes.
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MMPs have been found to play crucial roles in the regulation of a variety of physiological
and pathological processes, such as vascular angiogenesis and remodeling, and are also involved
in vascular diseases including aortic aneurysm, atherosclerosis and hypertension, as well as
varicose veins. Traditionally, MMPs are thought to be the main enzymes responsible for
degradation of many structural components of the ECM, including fibrin, microfibrils, tendons,
and cartilage, to facilitate normal turnover of cellular cytoskeleton and ECM, cell migration, and
tissue regeneration and development. However, because cells have receptors for the ECM
components, for example integrins, MMPs proteolysis can also influence cellular functions by
modulating the matrix proteins with which the cells interact (Streuli, 1999). The regulatory
functions of MMPs include space creation for cell migration, regulation of tissue structure on the
ECM, production of substrate-cleavage fragments with independent biological activity, as well as
modification of the activity of signaling molecules (Sternlicht and Werb, 2001).

There are as many as 25 different MMP sub-types identified so far (Kim and Hwang, 2011),
with 8 different MMP genes being identified on a chromosome 11 (Arakaki et al., 2009), and
together, these 25 MMP sub-types possess the enormous and overlapping variety of enzyme
substrate (Roy et al., 2009). However, each one of the MMPs is classified based on its substrates,
for instance, collagenases, matrilysins, stromelysins, and gelatinases, as well as the membranetype MMPs (Kim and Hwang, 2011) (Table 1). Furthermore, the activation of signaling pathway
molecules including growth factors and death receptors is regulated by MMPs (Rosenberg, 2009).
Most of these MMPs are secreted from the cell, and their activation requires calcium ions and
proteolytic cleavage at a neutral pH environment (Tezvergil-Mutluay et al., 2010), with some
being activated within the cell (Vincenti and Brinckerhoff, 2002). Among a variety of MMP
downstream target molecules, TGF-β is an important one. The activation of TGF-β often modifies
cell migration, for instance, MMP-9 confines corneal epithelial migration through the stimulation
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of TGF-β (Mohan et al., 2002). Both MMP-2 and MMP-9 have a close association with TGF-β,
leading to the release of TGF-β from an inactive extracellular complex that is composed of TGFβ, LAP (the pro-domain of TGF-β), and LTBP (Yu and Stamenkovic, 2000). Increased MMP-2
and MMP-9 activities negatively impact the normal turnover of elastin and collagen within the
ECM, resulting in disruption and disorganization of elastic fibers and loss of ECM structural
integrity, as well as reduction of VSMCs contraction (Chung et al., 2007a; Cui et al., 2014).

Table 1. Matrix metalloproteinases (MMPs) sub-types and actions. (Adapting and
modifying the table from (Stechmiller et al., 2010).

The denatured forms of collagenous fibrils of both types I and III collagen, previously
thought degraded by collagenases, are found to be cleaved partially by MMP-2 and MMP-9, also
known as gelatinase A and B, respectively (Stechmiller et al., 2010). Gelatinases cleave other
subtypes of non-fibrillar collagens and ECM constituents, such as elastin, type IV and X collagen,
and small diameter fibrillary collagen (type V), as well as epithelial anchoring collagen (type VII)
12

(Birkedal-Hansen, 1995). Following the removal of collagen types I, II, and III from the triple
helix, these collagens are further degraded by gelatinases (Agren, 1994). MMP-2 is produced by
fibroblasts, while MMP-9 is secreted by leukocytes and keratinocytes (Pilcher et al., 1999). Both
MMP-2 and MMP-9 are believed to result in cardiac rupture following myocardial infarction,
while MMP-2 could also be responsible for cardiac damage through the digestion of poly(ADPribose) polymerase and myosin light chain (MLC) (Nagase et al., 2006). Gene expression and
activity of MMP-2 are also evident in skeletal muscle from patients with Duchenne muscular
dystrophy (Lluri and Jaworski, 2005). In addition, MMP-2 is thought to have an antiinflammatory role, and is involved in differentiation of mesenchymal cells, generation of
vasoconstrictors, as well as the neurite outgrowth (Nagase et al., 2006). MMP-9, itself activated
by MMP-3, is mainly involved in degradation of elastin and collagen (type IV). MMP-9 is also
believed to cleave and modify chemokine and cytokine, as well as activity of growth factor
(Steenport et al., 2009). Furthermore, it is shown that expression of MMP-9 is usually reduced in
normal tissues but is noticeably increased during inflammation, neoplasia, as well as wound
healing (Colnot et al., 2003; Galis et al., 2002; Page-McCaw et al., 2007). Increased expression of
MMPs, both the mRNA and protein, has been observed in human aneurysm tissue (Curci et al.,
1998a; Davis et al., 1998; Freestone et al., 1995; Thompson et al., 1995) and MFS mice aorta
(Chung et al., 2007a; Chung et al., 2007b; Yang et al., 2010). In a mouse model of MFS
associated aneurysm, increased MMP-2 and MMP-9 activities are concurrent with extensive
destruction of elastin and collagen, which eventually results in reduction of VMSCs contractility,
loss of vascular matrix integrity, and endothelial dysfunction (Chung et al., 2007a; Chung et al.,
2008). “The loss of balance between MMP-2/-9 and the tissue inhibitors of MMPs (TIMP)-1/-2,
attributed to over-activation of the TGF-β signaling pathway, plays a crucial role in the
pathogenesis of aortic aneurysm, which carries the risk of rupture eventually (Allaire et al., 1998;
Longo et al., 2002; Manabe et al., 2004; Sakalihasan et al., 1996; Tamarina et al., 1997).”
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1.4.2 Inhibition of MMPs by their intrinsic and extrinsic inhibitors
MMP activity is inhibited by specific and non-specific inhibitors including endogenous
TIMPs and pharmacological inhibitors, respectively, for example, zinc chelators, marimastat and
doxycycline. Together, MMPs and their intrinsic inhibitors contribute to the tightly regulated
turnover of elastic and collagenous fibers within the ECM (Baramova and Foidart, 1995;
Matrisian, 1990; Matrisian, 1992; Mauch et al., 1994). Besides endogenous TIMPs, MMP-2
activity has been demonstrated to be suppressed by beta-amyloid precursor protein, a C-terminal
fragment of procollagen C-proteinase enhancer protein, and RECK (reversion-inducing-cysteinerich protein with kazal motifs), an angiogenesis suppressing glycoprotein (Nagase et al., 2006).

Doxycycline, one of the most active antibiotics of the tetracycline family, was found to be a
general inhibitor of MMPs activity at sub-antimicrobial doses and the only widely available
inhibitor in clinical practice (Liu et al., 2003). Doxycycline has been tested in a wide variety of
conditions associated with high levels of MMP activity, and is traditionally administered
intravenously or orally. Tetracycline derivatives, especially doxycycline, have been widely
investigated in human and animal disease models. In humans, these include rheumatoid arthritis
(Lauhio et al., 1994), non-infected corneal ulcers (Perry and Golub, 1985), osteoarthritis
(Shlopov et al., 1999; Yu et al., 1991), adult periodontitis (Golub et al., 1995), and chronic
wounds (Chin et al., 2003; Siemonsma et al., 2003; Smith et al., 1999). In laboratory animal
models, doxycycline and other tetracycline derivatives have been studied in ulcerative disease
models, for instance, alkali-burned rabbit corneas (Burns et al., 1989; Seedor et al., 1987),
alveolar bone loss in rodents (Chang et al., 1994), and in angiogenic morphogenesis models
where MMP activity is required (Tamargo et al., 1991), as well as in model of MFS associated
aneurysm (Chung et al., 2008). In a number of animal studies, oral treatment with doxycycline or
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tetracycline derivatives has improved healing outcomes (Ramamurthy et al., 1998; Seedor et al.,
1987; Siemonsma et al., 2003). A previous study in the MFS mouse model showed that
progression of aortic aneurysm in MFS is associated with up-regulation of MMP-2 and -9, and
that doxycycline could preserve elastin structure and organization, improve aortic contractility,
and normalize aortic function (Chung et al., 2008). The same study reported that doxycycline
seemed to be more effective than atenolol in preventing aneurysm progression in mice (Chung et
al., 2008).

1.5 Major transgenetic animal models of Marfan syndrome and their main features
The development of several mouse models of MFS associated aortic aneurysm has
contributed greatly to our current knowledge of molecular pathogenesis of aortic aneurysm in
MFS and other related connective tissue disorders. The first knockout mouse model was
homozygous for hypomorphic alleles of Fbn1 gene: the mgΔ (Fbn1mgΔ/mgΔ) and mgR
(Fbn1mgR/mgR) models (Pereira et al., 1997). (Citing quotations from (Lee et al., 2016) “The mouse
model for MFS-mgΔ was generated by Pereira and colleagues in 1997, in which exons 19 to 24
were replaced with the neomycin (neo) gene under the control of the PGK promoter, to mimic the
dominant-negative effect of FBN1 mutations observed in patients with MFS. A truncated form of
FBN1 is expressed in the mgΔ model at relatively low levels, leading to early postnatal lethality.
Meanwhile, a MFS-mgR homozygote mouse model was created by inserting a PGK neo-cassette
between exons 18 and 19 of the endogenous gene, recapitulating the adult lethal form of MFS
(Pereira et al., 1999). This results in a hypomorphic mutation, and generation of Fbn1mgR/mgR mice
that exhibit an approximately 5-fold reduction in the expression of the mgR allele, which
produces low levels of normal fibrillin-1.” Histologically, the mgΔ and mgR heterozygote mice
were indistinguishable from their wild type littermates, which suggest the lack of the dominant
negative effects of FBN1 mutations observed in patients with MFS. However, because of the

15

severe cardiovascular failure, the mgΔ and mgR homozygote animals died at the age of 3 to 6
months old. Furthermore, expression analysis showed that the transcript level is 10-fold lower in
the mgΔ allele vs. the normal Fbn1 allele. Therefore, it was assumed that expression of the
mutant allele had been interfered with by the neoR cassette sequence, and thus confining the
dominant-negative effect of FBN1 mutation. Although the MFS-mgΔ mouse model was
generated to characterize a crucial function of FBN1, the premature death of these mice hindered
the precise identification of the pathological mechanism resulting in an aortic aneurysm. Besides
these premature death knockout mice models, a third transgenetic animal model, a heterozygous
mutation for the C1039G (Fbn1C1039G/+), was developed by the cysteine for glycine substitution
(C-to-G) at residue 1039 in an epidermal growth factor domain of FBN1, resembling to one of
the most often seen FBN1 mutations in patients (Judge et al., 2004). The C1039G heterozygote
animals exhibit bone deformity, and insufficient FBN1 microfibril deposition in the ECM, as well
as progressive weakening of the elastic fiber structure in the aortic wall (Ng et al., 2004). “These
features are in agreement with a model that invokes haploinsufficiency for wild type FBN1
protein, rather than production of mutant protein, as the primary determinant of failed
microfibrillar assembly. The haploinsufficiency results in approximately half of the normal
fibrillin concentration, which directly contributes to the progression of an aortic aneurysm.”

Taken together, these 3 animal models described above have been characterized in the B6
inbred strain (Dietrich et al., 1993; Pereira et al., 1997; Whiteman and Handford, 2003). These
mice generally develop advanced aortic aneurysms by the age of 9-month-old, but early signs of
elastic fiber fragmentation are observed at around 3-month-old (Cui et al., 2014), and death due
to aortic aneurysm usually occurs at 12–18 months of age (Judge et al., 2004). Recently, a novel
mouse model of MFS-mgΔloxPneo was established to recapitulate several key manifestations in
patients with MFS, presenting the clinical characteristics and individual variability in human
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disease (Lima et al., 2010). The main difference between this novel model and the original
Fbn1mgΔ/mgΔ model is the presence of 2 loxP sites flanking neoR alleles in the new MFS-mgΔloxPneo
model. Both mutant alleles are believed to be responsible for the in-frame deletion, encompassing
exons 19–24 of Fbn1 gene. However, compared to the mgΔ mutant allele, the relative expression
levels of the mgΔloxPneo allele increases by 47%, which can elucidate the features of the disease in
mgΔloxPneo heterozygotes based on the dominant-negative model of pathogenesis for MFS (Lima
et al., 2010).

1.6 Emerging novel techniques for in vivo and ex vivo studies of biophysical and structural
properties of the aorta
1.6.1 Multiphoton microscopy and its applications
Two-photon excitation laser scanning microscopy, also referred to as multiphoton
microscopy (MPM), was invented in early 1990s by Denk and colleagues, as an advanced
fluorescence imaging technique that enables imaging of live samples up to approximately 1 mm
in depth (Denk and Webb, 1990). MPM can be a superior alternative to confocal microscopy,
where excitation of fluorescent probes occurs through the simultaneous absorption of two or
more photons of longer wavelengths, in the near-infrared regions (Denk, 1994; Zipfel et al.,
2003). The MPM imaging system provides multiple advantages over one-photon techniques for
microscopy in scattering specimens, allowing high-contrast and high-resolution fluorescence
imaging deep in the tissue (Denk et al., 1994). Firstly, the excitation wavelengths utilized in
MPM, such as deep red and near-infrared, penetrate much deeper into tissue, compared to the
visible wavelengths utilized in one-photon microscope. The reduced absorption and scattering by
endogenous chromophores contribute to the improved penetration by MPM (Oheim et al., 2001;
Svoboda and Block, 1994; Yaroslavsky et al., 2002). Secondly, scattered excitation photons are
too dilute to generate noticeable absorption due to the property of nonlinear excitation.
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Furthermore, in normal circumstances most of the incident photons are scattered, even deep in
tissue, and thus, fluorescence excitation is restricted only to a small focal volume. Thirdly, all the
emitted photons from multiphoton excitation, including scattered and ballistic, establish valuable
signal if they are detected as a result of localization of excitation. On the contrary to MPM,
scattered fluorescence photons are either worse or lost, contribute to background in wide-field
and confocal microscopy (Centonze and White, 1998). Therefore, these advantages of MPM
could be huge in imaging tissue as the majority of fluorescence photons are scattered.

