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Abstract

Atrioventricular valve development commences with an EMT event whereby endocardial cells
transform into mesenchyme. The molecular events that induce this phenotypic change are well
understood and include many growth factors, signaling components, and transcription factors.
Besides their clear importance in valve development, the role of these transformed mesenchyme
and the function they serve in the developing prevalve leaflets is less understood. |ndeed, we know
that these cells migrate, but how and why do they migrate? We also know that they undergo a
transition to a mature, committed cell, largely defined as an interstitial fibroblast due to their
ability to secrete various matrix components including collagen type |. However, we have yet to
uncover mechanisms by which the matrix is synthesized, how it is secreted, and how it is
organized. Asvalve disease is largely characterized by altered cell number, cell activation, and
matrix disorganization, answering questions of how the valves are built will likely provide us with
information of real clinical relevance. Although expression profiling and descriptive or correlative
analyses are insightful, to advance the field, we must now move past the simplicity of these assays
and ask fundamental, mechanistic based questions aimed at understanding how valves are * built”.
Herein we review current understandings of atrioventricular valve development and present what
isknown and what isn’'t known. In most cases, basic, biological questions and hypotheses that
were presented decades ago on valve development till are yet to be answered but likely hold keys
to uncovering new discoveries with relevance to both embryonic development and the
developmental basis of adult heart valve diseases. Thus, the goal of this review isto remind us of
these questions and provide new perspectives on an old theme of valve development.
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Introduction

Normal function of the mammalian heart is dependent on unidirectional blood flow during
the cardiac cycle. Maintaining a proper flow pattern in the heart is primarily due to the
function of the cardiac valves, of which mammals have four sets. These include the inlet
valves (mitral and tricuspid) and the outlet valves (aortic and pulmonic). Blood from the
systemic circulation enters the right atrium via the sinus coronaries and the superior and
inferior venae cavawhere it is pushed through the tricuspid valve into the right ventricle.
During systole the blood exits the right ventricle through the pulmonic valve to enter the
pulmonary circulation where it becomes oxygenated and returned to the left atrium viathe
pulmonary veins. During diastole, blood is then pushed through the mitral valve and into the
left ventricle. Following left ventricular systolic contraction, the blood is g ected through the
aortic leaflets into the aorta. Thus, all cardiac valves function to control unidirectional blood
flow from one chamber to another, or from the ventricles to outside the heart.

The structure and function of all cardiac valvesislargely dependent upon how these tissues
are built during development. A schematic of the structural changes that occur during AV
valve development is presented in Figure 1. In most cases, gene mutations, present at
conception lead to altered developmental processes that are not clinically evident at birth,
but result in increased susceptibility to disease as the individual ages. Thus, we and others
have collectively forged the idea that many valve diseases can be traced back to
developmental errors (Hinton et al., 2008; Hinton et al., 2006; Hinton and Y utzey, 2011,
Lincoln et al., 2004; Lincoln and Y utzey, 2011; Wirrig and Y utzey, 2011; Markwald et al.,
2011). Based on this concept, it seems logical to propose that studying valve devel opment
will provide insight into pathogenetic mechanisms underlying not only postnatal (pediatric)
but also adult valve diseases. Thisis of great clinical significance since valve abnormalities
contribute either directly or indirectly to awide range of cardiac diseases (e.g. arrhythmia,
regurgitation, valve prolapse, stenosis, myocardial hypertrophy, heart failure). Based on
these valve related diseases, it is not surprising that valvular heart disease is amajor public
health burden and results in at least 23,000 deaths annually. Surgical intervention resulting
in valve repair or replacement is the main mode of treatment (Rajamannan et al., 2003;
Roger et a., 2011). Thus, one purpose of this review isto show that by understanding
normal valve development, new insights can be gained in the pathogenesis of valve diseases
with the ultimate goal of trandlating discoveries into non-surgical advancesin treatment.
Additionally, we pose several fundamental questions related to valve development that still
need to be mechanistically answered.