(Citing quotations from (Cui et al., 2014) “Due to its efficient light detection, deeper tissue
penetration, and reduced phototoxicity, MPM has been employed to yield three-dimensional (3D) rendering of the structures in living tissue up to a very high depth. In addition, because MPM
is able to non-invasively reveal the ultrastructure of elastin and collagen (Abraham and Hogg,
2010), this technique has gained considerable favor in cardiovascular research and dermatology
(Chen et al., 2011; Lin et al., 2007). Its clinical advantage is the capability of observing nonfixed, unstained tissue samples (Abraham et al., 2011), with the potential of performing noninvasive in vivo measurements directly on a patient (Masters et al., 1997). The aorta and skin
contain naturally occurring fluorophores that can be imaged using MPM without the need for
exogenous contrast agents. These include elastin, collagen, melanin, keratins, porphyrins, nitrate
reductase (NAD(P)H) and flavins (Levitt et al., 2011). Collagen in the aorta and dermis of the
skin produces a second harmonic generation (SHG) signal, which can be differentiated from twophoton excited fluorescence (TPF) generated by elastin (Tang et al., 2006).” The basic outline of
a MPM system capable of both TPF and SHG signal detections is presented in Figure 2 and is
described in details elsewhere (Abraham et al., 2012). In this study, SHG signal originating from
collagen was obtained from the emission wavelength at 440 nm, which only arises at half of the
excitation wavelength at 880 nm. The TPF signal originating from elastin was also obtained from
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the excitation wavelength at 880 nm, attributing to the measured broadband emission spectrum
ranging from 400–650 nm with a peak at 500 nm, as previously described (Abraham and Hogg,
2010).

There are more than a thousand publications, which have developed, employed, or reviewed
MPM (Denk and Svoboda, 1997; Helmchen and Denk, 2002; Helmchen and Denk, 2005; So et
al., 2000; Zipfel et al., 2003), and MPM has been used in numerous disease diagnosis and
medical research areas, for instance, neurobiology, embryology, physiology, and tissue
engineering. Virtually transparent tissues, such as thin skin sections, have been visualized at highresolution because of the 3-D rendering by MPM (Masters et al., 1997). MPM’s high-speed
imaging capacity could potentially be used in non-invasive optical biopsy (Bewersdorf et al.,
1998). Furthermore, in cell biology, MPM has been utilized for creating localized chemical
reactions (Denk et al., 1994).

1.6.2 High frequency high-resolution ultrasound imaging and its applications
An echocardiogram, also referred to as a “cardiac ultrasound” (a term was developed in the
1960s and 1970s), is a sonogram of the heart, and a non-invasive diagnostic technique which
provides information on cardiac function, morphology and hemodynamics. Echocardiography
uses standard 2-D (two-dimensional), 3-D, and Doppler ultrasound to create images of the heart
and aorta, which is the most broadly used cardiovascular diagnostic test (Feigenbaum, 1996).
With recent advances, echocardiography has been playing a crucial role in cardiovascular
medicine, and become regularly used in the diagnosis, management, and follow-up of patients
with any suspected or known cardiovascular diseases. Echocardiography can provide a variety of
valuable estimates, such as the cardiac and aortic structure (for example, size and shape of the
heart and aorta), cardiac and aortic function (for instance, pumping capacity, calculation of the
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ejection fraction, cardiac output, diastolic function, and pulse wave velocity (PWV), as well as
the location and extent of any tissue damage. Furthermore, echocardiography can also generate
precise assessment of the blood flow by Doppler echocardiography, using continuous- or pulsedwave Doppler ultrasound, which enables the determination of blood flow through the vessels and
chambers of the heart. In addition, the Doppler technique can also be used for PWV and tissue
motion measurement, by tissue Doppler echocardiography.

(Citing quotations from (Cui, 2016) “Aortic wall stiffness is an indicator of aortic wall
structure and reflects its components, such as the amounts of calcium, collagen and elastic fibers
(Roach and Burton, 1957). It is also a direct indicator of arterial distensibility, a determinant of
stress on the vessel wall and a reciprocal of stiffness which has been shown to be predictive of
cardiovascular events and all-cause mortality (Laurent et al., 2006; Vlachopoulos, 2012;
Vlachopoulos et al., 2010), for instance, in type II diabetes patients (Cruickshank et al., 2002).
Arterial stiffness is quantitatively expressed as compliance and distensibility (Safar et al., 2003).”
Compliance is defined as “a change in cross-sectional area for a given change in pressure” (Tozzi
et al., 2000), and distensibility is “a fractional change in volume or cross-sectional area for a
given change in pressure” (Hughes et al., 2004). “These are quantitative parameters with
appropriate units of measurement (Gosling and Budge, 2003). Stiffening affects elastic arteries,
predominantly the aorta. There have been various indirect methods to quantify aortic stiffness,
including 1) measuring PWV by echocardiography; 2) relating variations in aortic diameter to
distending pressure; and 3) assessing aortic pressure wave formation. PWV is the most broadly
accepted technique of quantification of aortic wall stiffness, and has been a valuable non-invasive
method to assess stiffness of cardiothoracic arteries (O'Rourke et al., 2002). PWV, affected by the
aortic intrinsic elasticity, is “the velocity of the blood pressure wave as it travels a known distance
between two anatomic sites within the arterial system” (Oliver and Webb, 2003). In other words,
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PWV can be calculated as the velocity of flow wave propagation of pressure through a defined
portion of the arterial tree, which provides an indirect measure of an alteration in the mechanical
properties of an aortic segment, and positively correlates with aortic distensibility and stiffness. In
addition to determining the aortic stiffness by PWV measurement (Bradley et al., 2005),
echocardiography and color Doppler has been employed to evaluate the structural and functional
properties of the heart and aorta, and to monitor a variety of cardiovascular manifestations in
MFS include mitral valve prolapse, mitral annular calcification, ascending and descending aortic
dilatation and dissection, aortic regurgitation, and dilated cardiomyopathy (Arnlov et al., 2004;
Hirata et al., 1991; Levenson, 2010). These applications and findings highlight the robustness of
echocardiography and its value in cardiovascular risk assessment.”

(Citing quotations from (Lee et al., 2016) “Aortic root aneurysm is the most lethal
cardiovascular complications in MFS patients (Loeys et al., 2010). Increased aortic stiffness and
loss of wall elasticity are considered to be important detrimental factors contributing to aneurysm
progression. Early studies in a mouse model of MFS have used ex vivo approaches to indirectly
measure aortic wall stiffness or elasticity including the use of isometric wire myography (Chung
et al., 2007a). Later, non-invasive high-resolution high frequency ultrasound imaging techniques
provided a more powerful tool for in vivo measurements of both cardiac and aortic structure and
function in real time (El-Hamamsy and Yacoub, 2009). Even without aortic root dilation, MFS
patients have been shown to have increased aortic stiffness (Bradley et al., 2005). PWV has been
reported to be a robust marker of aortic stiffness and can be measured non-invasively using
echocardiography in patients (Hirata et al., 1991). PWV has been demonstrated in different
populations including elderly, hypertensive, diabetic and renal patients as an index of aortic
stiffness and the earliest predictor of cardiovascular risk (Cruickshank et al., 2002; Laurent et al.,
2006; Laurent et al., 2003; Sutton-Tyrrell et al., 2005). Using echocardiography or magnetic

21

resonance imaging (MRI), previous studies have confirmed increased aortic stiffness in MFS
(Groenink et al., 2001; Kiotsekoglou et al., 2011; Kroner et al., 2013; Westenberg et al., 2011),
and demonstrated that aortic stiffness was increased with age and aortic diameter (Jeremy et al.,
1994). Bradley et al. introduced an echocardiographic Doppler method of assessment of the
biophysical properties of the aorta for use in humans, and reported an increased PWV in pediatric
patients MFS patients as compared with normal subjects (481 ± 70 vs. 357 ± 61 cm/s, p<0.001)
(Bradley et al., 2005).” Although normal systolic function has been demonstrated in patients by
conventional echocardiography using M-mode and 2-D parameters (Chatrath et al., 2003; Das et
al., 2006; Meijboom et al., 2005; Roman et al., 1989), more sophisticated techniques including
cardiac magnetic resonance imaging and Doppler tissue imaging have provided evidence of
compromised systolic and diastolic function (De Backer et al., 2006; Kiotsekoglou et al., 2009;
Rybczynski et al., 2007; Savolainen et al., 1994). Hence, in this study, we have conducted an in
vivo study in the mouse model of MFS, to duplicate studies conducted in patients with MFS
showing dilatation of the sinuses of Valsalva and sinotubular junction, and progressive loss of
aortic root elasticity using the high-resolution and non-invasive ultrasound technique (ElHamamsy and Yacoub, 2009; Hirata et al., 1991; Nollen et al., 2004).

1.6.3 Electron microscopy and its applications in characterization of elastic fiber
ultrastructure
An electron microscope (EM), first developed and constructed in 1920s and 1930s by Hans
Busch and Ernst Ruska (Ruska, 1987), is a microscope that utilizes a beam of accelerated
electrons to illuminate the specimen. Compared to light microscopes, the resolving capability is
far more powerful in electron microscopes, due to the wavelength of an electron which is up to a
hundred thousand times shorter than those of visible light photons. Therefore, EM can reveal the
ultrastructure of various inorganic and biological samples, such as cells, crystals, microorganisms,
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large molecules and biopsy samples. A transmission electron microscope (TEM), the original
form of EM, uses a high-voltage electron gun as the illumination source to irradiate the thin
specimen and generate an image. The image resolution of a TEM is generally higher than that of a
scanning electron microscope (SEM). However, because the TEM images both the surface and
interior of a specimen, the electrons have to travel through the very thin sample section. The need
for extremely thin sections of the specimens (approximately 100 nanometers) is one of the major
challenges of the TEM, as processing such extremely thin sections for biological specimens is
technically difficult. Typically, biological materials are initially formaldehyde-fixed and
methanol-dehydrated, followed by embedding in polymer resin, to harden the blocks sufficiently
to allow them to be ultra-thin sectioned. Sections of organic polymers and similar specimens may
require further staining with heavy atom labels in order to enhance the image contrast.

Previously, both the TEM and the conventional light microscopy were employed to reveal
the elastic laminae in the human bronchial and tracheal mucosa. Three types of fibers were
characterized through their staining properties and ultrastructural morphology, including elastic
fibers, elaunin fibers, and oxytalan fibers (Bock and Stockinger, 1984). The investigators found
that elastic fibers are mainly composed of elastin and few microfibrils. They also reported that the
major difference between elastic fibers and elaunin fibers is that the relative amount of elastin
over microfibrils is smaller in elaunin fibers. On the contrary, oxytalan fibers are bundles of pure
microfibrils. Traditional light microscope showed that the submucosa of the normal mucous
membrane and the lamina propria are separated by the elastic laminae, a well-defined lamina
composed of coarse strands of elastic fibers that are running longitudinally. In addition, subepithelial elastic layer, the epithelial basement membrane, was found to attach to a sophisticated
meshwork of elastica-positive fibers. In terms of the ultrastructural morphology, electron
microscopy revealed that elastic fibers predominantly form the lamina elastica, while elaunin
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fibers form the sub-epithelial elastic layer. Furthermore, oxytalan fibers were observed to
penetrate the thickened basement membrane layer of the epithelium. Taken together, all 3 types of
fibers can be found in the lamina propria and throughout the submucosa.

1.7 Three objectives of the present study
1.7.1 Ex vivo study of elastic fiber morphology in the mouse model of MFS by MPM
(Citing quotations from (Cui et al., 2014) “Skin is the largest organ of the body based on
surface area. Like the aorta, elastin and collagen are two major ECM components of the skin
dermis (Chen et al., 2011). Elastin provides the majority of the resilience and elastic properties of
skin, whereas collagen gives the skin strength, texture, durability, mechanical and structural
integrity (Mochizuki et al., 2002). Previous studies have shown that various proteases, including
MMPs, are responsible for the degradation of elastin and collagen in skin (Brenneisen et al.,
1997; Brenneisen et al., 1996). Thus far, quantitative analyses of elastic fiber damage and
breakdown of collagen in MFS skin have not been explored. Existing studies are based on
histological methods, electron microscopy, and immunohistochemical techniques (Amadeu et al.,
2004; Godfrey et al., 1990a). These methods usually involve fixation, staining, and dehydration
of biopsied tissue specimen, which alter the native morphology of elastin and collagen.” As
described above, the main advantages of multiphoton microscope include the capability of noninvasively revealing the ultrastructure of elastin and collagen, observing non-fixed, unstained
tissue samples (Abraham et al., 2011), and potentially performing non-invasive in vivo
measurements directly on a patient (Masters et al., 1997). “The aorta and skin contain naturally
occurring fluorophores, such as elastin and collagen, that can be imaged using MPM without the
need for exogenous contrast agents (Levitt et al., 2011). Collagen in the aorta and dermis of the
skin produces a SHG signal, which can be differentiated from TPF generated by elastin (Tang et
al., 2006). The aim of this ex vivo study (as part I of the present thesis), is to use MPM for

24

assessing the progress of elastin and collagen damage in the large arteries and skin dermis of a
mouse model of MFS. The morphology and total volumes of elastin and collagen measured using
MPM in MFS mice aorta and skins are compared with control mice in different age groups. The
novel aspect of this study is the non-invasive recording and comparison of defects in elastin and
collagen present in aorta and the inner layer of the skin dermis; with the long-term aim of
developing an in vivo skin test for early non-invasive diagnosis of MFS and other connective
tissue disorders.”

1.7.2 In vivo study of aortic structure and function in the mouse model of MFS by
ultrasound imaging
(Citing quotations from (Lee et al., 2016) “Echocardiography has been of great importance in
the diagnosis and follow-up of patients with various connective tissue diseases to detect and
evaluate their cardiovascular structure and function including thoracic aortic aneurysm
(Levenson, 2010). In addition to evaluating the structural and functional properties of the aorta,
such as measuring the aortic root diameter, PWV assessment has the capacity to estimate the level
of aorta stiffness (Bradley et al., 2005; Evangelista et al., 2010).” It has also been demonstrated
that the fragmentation and disorganization of elastic fibers are detrimental factors contributing to
loss of elasticity and increased stiffness in the aortic wall, ultimately resulting in the progression
of aneurysm (Chung et al., 2008). Aortic stiffness is determined by chemical components, such as
elastin, collagen and calcium, as well as their structural arrangement (Roach and Burton, 1957).
Increased aortic stiffness has been shown to be predictive of cardiovascular events and all-cause
mortality in the general population (Laurent et al., 2006; Vlachopoulos, 2012; Vlachopoulos et
al., 2010). There have been various indirect methods to quantify aortic stiffness including the
carotid-femoral PWV, a broadly accepted measure of arterial stiffness of elastic arteries (Asmar et
al., 1995; Yildiz et al., 2006). Measuring thoracic aorta PWV by echocardiography is less
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accepted, but has been a valuable non-invasive technique to assess stiffness of cardiothoracic
arteries (O'Rourke et al., 2002; Sandor et al., 2015). In addition to determining the aortic stiffness,
echocardiography and color Doppler have been employed to monitor a variety of cardiovascular
manifestations, highlighting the robustness of the technique and its value in cardiovascular risk
assessment in MFS patients. “Both the mgR (Fbn1mgR/mgR) and the C1039G (Fbn1C1039G/+)
transgenetic mouse models of MFS as described before continue to reveal tremendous insight
into the impact and consequences of FBN1 mutations in the etiology of MFS, however, there
have not been any in vivo non-invasive echocardiographic studies of the clinical phenotype of
these mice to determine the degree to which they recapitulate the human condition (Judge et al.,
2004). Due to its more natural progression of the disease, the C1039G (Fbn1C1039G/+) mouse
model of MFS allows us to examine the time course of the pathological phenotypes of MFS over
a 12-month period.” Therefore, the aim of this in vivo study (as part II of the thesis), was to
“investigate the structural and functional properties of the aorta in the Fbn1C1039G/+ mice,
particularly PWV and other well characterized indices known to be abnormal in MFS patients,
using a non-invasive and high-resolution ultrasound technique, and in order to duplicate
previously published studies in MFS patients showing dilatation of the sinuses of Valsalva and
sinotubular junction, and progressive loss of aortic root elasticity (El-Hamamsy and Yacoub,
2009; Hirata et al., 1991; Nollen et al., 2004). Moreover, an important advantage of the echo
Doppler method in the Fbn1C1039G/+ mouse is that it allows for gradual and longitudinal
evaluation of the disease progression in the same animal.”

1.7.3 In vivo and ex vivo study of doxycycline effects on biophysical and ultrastructural
properties of the aorta in a mouse model of MFS by echo and TEM
Rapidly progressive aortic aneurysm, a distinct feature of the aggressive vascular pathology
of MFS, warrants close monitoring with the necessity of subsequent endovascular repair or aortic
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replacement surgeries. “Previous studies in human and animal models have revealed the
involvement of up-regulated TGF-β signaling in MFS-associated aortic aneurysm (Gallo et al.,
2014), therefore, the administration of therapeutic agents that are known to antagonize TGF-β
signaling through inhibition of TGF-β expression and activation such as losartan may provide
certain positive outcomes for patients with MFS (Lavoie et al., 2005; Loeys et al., 2006; Malhotra
and Westesson, 2009). However, such treatment has been shown to postpone the onset of the
disease, without preventing the ultimate need for the aortic replacement surgery.” In addition, our
previous studies in the mouse model showed that progression of aortic aneurysm is accompanied
by up-regulation of MMP-2 and MMP-9 in MFS. Elevated MMP activity is associated with
extensive destruction of elastin and collagen, which eventually results in endothelial dysfunction,
reduction of VMCS contractility, and loss of ECM integrity (Chung et al., 2007a; Chung et al.,
2007b; Yang et al., 2010). We have also been able to demonstrate that doxycycline can preserve
elastic fiber structure and organization, as well as improving aortic contractility and normalizing
aortic function. Besides, doxycycline seems to be more effective than atenolol in preventing
thoracic aortic aneurysm in a mouse model of MFS (Chung et al., 2008). However, critical gaps
remain in our understanding of the effects of the long-term administration of a sub-antibiotic dose
of doxycycline on aortic aneurysm progression, and its effects on ultrastructure of elastic fibers in
Marfan mice. As part III of the present thesis, this longitudinal study was designed to determine
the possibility of performing a long-term therapy research in vivo in MFS mice, and to assess the
outcomes by evaluating the alterations in aortic function and structure, and elastic fiber
ultrastructure. To address these objectives, a series of experiments were conducted to measure the
thoracic aortic diameters, PWV, and the functional characterization of the aortic wall elasticity in
vivo (by echocardiography), and ex vivo (by TEM) in a mouse model of MFS. The novel aspect
of this study is the longitudinal non-invasive monitoring of progression of aortic dilatation and
stiffness, and the therapeutic effects of doxycycline on blocking this progression in the same
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experimental subjects, with the hope of providing new insights into the potential therapeutic
value of long-term doxycycline intervention in blocking Marfan-associated aneurysm, and
establishing the rationale for a future similar clinical trial in human MFS patients.
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2. Chapter 2. Materials & Methods:
2.1 Experimental animals for ex vivo and in vivo studies
(Citing quotations from (Cui et al., 2014) “All experiments were performed using a
previously described transgenic mouse model, harboring an Fbn1 allele encoding mutation
C1039G (a cysteine substitution Cys1039Gly), in an epidermal growth factor–like domain of
fibrillin-1 (Fbn1C1039G/+) (Chung et al., 2007a; Chung et al., 2008). Heterozygous mice were bred
with wild type mice (C57BL/6) to generate control (Fbn1+/+) and MFS (Fbn1C1039G/+) mice,
which were housed in the institutional animal facility. All animal procedures were approved by
the institutional animal ethics board [reference number A11-0018], and all animals received
humane care in compliance with the Guide for the Care and Use of Laboratory Animals
(www.nap.edu/catalog/5140.html).”

For ex vivo study of elastic fiber morphology by MPM, “mice were anaesthetized by
inhalation of 3% of isoflurane (Baxter Corporation, Mississauga, Canada), and the adequacy of
anesthesia was confirmed by pedal reflex. Mice were then sacrificed by cervical dislocation;” for
in vivo study of aortic structure and function, six- and twelve-month old MFS mice and their
control wild type (WT) littermates were subjected to high-resolution ultrasound imaging.

2.2 Preparation of aortic and skin tissue samples for MPM imaging
“The thoracic aorta (~10–14 mm) was dissected from control and MFS mice, at the age of 3-,
6-, and 9-month (3-month: control n=5, MFS n=4; 6-month: control n=5, MFS n=4; 9-month:
control n=3, MFS, n=4). Specimens were washed in cold PBS (pH=7.4) and cut into segments for
use in MPM and histologic analysis. The ascending aortic root was transected above the level of
the aortic valve, and 2–3 mm transverse sections were cut to two or three pieces (length, 1
mm/each). The curving aortic arch (length, ~3 mm) and the descending aorta (length, 3-5 mm)
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were cut to 3 or 4 pieces, respectively (1 mm/each piece). The aortic tube segments were then
mounted vertically on a petri dish, after which they were washed and immersed in PBS for
multiphoton imaging.” “The skin from the dorsal surface was dissected from control and MFS
mice (3-, 6- and 9-month old) after the hairs were shaved and removed by applying hair removal,
followed by washing in cold PBS. The harvested skin specimens were flattened and cut into two
halves. One half was embedded in optimum cutting temperature compound (VWR, West Chester,
PA), snap frozen in liquid nitrogen, and cut into transverse sections at 50 μm thick for
multiphoton imaging. The other half was utilized for histochemistry.”

2.3 Features of the MPM system and experimental set-up
“The basic outline of a MPM system capable of both TPF and SHG signal detections is
presented in figure 2 and was described in details elsewhere (Abraham et al., 2011). In our present
study, SHG signal originating from collagen was obtained from the emission wavelength at 440
nm, which only arises at half of the excitation wavelength 880 nm. The TPF signal originating
from elastin was also obtained from the excitation wavelength at 880 nm, attributing to the
measured broadband emission spectrum ranging from 400–650 nm with a peak at 500 nm, as
previously described (Abraham and Hogg, 2010).”

30

Figure 2. A simplified schematic representation of multiphoton microscopy system. The laser
beam is focused on the specimen through a high-resolution water dipping objective. The
backscattered emissions of SHG and TPF signals from the thick aorta and skin tissues are
collected through the same objective lens and directed to the photomultiplier tube (PMT)
detectors in the reflection geometry. TPF signals from elastin are illustrated in green, whereas
SHG signals from collagen are present in dark purple. (Citing the figure and legend from (Cui et
al., 2014)

2.4 Preparation of aortic and skin tissue samples for histological staining
For ex vivo study on elastic fiber morphology, “three parts of aorta and the second half of
dorsal skin samples were fixed in 10% buffered formalin for 48 hours, after which they were
immersed in 70% ethanol overnight at 4°C, and embedded in paraffin. Specimens were cut into 5
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μm thick cross-sections. Tissue sections were deparaffinized in xylene and rehydrated in graded
ethanol. Elastic fibers of aortas and skins were stained by use of Accustain® Elastic Stain kit
(Sigma-Aldrich, St. Louis, MO) according to the manufacturer’s standard procedure. Briefly,
rehydrated tissue sections were placed in a Coplin jar containing working elastic stain solution for
10 minutes. Sections were rinsed in deionized water and then differentiated in working ferric
chloride solution for 30–60 seconds. Differentiation was stopped with several changes of tap
water. Sections were then rinsed in 95% alcohol to remove iodine and then in Van Gieson
solution for 3–5 minutes (Lillie, 1965). Following the staining procedure, samples were
dehydrated through graded ethanol and xylene, and mounted with mounting medium with
coverslip” for light microscope imaging.

At the end of the longitudinal in vivo study (at the age of 12 months), sham or doxycycline
treated control and MFS mice (n=4) were euthanized by inhalation of 3% of isoflurane followed
by cervical dislocation. “The thoracic aorta (~10–14 mm) was dissected from control and MFS
mice, and the tissue specimens were transversely cut into 5 μm thick cross-sections, and followed
by deparaffinized in xylene and rehydrated in graded ethanol. The fixation of the samples was
described briefly as above, and again, the elastic fibers of aortas were stained by use of
Accustain® Elastic Stain kit (Sigma-Aldrich, St. Louis, MO)” as described previously (Cui et al.,
2014).

2.5 Quantitative and statistical analysis on MPM imaging
“3-D reconstruction of aortic segments and skin, as well as the quantification of volumetric
density of elastin and collagen distinguished by TPF and SHG signals, respectively, was
performed using Volocity® 6.1.1 image-processing software (PerkinElmer, Waltham, MA) as
previously descried (Suzuki et al., 2012). The elastic fiber fragmentation was determined using
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Image-Pro-Plus 6.0 software package (Media Cybernetics, Bethesda, MA), by tracing elastin and
measuring their lengths in pixels followed by unit conversion to micrometer as previously
described (Zhou et al., 2012).