Endothelial-Mesenchymal Transition

During early embryogenesis, the heart tube has an outer myocardial layer and an inner
endocardial layer of cells separated by alargely acellular hydrated tissue filled with extra
cellular matrix (ECM) called the cardiac jelly (Armstrong and Bischoff, 2004; de la Cruz
and Markwald, 1998b; Krug et a., 1985; Markwald et a., 1977; Markwald et al ., 1975;
Markwald and Smith, 1972; Runyan and Markwald, 1983). Cardiac jelly is composed
primarily of proteoglycan glycosaminoglycans of which hyaluronan and chondroitin sulfates
are the mgjor components (Person et al., 2005). After the heart tube begins rightward
looping, the myocardium of specific regions of the primary heart tube, the atrioventricular
(AV) junction and the ventricular outflow tract (OFT) upregulates secretion of ECM which
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causes the cardiac jelly to swell into the lumen of the heart tube, forming primordial
structures termed “ endocardial cushions’ (Markwald et a., 1979; Bolender and Markwald,
1979; Combs and Y utzey, 2009; Eisenberg and Markwald, 1995; Person et a., 2005).
Stimulated by local signals, asubset of AV and OFT endocardial cellsloose cell-cell
contact, resulting in their delamination into the cardiac jelly and their adoption of a
migratory, mesenchymal-like phenotype. This phenotype is retained during the population
of cardiac jelly of the AV and OFT cushions. The process whereby subsets of AV and OFT
endocardial cells transform into a mesenchymal phenotype has been called an endocardial-
to-mesenchymal transition (EMT), which determines the anatomical placement where the
valveswill form within the primary heart tube. This seminal finding was observed not only
in vivo, but aso recapitulated /n vitro using collagen gel assays wherein subsets of isolated
AV cana and OFT endocardial cells placed on top of acollagen gel surface transformed into
cushion mesenchyme and invaded the collagen lattice. These assays confirmed that factors
secreted by the AV junction or OFT myocardium were sufficient and necessary to induce a
subset of endocardial cellsto undergo EMT (Runyan and Markwald, 1983) (Lencinaset al.,
2011). Over the past 3 decades, the application of this system has lead to the discovery of
many key morphogenetic pathways and regulatory components required in promoting an
EMT event, which has been reviewed in depth by Person et al. (Person et a., 2005).

Asdescribed in “The Ridge Hypothesis,” mesenchymal cells of the cushions following their
delamination from the endocardium receive cues that promote their proliferation. These cues
appear to be derived from the persisting cushion endocardium, which undergoes
hypertrophy into a thickened, “ridge-like” cushion endocardium (de la Cruz and Markwald,
19983; de la Cruz and Markwald, 1998b; de la Cruz et al., 1977) analogous to that of the
apical ectodermal ridge of developing limb buds. The significance and precise number of
proliferating cellsis not well examined, but it appears that most of the proliferating cells are
either of endocardial or sub-endocardial mesenchyme origin and that proliferation ceases as
the cells move distally away from the endocardium. The molecular signals emanating from
the cushion endocardium that promote proliferation include specific isoforms to FGF growth
factors (Sugi et al., 2003). Additionally, expression studies and genetic manipulation of the
transcription factors Twist, Msx-1, and Thx20 within the “subridge” mesenchyme appear
important for promoting proliferative pathways (Chen et al., 2007; Shelton and Y utzey,
2007; 2008). However, the mechanisms by which these transcription factors regulate cell
cycle progression, mitosis and/or cytokinesis are unknown. Regardless, based on the
expression of these HLH and homeobox genes and incorporation of BrdU, it appears that as
the EMT derived cells migrate away from the endocardial ridge, the proliferative signals
diminish creating two histological zones within the developing cushion tissue, a proximal
(close to the myocardium), Msx1-positive zone of proliferation and a distal (close to the
endocardium), Msx2-positive zone of differentiation adjacent to the AV or OFT
myocardium (de la Cruz and Markwald, 1998a; de la Cruz and Markwald, 1998b; de la Cruz
et al., 2001; delaCruz et a., 1977). How the distal zone of post-EMT cushion mesenchyme
migrate and differentiate are discussed in the following 2 sections.

Migration of Prevalvular Mesenchyme Into the Cardiac Jelly

Cell migration is a broad term referring to the process that involves the translocation of cells
from one position to another and has been the subject of many reviews. The cytoskeleton
seems central to most cell translocation mechanisms including endocardially-derived
mesenchyme (Funderburg and Markwald, 1986; Markwald and Funderburg, 1983; Bolender
and Markwald, 1979). Based on histological observations, cushion mesenchyme migrates as
single entities, and not as interconnected cohorts. However, based on expression of connexin
45, it appears that the cells have potential to communicate with each other (Nishii et al.,
2003; Nishii et al., 2001; Kumai et al., 2000). Thus, based on tissue morphology, cushion
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cell migratory behavior appears to be a non-random, directed event in which the cellsare
programmed to move in a unifying manner. This concept has been further supported by
mathematical modeling simulations, indicating that cell migration within a devel oping tissue
is not random (Sepich et al., 2005; Hacker, 2011). Although computer models for cushion
cell migration have not been tested experimentally, it seems logical to propose that loss of
directed cell migration would compromise cushion post-EMT morphogenesis and its
integration with other segments of the developing heart. Accordingly, how migration of
prevalvular cushion mesenchymeis directed or “polarized” is one of the major unsolved
riddles of valvulogenesis. Cell polarization refers to the tendency of migrating cellsto have
distinct leading vs. trailing cell surfaces or borders (i.e. a stable front and rear). The ability
for cushion mesenchyme to adopt a polarized configuration was originally proposed by
Markwald et a in 1977 (Markwald et al., 1977). Based on serial sections of chick and rat
embryos, Markwald described transformed mesenchyme as adopting a “centrifugal
migratory direction”. Studies by Krug et a (Krug et a., 1985), followed up on these
observations and noted that lateral cell mobility and hypertrophy and polarization of
intracellular structures occurred during mesenchyme transformation. These findings were
the first to recognize cell polarity asintegral to valvulogenesis.