In the present study, we have also used the 2-D fast Fourier transform (FFT) algorithm,
which convert complex spatial patterns (represented by changes in pixel intensity values) into
directionally dependent frequency components (Petroll, 2006), to determine the elastic fiber
orientation and anisotropy of the elastin. Briefly, FFT was performed on each image of
dimensions 512×512 pixels, converting it from complex spatial signals of intensity and position
(x, y) into directionally dependent frequency components (u, v) using MATLAB (Mathworks,
Natick, MA). Using FFT analysis, intensity signals can be transformed from the spatial domain to
the frequency domain, and the histograms of both the horizontally and the vertically occurring
frequencies can be examined. The theory of FFT algorithm has been previously described in
details (Abraham et al., 2012). Numerical values were expressed as means ± SEM unless
otherwise indicated. Comparisons of parameters among the three groups (harvested at 3-, 6- and
9-month) were made using 1-way ANOVA followed by Tukey multiple comparison test.
Comparisons of parameters between two groups were made by two-tailed Student's t-test, where a
p value of p < 0.05 was considered significant.”

2.6 Timeline for doxycycline treatment in mice
Beginning 6 weeks of age, control (n=13) and MFS (n=12) mice were given a subantimicrobial dose of doxycycline hyclate (Alfa Aesar, Ward Hill, MA) in their drinking water at
a concentration of 0.24 g/L/day, a therapeutic dose already shown in our laboratory to effectively
inhibit MMP activity in MFS mice (Chung et al., 2008); whereas another group of control (n=12)
and MFS (n=12) mice were given plain drinking water for comparison (Fig. 3). Because
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doxycycline hyclate is light-sensitive and only stable in water for 48 hours, the doxycycline water
was shielded from light and changed every other day. At 3-, 6-, 9- and 12 months of age, aortic
diameters and PWV of the experimental animals were measured by ultrasound imaging.

Figure 3. Animals were divided into doxycycline treatment and no treatment groups. Each
groups had 12-13 wild type or Marfan mice. At 6-week of age, treatment groups were given
doxycycline in their drinking water at a dose of 0.24 mg/ml, which is a sub-antibiotic dose that
was found to be active from the previous studies. Because doxycycline is light-sensitive and only
stable in water for 48 hours, the doxycycline water was shielded from all light and changed every
other day. At 3, 6, 9, and 12-month, PWV and aortic root diameter were measured by
echocardiography, and the blood samples were collected at the same time for future use of
biomarkers assay. At the end of study, aortic segments and skin samples were dissected and
prepared for MPM/EM to determine fiber damages.
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2.7 Features of the echocardiography ultrasound imaging system and experimental set-up
The high-resolution, high-contrast ultrasound imaging system Vevo® 2100 (Visual Sonics,
Toronto, ON, Canada) equipped with a MS550 transducer was employed to conduct longitudinal
experiments, to measure aortic diameter (indication of aortic dilatation) and PWV (indication of
aortic elasticity/stiffness) in mice. The main characteristics of the transducer include “a central
frequency of 40 MHz, a focal length of 7.0 mm, and a frame rate of 557 fps (single zone, 5.08
mm width, B-mode). The maximum field of view of 2-D imaging was 14.1 x 15.0 mm with a
spatial resolution of 90 μm (lateral) by 40 μm (axial).”

Aortic diameters and PWV were measured by ultrasound imaging system as previously
described in detail (Lee et al., 2016). “Briefly, the experimental animal was anesthetized in an
induction chamber using 3% isoflurane (Baxter Corporation, Mississauga, Canada) and 1 L/min
100% oxygen for 1–2 minutes. After testing the anesthesia state by confirming the loss of its
righting reflex, the animal was laid supine on a heated platform with its nose enveloped in a nose
cone to maintain anesthetized by 1.5–2% isoflurane (Gao et al., 2011; Roth et al., 2002).” Heart
rate and respiratory rate were being monitored during the echocardiography procedure, as well as
the electrocardiogram (ECG), which was measured by connecting the limbs of the mouse with
“ECG electrodes that were imbedded inside the platform. In addition, body temperature was also
monitored through a rectal probe, which was maintained at 36–38°C with a heating lamp.”

With the use of echocardiography, the diameters at three different aortic regions (i.e.
L1=aortic annulus, L2=sinuses of Valsalva, and L3=sinotubular junctions) can be measured from
the B-mode aortic arch view, as shown on a representative pulse wave (PW) Doppler tracing (Fig.
4A, B), and the developing aortic dilatation with age in MFS mice, as well as the potential
therapeutic effects of long-term doxycycline intervention on reducing aortic dilatation can be
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followed and evaluated. “The ascending and descending aortic peak velocities were measured
from the PW Doppler-mode aortic arch view. PWV was calculated indirectly from the parameters
obtained from the B-mode and Doppler-mode aortic arch view, by the formula: PWV = aortic
arch distance / transit time (cm.s-1) (Bradley et al., 2005). The aortic arch distance was measured
as d–d0 (mm) between the 2 sample volume positions, ascending and descending aorta labeled as
d0 and d, respectively, along the central axis of aortic arch on the B-mode image. The PW
Doppler-mode sample volume was placed in the ascending aorta and the time from the onset of
the QRS complex to the onset of the ascending aortic Doppler wave form was measured as T1.
Meanwhile, when the PW Doppler-mode sample volume was placed as distal as possible in the
descending aorta, the time from the onset of the QRS complex to the onset of the ascending aortic
Doppler wave form was measured as T2” (Fig. 4C). The means for T1 and T2 were calculated
from 10 cardiac cycles, and the transit time was calculated by T2 –T1 (ms). Therefore, indirect
measurement of PWV was calculated by the equation of PWV=[d-d0]/[T2-T1].
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Figure 4. Echocardiography B-mode and pulse wave Doppler-mode image views of control and
MFS mouse aorta. (A) Control mouse: Aortic arch length from d0 to d was measured on B-mode
view as the distance; (B) Marfan mouse: Measurements of diameters in aortic root, L1=aortic
annulus, L2=sinuses of Valsalva, L3=sinotubular junctions; (C) Tracing recordings on pulse
wave Doppler-mode view: time interval T1 in the ascending aorta (upper panel) and T2
descending aorta (lower panel). Pulse Wave Velocity formula: PWV = [d-d0] / [T2-T1].

2.8 Preparation of aorta tissue samples for TEM imaging
At 12 months of age, mice (control and MFS, with and without doxycycline treatment, n=4)
were sacrificed, and the thoracic aorta were dissected. Specimens were washed in zero Ca2+
HEPES buffer, and the ascending aortic root was transected above the level of the aortic valve,
and transversely cut into three or four ring segments (length, 0.5 mm/each). The segments were
then transferred into the glutaraldehyde fixative solution (contains 1 ml of 25% glutaraldehyde, 4
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ml of ddH2O + 5 ml of 0.2M sodium cacodylate buffer, pH=7.4) and fixed for 1-1.5 hours. After
the primary fixation, the ring segments were washed by 0.1 M sodium cacodylate buffer to get rid
of the excessive glutaraldehyde, and then incubated in osmium tetroxide fixative solution (mixes
with 5 ml of 0.2 M sodium cacodylate buffer, 2.5 ml of 6% of KFe3(CN)6, and 2.5 ml of 4%
osmium) in room temperature for 2 hours. Osmium mix solution is used as a secondary fixative
after glutaraldehyde fixative because its rate of penetration is too slow to prevent artifacts if used
initially. After osmium binding the components of the aortic tissues, the ring segments became
rigid and stable with the color turning brown. Following the fixation procedure, aortic segments
were dehydrated through a series of graded acetone, and then infiltrated with epoxy resin and
embedded in blocks for further processed for TEM.

2.9 TEM image acquisition and quantitative statistical analysis
Twelve blocks of aorta specimens from three groups of experimental animals described as
above were randomly picked and sectioned at 60 to 90 nm thickness on a Reichert
ultramicrotome. The thin sections were stained and viewed on a Hitachi H7600 TEM. Digital
TEM images were captured at x15,000 magnification for a variety of extracellular matrix
components, including elastin, collagen, smooth muscle cells, as well as the basal lamina
apertures. For each cross-sectioned aorta, TEM images were acquired at four directions, north,
south, east and west, and the quantitative analysis was performed. The gaps between the elastic
fibers in a horizontal direction were spotted as the breakages, while the circumference or length
(T) of each fragmented elastic fiber was traced along the fuzzy border up to the ends at which the
thickness (D) was measured. Because the elastic fibers have fuzzy borders with a notched
appearance in the MFS aorta, the extended measurement of circumference is terminated at the
cross point where the perpendicular line between them is the thickness of the fiber. The
irregularity index (IR index) was introduced for morphometric calculation, by dividing the length
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of the border lines by the width of each fragmented elastic fiber (IR index=T/D), and the average
elastic fibers IR indices were compared among the experimental groups. The higher the IR index,
the more irregular and fragmented the elastic fibers are.

“Numerical values were expressed as means ± SEM unless otherwise indicated. Comparisons
of parameters among treatment groups were made using one-way analysis of variance (1-way
ANOVA) followed by Tukey’s multiple-comparison test. Comparisons within the same group
among different time points were made using 1-way repeated measures ANOVA. Comparisons of
parameters between two groups were made by two-tailed Student's t-test, where a p value of p <
0.05 was considered significant.”
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3. Chapter 3. Results:
3.1 Comparison of aortic elastic fiber morphology and volumetric density of elastin and
collagen between control and MFS mice
(Citing quotations from (Cui et al., 2014) “In order to compare the morphological differences
of elastic fibers in the aorta between control and MFS mice, we used both conventional Van
Gieson’s staining, and MPM imaging of freshly isolated aorta. Elastic fibers in cross sections of
ascending aorta were stained in dark blue to purple/black with the Van Gieson’s staining. The
zigzag shape of elastin appears intact, without fragmentation or breakage in control mice, while
elastic fibers in MFS mice display severe fragmentation and disorganization (Fig. 5A),
confirming our earlier observations (Chung et al., 2007a).

MPM imaging provides several advantages over conventional histology including specificity,
sensitivity, and high spatial resolution without staining, but most importantly, it allows imaging of
biological thick specimens in vivo & ex vivo without invasive fixation. In order to investigate
differences in structural organization of elastic fibers and collagen within the aortic walls, we
captured TPF (green signal for elastin) and SHG (purple signal for collagen) images of aortic
samples from control and MFS mice (Fig. 5B). The MPM imaging of the freshly isolated aortic
segments from the MFS mouse (Fig. 5B) presented the same structural disorganization and
fragmentation of elastin fibers that was observed in formalin-fixed aortic tissue (Fig. 5A). Since
we observed a significant difference in elastin fibers organization and length between control and
MFS aortic sections, the independent TPF channel in green was acquired to assess elastic fibers
morphology in three aortic regions, root, arch, and descending (Fig. 5C). Elastic fibers appear
intact, regardless of ages or segment location in the control aorta. In contrast, MFS mice display
fragmented and disorganized elastic fibers at 6-month; minor fiber fragmentation can even be
observed as early as at 3-month in the aortic arch. The degree of aortic wall damage appears to
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progress with age, but is less intense in the distal segments.

Figure 5. Morphology of elastin fibers and collagen in the aortic wall. (A) Representative image
showing the structure of elastin and collagen in the cross-section of the ascending aorta from
control and MFS (9-month) mice stained with Van Gieson's staining. Elastic fibers are stained
dark blue and collagen is stained pink. Elastin fibers disorganization and fragmentation is
evident in the MFS aorta as compared with control samples. (B) Representative MPM images of
control and MFS aortic sections for both TPF (green for elastin) and SHG (purple for collagen)
signals shows elastin disorganization and fragmentation in the MFS aortic wall. (C)
Representative MPM images (TPF signal) showing the morphology of elastic fibers within the
aortic wall in three aortic segments (root, arch and descending) from control and MFS mice at
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different ages (3-, 6-, and 9-month). As shown, elastin is disorganized and fragmented in all MFS
aortic segments. (Citing the figure and legend from (Cui et al., 2014)

3-D structures of aortic segments from control and MFS mice at different ages were
reconstructed by MPM (Fig. 6A). TPF channel in green represents elastin, whereas SHG signals
from collagen are present in purple. This 3-D reconstruction allows for assessment of volumetric
density of elastin and collagen in aorta, which is not feasible with conventional staining.
However, no significant difference was observed in the total volume of elastin and collagen
between control and MFS mice in any of the age groups (Fig 6B). Interestingly, a decreasing
trend in control and an increasing trend in MFS mice with age were observed in the total volume
of collagen. These findings suggest that volumetric density of elastic fiber may not be an ideal
parameter to determine the differences in morphology between control and MFS mice, and
therefore, other quantitative parameters such as elastin fiber fragmentation and organization may
be a more accurate measure of the wall structural integrity in MFS aorta.”
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Figure 6. Assessment of volumetric density of elastin and collagen in aorta. (A) Representative
images of 3-D reconstruction of aortic segments from control and MFS mice (ages of 3-, 6-, and
9-month). Elastin is illustrated in green (TPF signal), whereas collagen is present in purple (SHG
signal). (B) Bar graphs represent quantification of volumetric density of aortic elastin and
collagen from control and MFS mice. As shown, no significant difference was found among
different age groups (means ± SEM, n= as indicated for each column). (Citing the figure and
legend from (Cui et al., 2014)
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3.2 Quantitative determination of aortic elastic fiber fragmentation and organization in
control and MFS mice
“The tracing of many elastic fibers indicate that they are intact in control mice, but truncated
in MFS mice (Fig. 7A). In 3-month old MFS mice, the length of elastic fibers in some aortic
segments is slightly decreased compared to controls, but these changes are not significant (Fig.
7B). However, in both 6-month and 9-month old MFS mice, fiber lengths are significantly
decreased compared to controls, regardless of the aortic segment location (root, arch, &
descending) indicating the elastin fibers fragmentation within the aortic wall in MFS mice (Fig.
7B).

Figure 7. Quantitative assessment of aortic elastic fiber fragmentation. (A) Representative
MPM images showing the tracing of aortic elastic fibers in the aortic cross section from control
and MFS mice (ages of 3-, 6-, and 9-month). (B) Comparison of aortic elastic fiber lengths in
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aortic root, arch, and descending aorta from control and MFS mice of different ages (means ±
SEM, *p < 0.05, **p < 0.01, n= as indicated on each bar). (Citing the figure and legend from
(Cui et al., 2014)

We further analyzed and determined elastin fibers organization using the FFT algorithm. To
determine each fiber direction on individual optical section (z-plane), the spatial frequencies (i.e.
horizontal and vertical occurring) were plotted in 2-D frequency space as a long and a short axis,
assuming an elliptical shape (Fig. 8A). For comparison between groups, the ratio of the short axis
to the long axis was calculated to yield a fiber orientation index. The orientation index ranges
from 0 to 100, representing the levels of order; the higher the number, the greater the degree of
organization. As shown by the representative images in figure 8A, the orientation index in the
aorta of a 3-month old control mouse (≈56) is more than twice that in the MFS counterpart (≈
24). Furthermore, in 2-D frequency space, the frequency signals appear less symmetric in the
MFS mouse, indicating that aortic elastic fibers in MFS are less organized than in the control.
Additionally, a representative 2-D analysis of the relationship between fiber angular direction and
intensity signals is shown in figure 8B. The x-axis representing angular values from 0 to 360
degrees in the 2-D frequency space was transcribed from the radar grid in figure 8A. Since the
multiphoton images of aortic sections are roughly at 45-degree angle, the two ends of the
frequency distribution point in the 45- and 225-degree directions, respectively. The y-axis
represents the signal frequency magnitude. Higher frequencies represent higher directional order
of the fibers. In the 3-month control aortic root, the average frequency magnitude of elastic fibers
in two main directions reaches almost 4.5 x 104, but in the MFS aorta, it is barely 2.5 x 104,
indicating that almost twice as many elastic fibers are pointing in the same direction in control as
compared to MFS. Moreover, the signals and noise of elastin in the MFS mouse reveal jagged and
rough parts on the shoulders of the peaks as compared to the control, which appear much
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smoother (Fig. 8B). The breadth of the signal base is also greater in MFS than in controls (Fig.
8B). Together these results quantify elastic fiber disorganization in MFS mice, which could be of
prognostic value.

The directions of elastic fibers vary in different z-places of aortic sections, which will result
in differences in the axial/equatorial signals and relative orientation index in each plane.
Therefore, the average orientation index for each aortic segment was determined from multiple zplanes using the FFT algorithm (Fig. 8C). In ascending aorta, significantly lower orientation
indices are observed in MFS mice, regardless of age, suggesting that elastic fiber organization is
lost at as early as 3 months in MFS mice. Interestingly, this difference between control and MFS
mice diminishes with age (Fig. 8C), indicating that elastic fiber disorganization naturally occurs
during aging in control mice.”
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Figure 8. Analysis of aortic elastic fiber organization by FFT algorithm. (A) Representative
images showing how the intensity signals from 3-month old control and MFS aorta were
transformed and plotted in 2-D frequency spaces as long and short axes. The orientation index
(N), was calculated from the ratio of the short axis to the long axis, representing the level of order.
(B) Following the frequency space transfer, the relationship between fiber angular direction
(angular values from 0 to 360 degrees transcribed from radar grid in the 2-D frequency) and
intensity signals (average frequency magnitude) was analyzed. Elastin signal appears much
smoother in control (single arrow); jagged and rough parts are revealed on the shoulders of the
peak (double arrows) in the MFS mouse. (C) Average orientation indices of aortic elastic fibers in
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ascending and descending aorta (from multiple z-planes), from 3-, 6-, and 9-month old control
and MFS mice (means ± SEM, *p < 0.05, **p < 0.01, n= as indicated on each bar). (Citing the
figure and legend from (Cui et al., 2014)

3.3 Comparison of cutaneous elastin and collagen morphology between control and MFS
mice
“The basic structure of skin from control and MFS mice is demonstrated with hematoxylin
and eosin (H&E) staining (Fig. 9A). The dermal layer in 3- and 6-month old control mice is
thicker than in MFS mice, but this difference disappears at 9 months of age. As expected, the
thickness of dermis also decreases in control groups with age, such that samples from 9-month
old control mice resemble those from 3-month old MFS mice, except for the thicker appearance
of hypodermal fat layer. Meanwhile, this relatively thin layer remains constant in thickness in the
MFS groups regardless of age.
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Figure 9. Visualization of cutaneous elastin and collagen morphology in control and MFS skin
samples. (A) Histological H&E staining of skin from control and MFS mice (ages of 3-, 6-, and 9month) demonstrates the basic layering of mouse skin: epidermis, dermis, hypodermis, and
panniculus carnosus muscle (PCM). Note the significant thinning of the dermis layer of skin of
MFS mice compared to controls. (B) Representative 2-D MPM images of gross layering structure
of skin from control and MFS mice. (Citing the figure and legend from (Cui et al., 2014)
To record changes in cutaneous elastin and collagen in MFS mice, TPF/SHG multiphoton
images were acquired from the dermal layer (Fig. 9B). Besides the dermis, also the hypodermis,
panniculus carnosus muscle (PCM) and hairs can be imaged as their signal wavelengths are close
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to the elastin TPF signal range. However, their signal intensities are quite distinct from elastin
TPF, with intensities highly saturated in the dermal layer, but only barely observable in other
layers. Therefore, in the following MPM image acquisitions, the intensities were optimized and
adjusted to focus on elastin and collagen signals in the dermis only. Consistent with previous
observations with H&E staining (Fig. 9A), the dermis in control mice appears thicker than those
in the MFS counterparts, with the exception of the 9-month groups, where the difference between
old age control and MFS mice disappeared.”

3.4 Total volumetric density of cutaneous elastin and collagen, and the thickness of dermal
layer in control and MFS mice
“In this part of the study, the intensities were optimized and adjusted to focus on elastin and
collagen signals in the dermis only (Fig. 10A). The elastin volume was significantly decreased in
3- and 6-month MFS compared to control mice, while no difference was observed in the 9-month
old groups (Fig. 10B). Unlike elastin, the volumetric density of collagen increases with age in
control mice, with significant higher contents observed in 6- and 9-month groups compared to
MFS groups (Fig. 10C). However, similar to elastin, the collagen content remains low in MFS
mice regardless of age. Furthermore, the thickness of the dermal layer is significantly less in 3and 6-month MFS mice compared to controls, but they are similar in the oldest groups (Fig. 10D).
These measurements confirm our histological observations in Fig. 9A, that the dermis is relatively
thinner in all MFS mice, resembling that of the oldest controls.

As predicted by the above findings, the ratio of elastin-to-collagen volume is significantly
decreased in 3- and 6-month MFS compared to control mice (Fig. 10E). We observed a gradual
and age dependent decrease in the elastin to collagen ratio in the controls, but not in the MFS
mice, suggesting pre-mature aging of the skin in MFS mice. It is noteworthy to mention that the
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elastin/collagen ratios in 3- and 6-month control mice are higher than 1.0, indicating a relatively
higher elastin content than collagen.”

Figure 10. Total volumetric density of cutaneous elastin and collagen, and dermal layer
thickness in control and MFS mice skin. (A) Representative MPM images of skin elastin and
collagen from control and MFS mice (ages of 3-, 6-, and 9-month). TPF channel in green
represents elastin fibers; SHG channel in purple represents collagen. (B) Measurements of total
volumetric density of elastin in mice skin dermis. (C) Measurements of total volumetric density of
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collagen in mice skin dermis. (D) Measurements of thickness of dermal layer in mice skin. (E)
Comparison of ratio of elastin to collagen volume in mice skin (means ± SEM, *p < 0.05, **p <
0.01, ***p < 0.001, n= as indicated on each bar). (Citing the figure and legend from (Cui et al.,
2014)

3.5 Longitudinal comparison of aortic structure between control and MFS mice by
ultrasound imaging
(Citing quotations from (Lee et al., 2016) “There were no significant differences in heart rate
(HR), body weight (BW), ejection fraction (EF) and fractional shortening (FS) between control
(WT) and MFS mice groups at both 6 and 12 months of age (Table 2).”

Table 2. Echocardiographic functional analysis for control and MFS mice.

All parameter measurements are presented as Means ± SEM (n=8 mice). N, normalized with
body weight. EF Ejection fraction; FS Fractional shortening. (Adapting and modifying the
table from (Lee et al., 2016).

“The aortic annulus diameter was significantly increased by 18% in MFS versus control
(WT) in the 6-month (p=0.046) and by 27% in the 12-month (p=0.001) groups, respectively (Fig
52

11). The diameter of the sinus of Valsalva was also significantly increased in MFS mice versus
control (WT) by 19% in 6-month (p=0.01) and by 27% in 12-month (p< 0.001) groups,
respectively (Fig 11).”

Figure 11. Aortic root diameters of control and MFS mice. (A) B-mode view of the aortic arch
from a 6-month MFS mouse. Diameters of the (B) aortic annulus [L1], (C) sinus of Valsalva [L2]
and (D) sinotubular junction [L3] were significantly increased in MFS mice versus controls (WT).
The larger aortic root diameter indicates significant aortic dilatation. * indicates p<0.05, **
indicates p<0.01, *** indicates p<0.001 (n=8). (Citing the figure and legend from (Lee et al.,
2016)

3.6 Longitudinal comparison of aortic function between control and MFS mice by
ultrasound imaging
“PWV was increased by 79% in 6–8 months old MFS mice compared to controls (WT)
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(p=0.003) and by 124% in 12–16 month MFS mice compared to controls (WT) (p<0.001). The
relationship between age (x-axis) and PWV (y-axis) of MFS and control (WT) mice is shown in
Fig 12. PWV in MFS mice increased linearly with age (R-squared=0.356, p=0.02), but not in
control (WT) mice (R-squared=0.008, p=0.73). The estimated regression lines are
y=0.45x+275.49 in the MFS group and y=0.06x+187.01 in the control (WT) group.”

Figure 12. Pulse wave velocity (PWV) of aortic arch. (A) B-mode view of aortic arch of a 6month control (WT) mouse. The distance between the ascending and descending aorta pulse wave
Doppler recordings is indicated by the blue line (d0 to d). Scale bars, 2 mm. (B) Pulse wave
Doppler tracing of the ascending (upper panel) and descending aorta (lower panel). The X-axis
represents time (ms) and Y-axis represents blood flow velocity (mm/s). T1 is measured from the
beginning of the QRS wave on the ECG to the beginning of the ascending aortic peak velocity and
T2 is the beginning of the QRS wave on the ECG to the beginning of the descending aortic peak
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velocity. Pulse wave velocity was calculated using the distance between d0 and d in the aortic
arch divided by the transit time (i.e. [d-d0] / [T2-T1]). (C) Aortic PWV of control (WT) and MFS
mice from two age groups (6-8 months and 12-16 months group). PWV was significantly
increased in 6-8 months MFS mice compared to controls (WT) (p=0.003) and in 12-16 months
MFS mice compared to controls (WT) (p<0.001), respectively. (D) Correlations between age (xaxis) and PWV (y-axis) of control (WT) (●) and MFS (∎) mice. PWV in MFS mice was directly
proportional to age (R-squared=0.356, p=0.02), but not in control (WT) mice. ** indicates
p<0.01, *** indicates p<0.001 (n=8). (Citing the figure and legend from (Lee et al., 2016)

“Fig 13A shows that the ascending aortic peak velocities were significantly decreased by
25% (p=0.04) in 12-month MFS versus control (WT) mice. Descending aortic peak velocity was
decreased by 28% in 12-month MFS versus control (WT) mice (p<0.001) and by 18% in 12month versus 6-month MFS mice (p=0.01) (Fig 13B).”
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Figure 13. Peak velocity was calculated from pulsed-wave Doppler mode from an aortic arch
view. (A) Ascending aortic peak velocity of control (WT) and MFS mice from two age groups (6and 12-month). Ascending aortic peak velocity was significantly decreased in 12-month MFS
mice versus control (WT) mice (p=0.04). (B) Descending aortic peak velocity was significantly
decreased in 12-month MFS mice (p<0.001) versus control (WT) mice. * indicates p<0.05, ***
indicates p<0.001 (n=8). (Adapting the figure and legend from (Lee et al., 2016)

3.7 Quantitative assessment of the progression of aortic elastic fiber fragmentation between
control and MFS mice
“Histological imaging of the aortas from 6-month and 12-month control (WT) and MFS
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showed the loss of organization and disruption of the elastin fibers as illustrated in Fig 14A. With
van Gieson’s staining, elastin is illustrated in dark purple, whereas collagen is present in light
pink. Elastin fibers fragmentation is visible in the MFS aorta compare to control (WT). The area
of elastin fibers was significantly increased in MFS mice versus controls (WT) in 6-month of age
(26%, p=0.02). The number of elastin fibers was significantly increased in 12-month MFS mice
versus 12-month controls (WT) (125%, p=0.03) and versus 6-month MFS mice (123%, p=0.03) ”
(Fig. 14B).