Since the inception of this discovery, cell polarity has been described as arising and/or being
reinforced due to local cues that stem from either: (i) chemoattractants (or morphogens), (ii)
haptotactic stimuli caused by varying concentrations of matrix components, (iii)
biomechanical signals emitted by physical forces (e.g. shear stress) and/or (iv) changesin
the interaction between extracellular matrix and membrane bound receptors. Thus, the
concept of directed cell migration is based on the notion that moving cells have sensors that
respond to an evolving morphogenetic and biomechanical environment. While morphogens
(MacGrogan et al.; Luna-Zurita et al.; de la Pompa, 2009; Timmerman et al., 2004; Jiao et
al., 2006; Song et al., 2007; Townsend et al.; Townsend et a.; Frieden et al.; Townsend et
al., 2008; Desgrosellier et al., 2005; Barnett and Desgrosellier, 2003; Lai et al., 2000; Brown
et a., 1999; 1996; Azhar et al., 2012; Azhar et al., 2009; Azhar et d., 2003; Bartram et &l .,
2001; Boyer et al., 1999; Boyer and Runyan, 2001; Sugi et al., 2003; Sugi et al., 2004;
Millan et a., 1991; Maet al., 2005; Alfieri et a., 2010; Lincoln et al., 2006; Kruithof et al.,
2006; Van Den Akker et al., 2005; Van den Akker et al., 2008), matrix (Camenisch and
McDonald, 2000; Camenisch et al., 2002; Camenisch et al., 2000; Schroeder et al., 2003;
Norriset al., 2008; Norriset a., 2009b; Tan et al., 2011; Krug et a., 1985; Markwald et al.,
1977; Peacock et al., 2008; Kruzynska-Frejtag et al., 2001; Kruithof et al., 2007; Kitten et
al., 1996; Klewer et al., 1998; Hurle et a., 1994; Gittenberger-de Groot et al., 2003;
Akiyamaet a., 2004; Bouchey et al., 1996) and biomechanics (Butcher and Markwald,
2007; Butcher et a., 2007a; Yalcin et a., 2011) are well known as playing roles in cushion
development, specific molecular changes induced by each of these signals are poorly
defined. Recent studies have begun to understand how morphogens, matrix and/or
biomechanics can mediate downstream changes in gene expression (Hierck et al., 2008b;
Poelmann et al., 2008b; Hierck et al., 2008a; Poelmann et al., 2008a; Groenendijk et al.,
2007; Groenendijk et al., 2004). For example, Vangl2, acomponent of non-canonical Wnt
“planar cell polarity pathway” is expressed in developing cushion tissue, which speaksto the
importance of cell polarity during development (Phillips et a., 2005; Henderson et al., 2006;
Phillips et a., 2007; Phillips et al., 2008). Cells deficient for Vangl2 fail to extend
lamellipodia or filopodiainto the cardiac jelly of cushion tissue and failed to generate actin
stress-fibers required for mobility. Asaresult Vangl2 KO mice have profound
developmental cardiac defects indicating a requirement for the planar cell polarity pathway
mediated through members of the Wnit/B-catenin family and their potential to regulate actin
cytoskeletal machinery. It is noteworthy that Wnts and components of the actomyosin
cytoskeleton (Acta2 and Filamin-A) have each been associated with either cardiac
development and/or pathogenic diseases that cause cardiac defects in humans (Kyndt et al.,
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1998; Kyndt et al., 2007; Lardeux et al., 2011; Guo et a., 2007; Milewicz et al., 2008; Guo
et a., 2009). The function of these proteinsin regulating polarized cell-fate decisions has yet
to be experimentally defined.

Regardless of the mechanism, it iswell-recognized that following EMT, the molecular and
cellular constituents of the devel oping cushions define this structure as a primitive pre-
valvular entity, which functions to prevent retrograde blood flow almost as soon as the heart
begins to beat (Armstrong and Bischoff, 2004; Eisenberg and Markwald, 1995).