Figure 14. Histological analysis of control and MFS mice aorta. (A) Representative
histological images stained with Van Gieson's staining reveal the arrangement of elastin (dark
blue) and collagen (pink) in the cross-section of the aorta from 6-month and 12-month control
(WT) and MFS mice. Elastin fibers display severe fragmentation and disorganization in the
MFS aorta as compared with control (WT) samples. (B) The area and (C) number of elastin
fibers were measured by tracing the elastin fibers on the transverse section of mouse aorta.
*indicates p<0.05 (n=3). (Adapting the figure and legend from (Lee et al., 2016)
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3.8 Longitudinal comparison of pulse wave velocity between control and MFS mice with
and without long-term doxycycline intervention
In vivo ultrasound imaging technique has allowed us to study structural and functional
changes occurred overtime and during the progression of aortic aneurysm in the absence or
presence of treatment in the same experimental subject, without jeopardizing the health of the
animals. Initially at 3 months of age, we have shown that PWV is significantly increased in MFS
mice compared to controls (p<0.01), with doxycycline having no impact on the progression of
aneurysm in MFS mice (Figure 15). Likewise, at 6 months of age, PWV is significantly increased
in MFS mice compared to controls (p<0.001), but doxycycline treated MFS mice have
significantly lower PWV than non-treated MFS mice (p<0.01), and they are not different from
either the treated or non-treated control mice. At 9 months of age, treated MFS mice have also
significantly lower PWV than non-treated MFS mice (p<0.05), although it stays markedly above
the value recorded in age-matched control mice. Taken together, our data shows that PWV in the
non-treated MFS mice increases significantly with age and that doxycycline attenuates this agerelated increase in PWV, but does not completely block its development (Fig. 15).
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Figure 15. Longitudinal measurements of PWV in control and MFS mice groups with and
without doxycycline treatment. PWV is significantly increased in MFS mice compared to controls
without treatment at in 3-month old mice (**p<0.01), but the difference in PWV is not significant
in doxycycline-treated MFS mice compared to controls. PWV is significantly increased in MFS
mice compared to controls without treatment at 6-month old (***p<0.001); doxycycline-treated
MFS mice have significantly lower PWV than non-treated ones (**p<0.01), while they do not
display any significant difference in PWV from both treated and non-treated control mice. At 9
and 12 months of age, PWV is significantly increased in MFS mice compared to non-treated
controls (***p<0.001); doxycycline-treated MFS mice have significantly lower PWV than nontreated MFS mice (*p<0.05), however, they still show a significantly increased PWV compared to
treated control mice (**p<0.01). The findings suggest that long term doxycycline treatment
results in a significant reduction in aortic stiffness (as indicated by PWV measurement) in MFS
mice starting at the age of 6 months.
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3.9 Longitudinal comparison of regional aortic diameters between control and MFS mice
with and without long-term doxycycline intervention
Aortic diameters in three distinct areas, aortic annulus [L1], sinuses of Valsalva [L2], and
sinotubular junctions [L3], were measured from the echocardiography B-mode aortic arch view.
Diameters of aortic annulus are significantly increased in MFS mice compared to controls with
and without doxycycline treatment at 3-month of age (p<0.01, p<0.001, respectively) (Figure
16A). The diameters of the treated Marfan mice are not different from those in treated controls at
age of 6 and 9 months, while the aortas are all significantly larger in MFS mice without
doxycycline treatment (p<0.001) compared to their control counterparts, demonstrating
significant aortic root dilatation with age in MFS mice. After over ten months on intervention,
doxycycline suppressed the aortic dilatation in this root area effectively, with significant decreases
in aortic diameters in treated MFS mice compared to non-treated MFS mice at the age of 12
months (p<0.05), and without differences from those treated control mice. Meanwhile, the
differences in diameters remained significant among MFS and control mice without treatment, the
same as they were at earlier ages.
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Figure 16A. Measurements of diameters at the aortic annulus. Diameters are significantly
increased in MFS mice compared to control at 3 months of age (**p<0.01). Aortic annulus
diameters of the treated Marfan mice are not different from those in control at the age of 6 and 9
months, while the aortas are all significantly larger in non-treated MFS mice (***p<0.001).
Aortic annulus diameters of the treated Marfan mice are significantly decreased compared to
non-treated MFS mice at the age of 12 months (*p<0.05), but without difference from the
controls.
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Similar to aortic annulus, diameters of sinuses of Valsalva are significantly increased with
age in MFS mice compared to controls without doxycycline treatment, at 3-, 6-, 9- and 12-month
old (p<0.001, <0.01, <0.001, <0.01, respectively) (Figure 16B). Furthermore, with long-term
doxycycline treatment, the significant difference found in these aortic sinus of Valsalva diameters
in MFS than in controls at 3-month old (p<0.001) disappeared starting from 6-month of age, and
they are no longer different from those in controls in the treatment group at older ages. In
particular, at 6- and 12-month old, treated MFS mice display significantly decreased aortic sinus
of Valsalva diameters compared to their age-matched MFS counterparts without treatment
(p<0.05), suggesting potential protective effects of doxycycline on reduction of aortic dilatation in
this particular aortic root area. At the relatively distant area from the left ventricle, aortic
sinotubular junction diameters show no differences between MFS and control mice (Figure 16C),
regardless of age or treatment with doxycycline, even though a trend of dilated aortic sinotubular
junction diameters in MFS mice can be detected.

62

Figure 16B. Measurements of diameters at the aortic sinus of Valsalva. Aortic sinus of Valsalva
diameters are significantly increased in MFS mice compared to controls at 3-month of age
(***p<0.001). Aortic sinus of Valsalva diameters of the treated Marfan mice are not different
from those in controls at the age of 6 and 9 months, while aortic sinus of Valsalva diameters are
significantly larger in non-treated MFS mice (**p<0.01, ***<0.001, respectively). Furthermore,
at 6 months of age, treated MFS mice display significantly decreased aortic sinus of Valsalva
diameters compared to their age-matched MFS counterparts without treatment (*p<0.05),
suggesting potential protective effects of doxycycline on reduction of aortic sinus of Valsalva
dilatation. Aortic sinus of Valsalva diameters of the treated Marfan mice are significantly
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decreased compared to non-treated MFS mice at the age of 12 months (*p<0.05, but without
difference from the controls.

Figure 16C. Measurements of diameters at the aortic sinotubular junctions. At this relatively
distant area of aorta from the left ventricle, there is no difference in the aortic diameters between
MFS and control mice, regardless of sex and doxycycline treatment, even though trends of dilated
aortas in MFS mice can be observed.

64

3.10 Correlation between Aortic Structure and Function over time in control and MFS mice
with and without long-term doxycycline treatment
Correlations between aortic diameters and PWV in three aortic regions reveal positive linear
regressions among these experimental animal groups regardless of doxycycline treatment (Figure
17A). The gap of the linear regressions between sinotubular junction and aortic annulus is
narrowed in MFS mice compared to controls, while the gap is widening between these two
regions and sinus of Valsalva. A particularly high correlation is observed in sinus of Valsalva,
suggesting that the aortic function in this proximal part is relatively more susceptible to the
changes in structure, which may be more likely to be influenced by suppressing effects of
doxycycline on aortic dilatation. The correlations with age and doxycycline treatment warrant
further investigation in this particular area of the aorta.
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Figure 17A. Correlations between PWV and aortic diameters in three aortic regions, aortic
annulus, sinus of Valsalva, and sinotubular junction. (A) non-treated control mice, (B) nontreated MFS mice, (C) doxycycline-treated control mice, and (D) doxycycline-treated MFS mice.
The gap of the linear regressions between sinotubular junction and aortic annulus is narrowed,
while the gap between these two regions and sinus of Valsalva is widened, in MFS mice compared
to controls, regardless on doxycycline treatment or not. Out of the three aortic regions,
correlation in sinus of Valsalva stands out as the highest level and is worthy further investigation.

The correlations show that at 3 months of age, aortic diameters are not positively correlated
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with PWV in control mice, the same findings are observed in treated and non-treated MFS mice,
even though these correlations in MFS mice are at relatively higher levels (Figure 17B).
However, at 6 months of age, a positive correlation is found between aortic diameters and PWV
in non-treated control mice, as well as in both treated and non-treated MFS mice. As mice age (6
– 9 months), linear regression level in treated MFS mice starts to falls under the non-treated MFS
mice, while the latter ones remain dominant at the higher scale, suggesting that doxycycline can
be effective in suppressing aortic dilatation after two months of treatment, while a wider and
stiffer aorta is developed in non-treated MFS mice. Eventually, at the end stage of the experiment,
linear regression level in treated MFS group falls down to the level that is similar to the control
groups, while non-treated MFS group continues to stay at the higher range, suggesting that longterm doxycycline treatment can improve both the aortic structure and function in the area of sinus
of Valsalva, by suppressing the dilatation and limiting the progression of aortic wall stiffness.
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Figure 17B. Correlations between PWV and aortic diameters in sinus of Valsalva, in four
groups of experimental animals. (A and B) At 3 months of age, diameters do not display positive
correlation with PWV in control mice without treatment, the same findings are observed in both
MFS mice with and without doxycycline treatment, even though they are at relatively higher level;
while at 6 months of age, positive correlation is found between diameters and PWV in control
mice without treatment, as well as in both MFS mice with and without doxycycline treatment.
Linear regression level in treated MFS mice falls under the non-treated MFS mice starting at 6month of age. (C) At 9-month of age, correlation between PWV and aortic diameters continues to
fall in treated MFS mice, while non-treated MFS remain dominant at the higher range. (D) At 12-
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month of age, linear regression of the correlation in MFS-DOX group falls down to the level that
is similar to the control-NT and control-DOX groups, while MFS-NT group continues to stay at
the higher range.

3.11 Comparison of cardiovascular gross structure and elastic fibers morphology between
control and MFS mice with and without long-term doxycycline treatment
At the end of study, we assessed the gross structure of the aorta of 12-month old MFS and
control mice. As shown in figure 18, intact aorta of normal size and a sigmoid shape is observed
in the control mouse, with the typical three major branches in the aortic arch, from proximal to
distal, the brachiocephalic trunk, the left common carotid artery, and the left subclavian artery
(Figure 18A, B). In the absence of doxycycline treatment, a balloon-like bulge with severe
dilatation in aortic root proximal to the aortic arch three branches is observed in the MFS mouse.
Meanwhile, the size of the left ventricle is also increased (Figure 18C, D). With doxycycline
treatment, the cardiovascular gross structure is protected, with both aorta and heart of the MFS
mouse being observed in a relatively normal shape and size in the MFS mouse, similar to those in
the control mouse (Figure 18E, F), suggesting that doxycycline may not only improves the aortic
structure and function, but may also keep the heart from left ventricular dilatation with regard to
its gross structure.
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Figure 18. Representative images of dissected heart and aorta samples from (A, B) control and
MFS mice (C, D) without and (E, F) with doxycycline treatment at the age of 12 months of age.
(A, B) Intact mouse aorta with the typical three major branches in the aortic arch, from proximal
to distal, the brachiocephalic trunk, the left common carotid artery, and the left subclavian artery,
attached to a normally shaped heart in a control mouse. (C, D) Severe aortic dilatation in MFS
mouse in the absence of doxycycline treatment, a “balloon-like” dilation is observed close to the
aortic arch three branches. The left ventricle of MFS mouse heart seems to be enlarged. (E, F)
Relatively normal shape and size aorta and heart can be observed in MFS mouse treated with
doxycycline.

Aortic cross sections from 12-month old mice were subjected to the conventional Van
Gieson’s staining, to investigate the morphology of elastic fibers in the aortic root, particularly in
the sinus of Valsalva. Elastic fibers are stained in dark blue/purple, while collagenous fibers are
stained in light pink. The zigzag shape of elastin appears intact, without fragmentation or
breakage in control mice (Figure 19A, C). However, elastic fibers in non-treated MFS mice
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display severe fragmentation and disorganization (Fig. 19B), confirming our previous
observations (Chung et al., 2007a). With more than 10 months of doxycycline treatment, there
appears to be much less fragmentation of elastic fibers in the aortic wall of MFS mice as
compared to non-treated group.