Post-EMT Valvulogenesis

A poorly understood process during valvulogenesis concerns the mechanisms regulating
how mesenchymal cells derived by EMT differentiate into valve interstitial fibroblasts and
remodel their local environment into the mature leaflets and their supporting apparatus (e.g.
tendinous cords and the fibrous annulus). Maturation of cushion tissue into attenuated
fibrous valve legflets is one of the first remodeling events in the devel oping mammal
(Chakraborty et al., 2010; de Lange et al., 2004; Norris et al., 2009a). As noted above, dela
Cruz and Markwald (1998) proposed two signaling fields within the cushions: a
proliferation field, located adjacent to the distended endocardium, and a differentiation field,
adjacent to the myocardium. This concept of zonal boundaries within the cushion is
reminiscent with findings in limb bud development whereby specific signals are secreted
from different locations (e.g. progress zone vs. zone of polarizing activity) that inform and
define the phenotype and function of these cells. If this zonal interface were to exist during
valve devel opment, one would expect to find preferential expression of specific genes and
proteins in one zone versus the other. This, indeed, has been demonstrated for collagen
proteins and may identify those cells that have matured from an undifferentiated
mesenchyme into a fibroblastic-type cell (Norriset a., 2009b; Tan et al., 2011). We further
show in Figure 2 that the enzyme transglutaminase-2 may serve as a quintessential marker
of this zonal boundary whereby cells closest to the myocardium are molecularly distinct
from those located subendocardially. This boundary demarcation is but only one similarity
between cushion and limb bud development. Additionally, the expression of many of the
same genes required for cartilage and tendon formation during limb development are also
found expressed in the developing cardiac cushions (Hinton et a., 2006; Combs and Y utzey,
2009; Alfieri et a., 2010; Hinton and Y utzey, 2011; Lincoln and Y utzey, 2011) indicating
these two seemingly divergent tissues may rely on similar molecular cues for their
formation.

The molecular cues that cause zonal boundaries and cellular phenotypic changes during
valvulogenesis are unknown but like the limb bud, likely invoke gradients in morphogens
and/or differencesin cell receptor profiles (Figure 1). In this example, at least three
possibilities exist. First, the myocardium secretes a morphogen, or combination of
morphogens, that directly stimulates the cells to differentiate (e.g. BMP 2,4). Second, the
endocardium secretes a suppressive signal that isinhibitory to differentiation for cells
closest to the endocardium. Asthe cells migrate away from the endocardial ridge, the dose
of inhibitory morphogen is spatially diluted and the block to differentiation is removed. A
third potential mechanism is that migrating mesenchymal cells secrete an autocrine signal,
which, over time, promotes cell autonomous differentiation (as observed with the
matricellular protein, periostin (Borg and Markwald, 2007; Norris et al., 2008; Snider et al .,
2008; Tkatchenko et al., 2009). These hypotheses need to be experimentally defined, but
data presented here (Figure 2) as well as previous data supports the notion that endocardial
cushions have definitive boundaries of proliferation vs. differentiation (de la Cruz and
Markwald, 1998b). Additionally, the persistence of subendocardial mesenchyme in the tips
of adult leaflets (called Noduli Arantes) is broadly consistent with these hypotheses,
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especialy the existence of a pro-proliferative, endocardial suppressive signal for
differentiation. Loss of this signal in remodeling leaflets would also be consistent with the
low rate of mitosis observed in mature valve leaflets (Mulholland and Gotlieb, 1996; Fayet
et a., 2007; Liu et a., 2007; Chakraborty et al., 2010; Chakraborty et a., 2011; Shelton and
Y utzey, 2008; 2007). This apparent reciprocal relationship between proliferation and
differentiation correlates with the onset of active remodeling which we define as an adaptive
reorganization of the microenvironment driven by molecular, cellular and mechanical cues
that are required for maturation of cushion tissues into valve structures.