Figure 19. Representative images of van Gieson’s staining of the aortic root from (A) control
and (B) Marfan mice without doxycycline treatment, and (C) control and (D) Marfan mice with
doxycycline treatment, at 12-month of age, illustrating elastin (dark blue/purple) and collagen
(light pink). Long-term doxycycline treatment appears to show protective effects on maintaining
elastin fibers organization and aortic wall integrity on Marfan mice.
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3.12 Ultrastructural changes at break points of elastic fibers associated with MFS and
MMPs inhibition
Our previous quantitative analysis of elastin in MFS aorta using multiphoton imaging
demonstrated that elastic fiber length in all three aortic sections (root, arch and descending)
decreased in MFS mice compared to controls. In addition, the elastic fiber orientation indices in
MFS ascending aorta were lower than in the controls (Cui et al., 2014). Breakage and loss of
elastic fiber integrity are considered as the main causes of aneurysm in patients with MFS. The
apparent breakage and irregular border lines of elastic fibers could be the result of elevated levels
of MMPs and their proteolytic activity. Therefore, TEM was used to investigate possible changes
in the ultrastructure of the elastin fiber ends in sinus of Valsalva which could be associated with
the increase in breakage observed in MFS aortic wall. The representative images in figure 20A
shows that the borders of the elastic fibers are relatively clean and sharp in control aorta, while
irregular and fuzzy borders are observed in aortic sections from MFS mice (Fig. 20B). However,
with doxycycline treatment, the elastin appeared to retain its normal shape on the terminal ends of
the fibers, including that inhibition of MMPs by doxycycline appeared to reverse the irregularities
of the elastic fibers within the aortic wall (Fig. 20C).
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Figure 20. Representative images of ultrastructure of the aortic elastic fibers from 12-month old
(A) control and (B) MFS mice without doxycycline treatment, and (C) MFS mice with doxycycline
treatment. The terminal ends of the elastic fibers are relatively clean and sharp in control aorta;
while irregular and fuzzy boarder can be observed in MFS mice. However, with long-term
doxycycline treatment, the elastic fibers appear to maintain their normal shape on border lines.
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Apart from the qualitative ultrastructure observations, quantitative analysis was also
performed to compare the irregularities of elastic fibers among the control and MFS mice. The
average irregularity index of elastic fibers terminals is significantly increased in MFS aortas
compared to controls in the absence of treatment (p<0.001); while the treated MFS aortas have
significantly lower irregularities index than non-treated ones (p<0.001), which are similar to the
values seen in controls (Fig. 21). This is consistent with the expectation that the chemical
degradation of elastic fibers by MMPs is inhibited by doxycycline. Taken together, both the
qualitative and quantitative evaluations suggest that long-term doxycycline intervention is able to
protect the elastic fibers from further degradation at the ultrastructural level.

Figure
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12 months of age, the irregularity indices of elastic fibers are significantly increased in MFS mice
as compared to control (***p<0.001), whereas doxycycline-treated MFS mice have significantly
lower irregularity index than non-treated MFS mice (***p<0.001), normalizing to the level
observed in control mice.
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4. Chapter 4. Discussion, Conclusion and Future Direction:
In the part I of this thesis, (citing quotations from (Cui et al., 2014) “we used a non-invasive
MPM imaging technique to quantify morphological changes in elastin and collagen in MFS
mouse aorta and skin. Our aim was to establish a reliable new method for studying the structural
changes involved in formation and progression of aneurysm in MFS. In addition, the data
presented herein provide proof of principle for a potential non-invasive skin test for early
diagnosis or monitoring the progression of aortic abnormality in MFS.”

“In aorta, elastic fiber fragmentation has been widely documented in MFS patients, as well as
in the mouse model (Chung et al., 2007a; Chung et al., 2008; Marque et al., 2001; Segura et al.,
1998). However, prior histologic studies necessarily involved alterations due to tissue fixation and
staining, while quantification of fiber fragmentation has not been explored. By measuring the
aortic elastic fiber lengths on MPM images, we quantitatively compared the fragmentation in
MFS and control mice of different ages, and demonstrated that the lengths of elastic fibers
decreased with age from 3- to 9-month in MFS mice, and became significantly shorter than in the
controls as mice aged (6- and 9-month old), in all three aortic sections (root, arch and descending)
(Fig. 7).”

“Another important characteristic of MFS aorta is the structural disorganization of elastin.
This is important as a previous study reported that the orientation of elastic fibers determined
their resistance to strain, which would eventually influence the load bearing capacity of the aorta
(Lillie et al., 1998). However, the organization of elastin had heretofore not been quantitatively
analyzed in MFS aorta. By using the FFT algorithm, our results revealed significantly lower
orientation indices in MFS ascending aorta compared to aorta from control mice as early as 3
months of age (Fig. 8). As the mice aged, the elastic fibers became more disorganized in both
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MFS and control mice in descending aorta, as was evident by a decrease in the orientation index.
It is of importance that the elastic fiber disorder preceded fragmentation, suggesting that
quantitative determination of elastic fiber disorganization could provide an early indication of
abnormalities in the aortic wall. In this respect it is interesting to note that in control mice aging
led to significant disorganization of the elastic fibers, whereas at nine months of age
fragmentation was not yet observed and elastic content remained constant.”

Our laboratory “demonstrated that in MFS aneurysmal aorta from 3- to 9-month mice,
progressive fragmentation of elastic fibers and stiffness is accompanied by increased expression
and activity of MMP-2 and -9 (Chung et al., 2008), which have been suggested to be involved in
pathological vascular remodeling (Rodriguez-Pla et al., 2005). Quantification of elastin
fragmentation and organization in aorta may help in future studies of cause and effect in large
artery disease in MFS.”

“We also captured high-resolution MPM images of the skin, with the main focus on the
dermal layer, from control and MFS mice at different ages (Fig. 9 & 10). Histology was also
obtained as an independent corroboration of the MPM imaging results, even though it is less
suited for determining the alignment and packing of elastin and collagen fibers. Previous studies
compared the architecture of the dermal elastic fibers among individuals of different ages by
scanning electron microscopy (Tsuji and Hamada, 1981), and light microscopy (Jarrett, 1974), but
none of them has quantified the fiber contents, due to limitations of the conventional methods.
Based on our observation, morphology and volumetric density of elastin and collagen in MFS
skin were clearly different from controls and, interestingly, but similar to what we observed in the
older control mice, which is suggestive of pre-mature aging of the skin the MFS mouse. Our
findings in the dermis provide quantitative evidence to support previous indirect
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immunofluorescent observations of apparent deficient content of elastin-associated microfibrillar
fibers in MFS skin (Godfrey et al., 1990a). Another important new finding in this study is the
significantly thinner dermal layer in young MFS mice vs. controls, which indicates that the aging
process of skin is accelerated in MFS mice. ”

“Our observations clearly suggest that early thinning of skin in MFS preceded the
abnormalities in the aorta and might thus be exploited for the development of a non-invasive
diagnostic test for early stages of the disease. Traditionally, the diagnosis of MFS is dependent on
the demonstration of the multisystem clinical problems, which present themselves at a more
advanced stage of the disease (Beighton et al., 1988; De Paepe et al., 1996), combined with the
medical history of the patient’s family (Canadas et al., 2010). Our observations in MFS skin may
shed light on other potential uses of the current clinical application of the MPM imaging. A
modified version of MPM imaging has already been used to investigate biomechanical properties
of human skin in vivo during skin aging (Koehler et al., 2012; Koehler et al., 2009), in skin
cancer diagnosis (Dimitrow et al., 2009a; Dimitrow et al., 2009b), and for drug screening and
monitoring (Konig et al., 2006). Such non-invasive MPM diagnostic testing could potentially be
extended to MFS and other associated diseases such as Loeys–Dietz syndrome (Loeys et al.,
2005), and connective tissue disorders caused by a defect in the synthesis of collagen, such as
Ehlers–Danlos syndrome (Coe and Silvers, 1940), and the deficiency of fibrillin-4 associated with
the FBN4 gene defect, known as cutis laxa syndrome (Hucthagowder et al., 2006).”

(Citing quotations from (Lee et al., 2016) “Aortic root aneurysm is the most prominent and
life-threatening feature of MFS cardiovascular complications (Loeys et al., 2010). Increased
aortic stiffness and loss of wall elasticity are considered as important detrimental factors
contributing to aneurysm progression. Early studies in mouse models of MFS have used ex vivo
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approaches to indirectly measure aortic wall stiffness/elasticity including the use of isometric
wire myography (Chung et al., 2007a). Later, non-invasive high-resolution high frequency
ultrasound imaging techniques provided a more powerful tool for in vivo measurements of both
cardiac and aortic function and structure in real time. The present study is the first in vivo mouse
study to duplicate studies in MFS patients showing dilation of the sinuses of Valsalva, sinotubular junction and progressive loss of aortic root elasticity (El-Hamamsy and Yacoub, 2009;
Hirata et al., 1991; Nollen et al., 2004) using a non-invasive and high-resolution ultrasound
technique. As one would predict, as the vessel diameter increased, the peak blood flow velocity
decreased (Rhoades R, 2013). Our study also showed a significantly decreased peak velocity in
both the ascending and descending aortas. These results were more pronounced in the 12-month
group, which is consistent with progressive dilation in the aorta of MFS mice with aging.
Furthermore, PWV was significantly increased in 6-8- and 12-16-month old MFS mice compared
with control (WT) and increased linearly with age. These data indicate a continuing process of
aortic stiffening in MFS mice with aging. This may increase the LV afterload, potentially leading
to cardiac remodeling.”

“The etiology for the increased PWV in MFS is likely based on a loss of aortic elastin fibril
organization and integrity. In part II of the thesis, this was clearly demonstrated in both the 6month old and 12-month old groups using histology in the fixed aortic samples (Fig 14). A more
detailed examination of this approach is described above in part I of the thesis, the basic results of
which are validated. Recently an MRI-based study was performed with LMI1174—a gadoliniumbased elastin-specific magnetic resonance contrast agent (ESMA), which accurately measures
elastin bound gadolinium within the aortic wall (Okamura et al., 2014). In this study, they found
that in the 8-month Fbn1C1039G/+ MFS mouse, there was a significant decrease in aortic wall
elastin compared to controls.”
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“Our data are also consistent with previous human studies using PWV analysis methods on
MFS patients (Bradley et al., 2005; Kiotsekoglou et al., 2011), and therefore, confirming that
PWV measurement using 2D and Doppler echocardiography as performed in this study can be
reliably applied to the mouse for evaluating aortic stiffness. The difficulties of this method in
mice include the extreme shortness of the aortic arch (~5.5 mm) and the very rapid transit time
due to the high heart rate. However, with repeated measurements over ten cardiac cycles, the
accuracy can be excellent making this a robust technique for the evaluation of aortic stiffness in
the mouse. Similar observations of increased aortic stiffness were made by our group previously
in the ex vivo MFS mouse model using wire myography (Chung et al., 2007a). Different methods
of measuring PWV have been reported in mice. They also differ in what they measure, some
measure the velocity of the flow wave, others determine the velocity of the pressure wave in the
aortic wall and others a combination of both. Hartley and colleagues (Hartley et al., 1997)
calculated upper abdominal aortic PWV in mice by dividing the fixed distance from the aortic
arch to the abdominal aorta 4 cm downstream by the pulse transit time which they measured
using the Doppler waveform synchronized with ECG. PWV has also been measured by using a
flow/area (QA) method involving aortic Doppler flow and aortic area change (Di Lascio et al.,
2014; Williams et al., 2007b). However, the QA method is complex as it requires angle correction
of the Doppler velocity and needs careful imaging of the aorta. Rabben and colleagues compared
the QA method with the Bramwell–Hill (BH) method and concluded that the QA method needed
refining (Rabben et al., 2004). Another study applied carotid-femoral applanation tonometry, a
reliable technique commonly used clinically to assess PWV in mice (Leloup et al., 2014). In
comparison, our method is relatively simple and direct, without the need for simultaneous blood
pressure measurements or assumptions about Doppler angle to obtain flow volumes.” In addition,
the technique presented in this part of the thesis focuses on the localized distance of aortic root,
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which is the most important area of the aorta for the MFS characterization. It has the potential to
be repeated and paves the path for a long-term longitudinal in vivo study such as discussed below,
to evaluate the doxycycline therapeutic effects on aortic aneurysm by echocardiographic
ultrasound imaging.