The septation of the OFT and AV junction into separate right and |eft ventricular outlets and
inletsis also mediated by the fusion of cushion tissue. Thus the original mesenchymal septa
of the early embryonic heart (membranous IVS, primary atrial septum) share acommon
endocardial origin with the valves. Specifically in the AV junction two major cushions,
referred to as the superior and inferior endocardial cushions (Wessels and Sedmera, 2003)
fuse centrally to form the AV septum (or “septum intermedium”) (Wessels et al., 1996;
Wessels and Sedmera, 2003; Snarr et a., 2007; Snarr et a., 2008; Eisenberg and Markwald,
1995; Person et a., 2005). The AV septum (AVS) aligns and eventually merges with both
the developing ventricular septum and the interatrial septum, the latter merging viaa
mesenchymal cap and the dorsal mesenchymal protrusion (DMP) to form a valvul oseptal
complex that variably contributes to midline |leaflets or supporting apparatus of the right
(tricuspid) and left (mitral) valves (de la Cruz and Markwald, 1998a; de la Cruz and
Markwald, 1998b; de laCruz et a., 2001; Person et al., 2005; Wirrig and Y utzey, 2011,
Snarr et al., 2007; Snarr et a., 2008). A second set of endocardial cushions also formsin the
left and right AV junctions, the left and right lateral AV cushions (IIAVC and rIAVC),
which become the future mural (posterior) leaflet of the mitral valve and the anterosuperior
leaflet of the tricuspid, respectively (de Lange et al., 2004; Lincoln and Y utzey, 2011; Snarr
et al., 2008). The mesenchymal cells within the lateral and septal AV cushions, like those of
the outflow cushions, progressively (and irreversibly) transition into interstitial cells
characterized by increased synthesis of fibrillar matrices (i.e. collagens) and decreased
presence of the mesenchymal cell markers twist and snail (Tan et al., 2011; Peacock et al.,
2008; Lincoln et al., 2004; Tao et al., 2011 ; Chakraborty et al., 2011). Unlike the OFT
cushions, the AV cushions develop into leaflets upon a myocardial template (de Lange et al.,
2004). However the process by which these |eaflets mature into fully functional and free-
moving leafletsis poorly understood. Asthe AV primordial |eaflets (especially the lateral or
mural cushions) distend into the lumen, they are accompanied by a portion of the
myocardium (Oosthoek et al., 1997; Oosthoek et al., 1998a; Oosthoek et al., 1998b; de
Lange et al., 2004). Thismyocardial template is progressively removed and/or remodeled
during fetal life, leaving a mobile leaflet. Mechanisms contributing to myocardial removal
are poorly understood, but are an important and underappreciated facet of valve
development. In the AV leaflets, it has been proposed that the attached myocardium
undergoes programmed cell death leaving behind the mobile leaflet and remnant tissue that
may contribute to the development of the chordae tendineae and papillary muscles (de
Lange et al., 2004). However, it is not clear whether the modest amount of apoptosisin this
region would be sufficient to remove all myocardium and brings into question whether
additional mechanisms are in play. Regardless, the interesting questions, assuming that
myocardial apoptosis is the main mechanism for removal of this subvalvular tissue, are:
Why does this remodeling process occur primarily in this region of the heart and does this
suggest a specified regulatory network in subvalvular myocardial removal? Although these
guestions have yet to be answered, recent work has demonstrated that the fasciclin related
matricellular protein, BIG-H3 (TGF-induced gene-H3) may play akey role. BIG-H3 is
expressed not only in the valves but also in the subvalvular myocardium during this
“apoptotic phase” (Norris et a., 2005) and has been shown as an important mediator of
anoikis (integrin-mediated apoptosis) in other cell types(Kim et al., 2003). Since anoikisis
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likely involved in pathological remodeling of cardiovascular tissues, including cardiac
myocyte detachment in heart failure(Michel, 2003), it would not be surprising if this unique
mode of apoptosis functions during normal development through a plG-H3 pathway.
Although the function of IG-H3 in promoting anoikisin the subvaviuar myocardium is
logical to propose, a characterization of the Bl G-H3 knockout mouse cardiac phenotype, and
its contribution to myocardial remodeling has yet to be described. Regardless, thisisa
clinically relevant process to characterize and fully understand as retention of the
myocardial template on the septal leaflet of the tricuspid valve can result in congenital heart
defects e.g. Ebstein’s Anomaly or accessory conduction pathways asin WPW (Wolff-
Parkinson-White) syndrome (Anderson et a., 1979; Zuberbuhler et al., 1979; Stein, 1946).

An important consideration for this timepoint in development is that post-EMT prevalvular
cells secrete large amounts of extracellular matrix including collagens, proteoglycans and
hyaluronan (Hinton et al., 2006; Lincoln et al., 2004; Lincoln and Y utzey, 2011; Levay et
al., 2008; Peacock et al., 2008; Tan et a., 2011). However, aside from their ability to secrete
matrix proteins, the function of these interstitial cells and molecular mechanisms driving
matrix synthesis and remodeling are not well understood. It is clear that this remodeling
phaseis acritical window of time during which prevalvular cushions undergo atransition
from alargely stochastic mesenchymal cell/matrix milieu into atightly compacted, highly
ordered, lamellar array of interstitial cells and ECM. Indeed, a fundamental question of
valve development is not just what regulates synthesis of extracellular matrix but also how
the secreted matrix is organized to assume its final trilaminar structure. Recent data have
suggested that fibroblasts under tensile strain develop unique cell structures call
“fibripositors’, which promote the secretion and alignment of collagen fibrils (Kadler et al.,
1996; Canty and Kadler, 2002; Canty et al., 2004; Kadler, 2004; Canty and Kadler, 2005;
Canty et al., 2006; Kapacee et a., 2008). Tension appears to be a fundamental driving force
in the formation of fibripositors. It istherefore interesting to note that during valvulogenesis,
unique, tension points are created within the annulus fibrosis at the base of the leaflet and in
the chordae tendineae where they attach to the free edges of leaflet. In our studies, we have
identified these structures as being present in the developing valve, specifically at times of
fetal life when matrix is being synthesized and aligned (Figure 3). Thus, through the
generation of tension points and their resultant effect upon formation of fibripositor provide
one potential mechanism by which the prevalvular mesenchymal cells or fibroblasts
contribute to matrix secretion and alignment. Further work is needed to identify the true
contribution/importance of fibripositors to the remodeling phase of valvul ogenesis when
valve tissue needs to reorganize its matrix and cellular constituents to attain compacted,
attenuated and highly organized histological structure.

To understand the mechanisms driving this remodeling process, previous studies from our
laboratory and other groups have demonstrated that during post-EMT, valve fibroblasts
acquire a contractile state due to various stimuli (Butcher and Nerem, 2004; Butcher et al.,
2007a; Butcher et al., 2007b). As aresult, the cells are able to “pull” on the surrounding
matrix environment promoting condensation/compaction and alignment of the cells and
matrix. This event occurs during atime of increased cell density (Kruithof et al., 2007),
which may additionally facilitate the remodeling process and thereby influence the
establishment of the adult AV valve configuration. These structural and cellular changesin
the tissue are essential to adaptively confer increased biomechanical stability to the valve,
which isrequired for protecting against the increasing hemodynamic load of a growing heart
(Kruithof et al., 2007; Rabkin-Aikawa et al., 2004; Hinton and Y utzey, 2011; Hinton et al.,
2008; Yacin et a., 2011). The contractile force responsible for matrix condensation and
tissue compaction is well recognized as a cytoskeletal dependent event, requiring the
organization and function of an actin-network and its interacting proteins (Sandbo and
Dulin, 2011; Butcher et al., 2007b; Canty et a., 2006). Additionally, cell surface membrane
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receptors (e.g. integrins) serve as crucial elementsin tethering the actin cytoskeleton to the
extracellular matrix. Thus, any candidate regulatory mechanisms for promoting fibroblast
contractility would likely invoke components of the actin cytoskeletal machinery and/or
integrin receptors. Identification of such regulatory mechanisms is being pursued through /n
vitro approaches whose relevance to /n vivo, post-EMT processes largely remainsto be
established. Based on previous data (Kapacee et al., 2008), we developed and applied a
novel methodology, which takes into consideration the anatomy of the AV valve lesflets /in
vivoas well as permits evaluation of de novo collagen secretion and cellular contractility.
This method, which we term “Fibrin Post Assay” isatool for understanding molecular
regulation of post-EMT AV valve development /17 vitrowhich holds real potential for
understanding /n sitt mechanisms by which collagen secretion occurs, cell-cell
communication is achieved and how cell-cell and cell-matrix organization and alignment
proceeds (Figure 4).

Thereis considerable evidence that congenital valve malformations in humans have a
genetic basis and therefore represent abnormalitiesin development. In most cases, gene
mutations, present at conception lead to altered developmental processes that are not
clinicaly evident at birth, but result in increased susceptibility to disease as the individual
ages. As most defects associated with the EMT phase of valve development result in
embryonic lethality, we hypothesize that the majority of congenital cardiac anomalies are
associated with post-EMT events. If true, this underlies the importance for studying post-
EMT processes and their relevance to pediatric and adult diseases.