Loss of elasticity and increased stiffness in the aortic wall, as a result of the fragmentation
and disorganization of elastic fibers, are considered crucial detrimental factors contributing to the
progression of aneurysm (Chung et al., 2008). By using ex vivo approaches such as isometric wire
myography, previous studies have measured aortic elasticity and stiffness in MFS mice (Chung et
al., 2007a) and concluded that the reduced elasticity in MFS aorta may be primarily attributed to
the disruption of elastic fibers in the ECM. With the use of high-resolution ultrasound imaging
techniques, the progressive dilatation and stiffness in aorta can be studied in real time in both
MFS patients and MFS mouse models (El-Hamamsy and Yacoub, 2009; Hirata et al., 1991; Lee
et al., 2016; Nollen et al., 2004). Our findings of the increased aortic root diameters with age in
MFS mice without doxycycline treatment are in agreement with the previous study comparing
only 6 and 12 months groups, with significantly larger diameters of both aortic annulus and sinus
of Valsalva in MFS mice. Furthermore, no difference was found in the distant aortic region of
sinotubular junction (Fig. 16A, B, C). In addition, by expanding the age groups and filling the
gaps between 6 and 12 months age groups, we were able to establish a developmental profile of
gradual aortic root growth in the mouse model to allow us to gain a better understanding of the
different stages of the aneurysm progression. It is noteworthy that our in vivo observations of
aortic dilatation at the aortic annulus and sinus of Valsalva at as early as 3 months of age in MFS
mice re-confirms our previous ex vivo quantitative analysis of early detections of loss of elastic
fiber organization using MPM and conventional histology (Cui et al., 2014). An increase in aortic
diameter with age in humans has been widely reported in various clinical studies. A clear-cut
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increase in aortic surface area with age has been shown in autopsy studies (Mitchell and
Schwartz, 1965), whereas to a lesser degree, cross-sectional studies of aortic diameter by both
ultrasound (Agmon et al., 2003; Gerstenblith et al., 1977; Roman et al., 1993; Vasan et al., 1995)
and angiography (Nichols et al., 1985) still show definite increase with age. Meanwhile, blood
pressure increase associated with aging may also play a role in aortic dilatation, adding some
controversy to the competing effects of age (Kim et al., 1996). Progressive aortic dilatation with
age has also been reported in patients with MFS and cystic aortic necrosis in longitudinal studies,
but the rate of dilatation is slowed down by antihypertensive agents such as beta-adrenergic
blockers (Shores et al., 1994).

“Aortic wall stiffness is a functional indicator of aortic structure that reflects its major ECM
components such as elastic and collagenous fibers. Possible beneficial changes in aortic stiffness
could affect the cardiac structure and function, such as left ventricular size and mass, and
interventricular end diastolic septal thickness, as well as the echocardiography-based diastolic
assessment of early filling velocity and early (E) to late (A) ventricular filling velocities ratio
(E/A).” However, the primary focus of this present study was to gain insight into the potential
protective effects of doxycycline on aortic structure and function in MFS mice. PWV is believed
to be a powerful index of arterial stiffness, which can be measured by ultrasound imaging in
humans non-invasively (Hirata et al., 1991). As the pioneer to predict cardiovascular risk,
increased PWV has been shown in various populations, such as diabetic, hypertensive, elderly
and renal patients (Cruickshank et al., 2002; Laurent et al., 2006; Laurent et al., 2003; SuttonTyrrell et al., 2005). Bradley and colleagues previously demonstrated an elevated PWV in
pediatric patients with MFS vs. control subjects. The same group also established a reliable
echocardiographic Doppler method, to determine the aortic stiffness in humans indirectly
(Bradley et al., 2005). The 2-D and Doppler echocardiography method were also shown to be
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feasible and reliable to assess a variety of biophysical properties in a mouse model of MFS (Lee
et al., 2016). Therefore, in the present in vivo study, the alterations of aortic elasticity or stiffness
in both control and MFS mice were followed and evaluated longitudinally through indirect
measurements of PWV by the ultrasound imaging. Our findings show that PWV is significantly
increased in MFS mice compared to their control counterparts in all age groups, with the
increases ranging from 1.5-fold to over 2-fold at different ages, beginning at 3 months of age
(Fig. 15).

Data presented in this study are not only in agreement with previous studies utilizing
echocardiography on MFS patients and mice (Bradley et al., 2005; Groenink et al., 2001;
Kiotsekoglou et al., 2011; Kroner et al., 2013; Westenberg et al., 2011), but also expand the age
groups and display an extended upward trend in PWV. The observed increase in aortic PWV is
generally attributed to the corresponding increased stiffness of the aortic wall with age. When
arterial stiffening is measured as PWV, it has been reported that there is an approximately 100%
increase in aortic PWV between ages 20 and 80 years in humans (Avolio et al., 1983). However,
in contrast to big arteries like aorta, there is little increase with age in PWV within muscular
conduit arteries of the limbs (Lakatta and Levy, 2003; Mitchell et al., 2004), which are the
medium-sized vessels known as distributing arteries. Furthermore, our data also show that PWV
is significantly higher in MFS aorta vs. controls at as early as 3 months of age, which has not
been reported previously, indicating that stiff aorta has already developed at an early stage in
MFS mice. Whether the pathologic process of aortic stiffening in MFS starts at a younger age (<3
months) or even during the pre-weaning period in mice, is still unclear and worth further
investigations.

Similar findings of increased aortic stiffness were previously demonstrated in our laboratory
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in mouse model of MFS ex vivo by the use of wire myography (Chung et al., 2007a). Other
studies also reported that aortic stiffness increased with aortic diameter (Jeremy et al., 1994), or
even in the absence of aortic root dilatation (Bradley et al., 2005). In the current study, we have
shown that both aortic diameters and PWV increase with age in MFS mice, and that these
structural and functional changes can be the direct result of age-dependent degradation of elastic
fibers, a process that was significantly blocked, especially in the sinus of Valsalva, by long-term
administration of doxycycline (Fig. 17A-D).

In the present in vivo study, one of the goals was to evaluate the effects of long-term
doxycycline intervention on delaying the progression of MFS-associated aortic dilatation and
mitigating the aortic stiffness in the mouse model at various ages. Our data show that beginning
at 6 months of age, PWV measurements dropped significantly in treated MFS mice compared to
those without intervention, and such significant decrease was observed in the later age groups as
well (Fig. 15). Such results were not evident in non-treated MFS mice at different age groups,
suggesting that doxycycline can effectively delay, although not completely block, the progression
of aortic stiffness. With respect to aortic root diameter, doxycycline markedly reduced the
progression of aortic root growth at the aortic annulus and sinus of Valsalva to levels that was
comparable to those observed in age-matched control mice, starting at 6 months of age (Fig. 16A,
B). Interestingly, when the correlations between PWV and aortic diameters with age were studied
in particular in sinus of Valsalva (Fig. 17B), it was prominent as the highest level among all three
regions of the aortic root evaluated in this study, suggesting that the aortic function in this
proximal part of aortic root is relatively more sensitive to the therapeutic and beneficial effects of
doxycycline treatment.

Conventional van Gieson’s staining of the aortic root confirms our previous findings of loss
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of organization and severe fragmentation of the elastic fibers in non-treated MFS mice compared
to controls (Cui et al., 2014) (Fig. 7). It has been demonstrated that doxycycline intervention
appears to rescue elastin fiber organization, and preserve aortic wall integrity in MFS mice
through inhibiting proteolytic activities of MMPs (Chung et al., 2008).

In order to present a clear picture of the ultrastructural properties of the elastic fibers within
the aortic wall in both treated and not treated MFS and control mice, we utilized TEM imaging
and quantitative analysis of elastic fiber irregularities presented as the “irregularity index”. TEM
imaging illustrates that the borders of the elastic fibers are relatively clean and sharp in controls,
while irregular and fuzzy borders are visible in the MFS aorta. However, it appears that the elastic
fibers maintained a normal shape on border lines, the irregularity in MFS aorta was reversed after
treatment with doxycycline (Fig. 8). Furthermore, quantitative analysis reveals a significantly
lower elastin irregularities index in treated MFS aorta compared to non-treated counterparts, with
a similar average index as in controls (Fig. 9). Taken together, this suggests that the thinning and
fraying of the elastic fibers with irregular boarders in MFS, particularly in the sinus of Valsalva,
can be prevented by doxycycline treatment.

Data presented in this report highlights the beneficial and protective effects of doxycycline
on both structure (elastic fiber organization and integrity, aortic root diameter) and function
(PWV, aortic wall stiffness). Interestingly, the protective effects are not limited to MFS associated
aneurysm, since a previous study comparing the effects of doxycycline and numerous nonantibiotic chemically modified tetracyclines in a rat model of elastase-induced abdominal aortic
aneurysms (AAA), and showed that tetracycline derivative medications could inhibit the
progression of AAAs in the rat (Curci et al., 1998b). The inhibitory effects of doxycycline on
aneurysm seem to depend on dose and different from its antibiotic properties, and they are
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concurrent with the structural preservation of medial elastic fibers (Curci et al., 1998b). Clinical
trials in human AAA patients also reported that a short-term treatment of doxycycline has a
prominent but selective effect on vascular inflammation, suggesting that doxycycline may
favorably alter the outcome of patients with small AAA (Lindeman et al., 2009; Mosorin et al.,
2001). Another study employing a rodent model of connective tissue disruption also
demonstrated the effects of non-antimicrobial property of tetracyclines on inhibiting MMPs and
other tissue degradation pathways (Golub et al., 1998). It was shown that tetracyclines are
capable of binding Ca2+/calmodulin, an intracellular Ca2+-binding protein that stimulates
phosphodiesterase, allowing this enzyme to hydrolyze cyclic AMP, which subsequently could
affect the expression of MMPs in a variety of cells such as monocytes (Zhang et al., 1997) and
cartilage cells (Richard et al., 1991). Therefore, preventing the activation of cAMP-dependent
phosphodiesterase by tetracyclines could serves as another cell-regulatory mechanism for
suppressing MMP-mediated connective tissue disruption (Schlondorff and Satriano, 1985).

In the aging human aorta, the thickness of the load bearing aortic media layer was found to
remain relatively constant throughout life, and the increased width of the intimal layer is believed
to be the predominant result of the aortic wall thickening (O'Rourke et al., 1987; Virmani et al.,
1991). While in patients with MFS, there are fragmentation and thinning of the elastic fibers,
along with progressive disorganization of the aortic media layer, as well as collagenous
remodeling, which together ultimately develop aortic dilatation, dissection and rupture (Rubin,
1999; Underwood, 2000). Fragmentation of the elastic fibers is believed to be the main
contributor to the progression of aortic dilatation and stiffening associated with aging and in
individuals with genetic predisposition such as MFS patients (Nichols and O’Rourke, 2005). The
majority of the aorta's stress load is normally absorbed by elastic fibers in the media layer.
However, when the fibers are destroyed due to increased proteolytic activities by endopeptidases
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like MMPs, the artery dilates following the stretches of aortic wall. Stress is then transferred to
the less extensible collagen constituents in the normal intima, which usually bear only a fraction
of the stress load. The latter event is the result of the well-known nonlinear pressure-diameter
relationship in arteries (Rahbar et al., 2012; Valdez-Jasso et al., 2011).

It is still not established whether there are any effects of doxycycline on the quantitative and
volumetric analysis of elastic and collagenous fibers in both MFS aorta and dermis, therefore it is
warranted to further investigate this issue by the use of MPM imaging, to quantify the abnormal
features, including fragmentation and disorganization. Since blood samples have already been
collected from the doxycycline-treated and non-treated mice in the longitudinal study, their
plasma levels of TGF-β, MMP-2, and MMP-9 will be determined by enzyme-linked
immunosorbent assay. In addition, we plan to further establish a potential correlation between the
plasma biomarkers and aortic pathology. Apart from aortic pathology, we will also measure
aberrations in cardiac function (for example, pumping capacity, cardiac output, stroke volume,
calculation of the ejection fraction, and mitral valve early and atrial velocities ratio) and structure
(such as left ventricular mass and wall thickness) in the MFS mice. Furthermore, the blood flow
through the vessels and chambers of the heart will be assessed by Doppler echocardiography to
determine severity of aortic valve regurgitation. Eventually, our ultimate goal is to correlate these
changes in the heart with those as seen in the aorta.
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5. Chapter 5. General Conclusions and Significance:
To our best knowledge, the study presented in part I of this thesis is the first quantitative
study of aortic and cutaneous elastin and collagen abnormalities in MFS determined by MPM
imaging. “Our results demonstrate that MPM imaging can be effectively used for the quantitative
analysis of abnormal elastin and collagen in MFS aorta and skin. Our important findings of early
signs of fiber degradation and thinning of skin dermis support the potential development of a
novel non-invasive approach for early diagnosis and potentially risk stratification and a clinical
monitoring tool of MFS and other connective tissue disorders. Such a new non-invasive
diagnostic procedure would offer considerable benefits in terms of early management of patients
suffering from MFS.”

The study presented in part II of this thesis is the first longitudinal in vivo study in MFS mice
that uses high-resolution ultrasound imaging to measure parameters very similar to those
collected in human MFS studies. The larger aortic root diameter and higher PWV in MFS mice
are clear indications of significant aortic dilatation and central aortic stiffness. Data collected in
this study shows a pattern of aortic dilatation and increased PWV similar to those reported in
human MFS patients, highlighting the value of in vivo ultrasound imaging as a reliable tool to
study the gradual pathological changes in the aortic function and structure of the aortic wall, from
the initial phase towards the end stage aneurysm, in the mouse model of MFS-associated aortic
aneurysm.

In this longitudinal study, the protective effects of long-term doxycycline intervention on
aortic structure and function were determined in MFS mice. We confirmed that doxycycline
prevented aortic dilatation seen in MFS mice, and also attenuated the increase in PWV, implying
that aortic stiffness was less in the treated MFS mice. In addition, the ultrastructural changes of
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elastin contributing to the formation of aneurysm in MFS aorta were also investigated by TEM
imaging, and quantitatively analyzed. The morphometric modifications of elastic fibers were
significantly improved after doxycycline intervention. In summary, data presented herein may
provide new insights into the potential therapeutic value of sub-antibiotic dose of doxycycline in
blocking MFS-associated aneurysm, and may strengthen the rationale for a similar clinical trial in
human MFS patients in the future.
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