Lineage as a key to understanding AV Valve morphogenesis

Theintegration of multiple mesenchymal building blocksis required for the formation of the
AV septum (or septal complex) and the AV valves. Thus an important question to answer is
what are the cell lineages that contribute to the building of these structures. It is still not
widely recognized that the lineages of the different AV mesenchymal primordial (including
the AV valves) are not al the same. In addition to the dorsal mesenchymal protrusion
(DMP) of secondary heart field lineage, the mesenchymal cells of the two large midline AV
cushions (SAVC, iAVC), the atrial cap, and the post-fusion AV valve apparatus (leaflet,
annulus, chordae tendineag) appear to be derived from at |east four distinct lineages. One of
these lineages, or subsets of mesenchyme, is derived from the endocardium, which has been
confirmed by the transformation of a Tie2+cre endocardia endothelium to mesenchyme
(Lincoln et al., 2004; Rivera-Feliciano et al., 2006). These Tie2+ cre cells not only give rise
to components of the major midline cushions and AV valve leaflets, but also appear to
contribute to the chordae tendineae (de Lange et al., 2004; Lincoln et a., 2004). A second
cellular subset that contributes to the developing AV septal complex is the epicardium and
epicardial-derived cells (EPDCs) (Perez-Pomares et a., 2002; Wessal's and Perez-Pomares,
2004; Gittenberger-de Groot et al., 1998). Although early reports had indicated that the
proepi cardium/epicardium and/or EPDC’ s do not appreciably contribute to the forming
valves (de Lange et d., 2004), recent work using more robust mouse genetics has
demonstrated an epicardial-contribution not only to the annulus fibrosisand AV sulcus/
groove, but also to the mural mitral and tricuspid leaflets (Zhou et al., 2010; Wessels et al.,
2012; Gittenberger-de Groot et al., 1998; Kolditz et a., 2007). A third cellular subset that
contributes to the development of the AV septal complex and the AV valvesis the neural
crest cells. Whereas early reports stated the lack of Wnt-1 Cre/R26R positive cellsin the AV
valves (de Lange et d., 2004), more recent studies using 2 Cre models (Wnt-1Cre/R26R and
POCre/R26R) have demonstrated neural crest cells do, in fact, migrate into the septal
tricuspid leaflet and the aortic leaflet of the mitral valve while sparing the mural |eaflets
(Nakamura et a., 2006). These neural crest cells appear to penetrate through the sinus
venosus mesocardium and proceed to the AV canal at E12.5. By E17.5, many of these
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Wnt1-Cre/R26R positive cells are found in the AV node and cardiac conduction tissue as
well asin the septal leaflet of the tricuspid valve and aortic leaflet of the mitral valve where
they a so stain positive for the melanocyte marker, TRP1, further substantiating the presence
of neural crest cellswithin the AV valves (Nakamura et al., 2006; Mjaatvedt et al., 2005).
Recently, afourth contributing cell population has been identified. Transplantation of an
EGFP positive bone marrow cell into alethally irradiated host resulted in EGFP positive
cellswithin the adult cardiac valves that were also positive for collagen | expression. This
demonstrates that cells of a bone marrow hematopoietic stem cell origin are able to
contribute to valvular interstitial cells (or VICs) (Visconti et a., 2006; Hajdu et al., 2011).
This population of cellswas also found to be positive for the hematopoietc stem cell marker,
CD45, demonstrating that these cells arise (and arrive) from the blood and may play akey
rolein valve homeostasis. The precise timing of CD45+ cell entry into the valves has not
been reported to date. Defining the temporal and spatial contribution of CD45+ cellsto the
valves may lead to new and exciting discoveries of how the valve leaflets develop aswell as
provide novel homeostatic mechanisms by which postnatal maintenance of the valves during
normal life proceeds with age.

Except for the timing of endocardial, neural crest, and epicardial-derived cell contribution to
the developing cushiong/leaflets, the engraftment mechanisms by which the epicardial and
CDA45-derived cells enter the AV (and OFT) valves are not understood. Additionally, the
ratios of these cells of different origins, their precise localization within the valves and their
developmental or postnatal functions represent largely unanswered questions. With the
development of new and applicable genetic mouse models such as the CD45-Cre and WT-1-
Cre, answers to these questions may finally be realized, especially when combined with
genetic models of AV valvuloseptal defects and diseases. For example, does each of the
progenitor populations truly bring something unique to the development of the valve tissue?
Thisisintriguing to ponder, as cells placed in aforeign environment will, in many instances,
obtain the phenotype and function of resident cells simply based on their local cues. Aswe
demonstrate in Figure 5 cushion mesenchyme dissected from a quail heart and placed in the
limb bud of a developing chick will indeed assume the phenotypic characteristics of cellsin
the forming limb. These experiments demonstrate that undifferentiated cushion mesenchyme
is multipotential and can be influenced by its microenvironment. This is consistent with
recent findings demonstrating the matricellular protein, periostin and an upstream negative
regulator, SRF, promote cardiogenic mesoderm into prevalvular mesenchyme, which
ultimately differentiate into fibroblasts (Niu et al., 2008; Norris et al., 2008; Norriset al.,
2009b). Global deletion of periostin permits aberrant differentiation of cushion mesenchyme
into alternative cell lineages (e.g. bone, myocytes, etc.). Whether the valve progenitor cells
of different origins respond similarly to periostin or other differentiation stimuli are
unknown but an important question to address as cardiovascular diseases may reflect the
function of one progenitor cell type more significantly than another. Alternatively, one valve
progenitor cell type may be more susceptible to genetic, pharmacological and/or
environmentally induced disease. Thus, by understanding the lineage question, thereis
potential for revealing new pathogenetic mechanisms for both congenital and adult heart
diseases whose root causes (e.g. mutations) extend back into embryonic life.

Structure of the Valves: Matrix Components and Organization

A detailed description of the structural components and integration of AV cushions with the
developing heart has been detailed by our colleagues (Kruithof et a., 2012; Briggset a.,
2012). Thus, we focusin this section primarily on the structure of the fully mature adult AV
and SL valvesin mouse and human systems. The mouse has become an important model for
valve devel opment and comparative studies of pathogenesis in the human heart as they share
many similarities. In both, the heart has four chambers: two atria and two ventricles. The

Differentiation. Author manuscript; available in PMC 2013 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

deVlaming et al.

Page 10

mitral and tricuspid AV valves maintain unidirectional blood flow from the atriainto the
ventricles, while the aortic and pulmonary semilunar (SL) valves regulate blood flow from
the ventriclesinto the outflow arteries. The AV valves are composed of asymmetrical
leaflets attached to a ring-shaped annulus and tethered by a sub-valvular apparatus
consisting of the chordae tendineae and papillary muscles (Hinton and Y utzey, 2011). The
mitral valve separates the left atrium and left ventricle and is composed of an anterior and
posterior leaflet. Each leaflet is secured to the annulus fibrosis, afibrous and tough elastic
tissue that encirclesthe AV canal and OFT orifices and provides structural support to the
valves while also dividing the ventricular and atrial myocardium (Snarr et a., 2008;
Kruithof et a., 2007). The free edges of the valves are tethered to either an anterior or
posterior papillary muscle at the base of the ventricle via the chordae tendineae (CT). CT
provides tension and prevent prolapse of the valves back into the atriaduring AV valve
closure, or ventricular systole. The tricuspid valve is situated between the right atrium and
ventricle and has three leaflets: the anterior, posterior, and septal leaflets. The leaflets are
attached to the annulus fibrosa and tethered via CT to several papillary muscles continuous
with the right ventricular myocardium.

In comparison, the SL valves are self-supporting and attach to their crown-shaped arterial
roots. The aortic valve segregates the |eft ventricle from the aortic outlet artery and consists
of three cusps. The cusps, |eft coronary, right coronary, and noncoronary, are named in
relation to their associated coronary arteries. Each cusp inserts into the aortic root viathe
fibrous annulus. The pulmonary valve separates the right ventricle from the pulmonary
artery and also has three leafl ets termed the left, right, and anterior cusps. These cusps insert
into the pulmonary root not through a fibrous annulus, but primarily through a freestanding,
muscular sleeve termed the right ventricular infindibulum.

Human valve leaflets are of course much larger and thicker than their mouse counterparts,
human valves being typically in the millimeter range whereas mouse | eaflets are measured
in microns with the AV valves being normally thicker than SL in both species. The leaflets
in both species are composed of an ECM that is produced and organized based on the
specific developmental programs and cellular events described earlier. The inception of the
formation of this structure truly begins during post-EMT valvulogenesis when the matrix is
being actively synthesized and organized. In addition, their molecular make-up and
organization may be largely dictated by the biomechanical stresses that they
encounter(Butcher and Markwald, 2007).

Although the types of ECM produced and the organization of this ECM have been largely
viewed as the same across species, we believe the mature valve is organized quite differently
between mouse and humans. Apart from their obvious differences in thickness, there are
significant physiological and biomechanical differences between these two species (Wessels
and Sedmera, 2003). Nonetheless, investigators often portray the matrix and its organization
to be similar. Herein we will present some significant differencesin the molecular
organization of the mature valves and demonstrate data to substantiate these findings.

Human valves have typically been described as containing a highly organized ECM
distributed into three layers, the fibrosa, spongiosa, and either ventricularis or atrialis
depending upon whether it isan inlet or outlet valve leaflet (Aikawa et al., 2006; Hinton and
Y utzey, 2011). The fibrosa consists mostly of fibrillar collagens that provide tensile
stiffness; the spongiosais enriched in proteoglycans that allows for flexibility and
compression; and, the atrialis (for inlet valves)/ventricularis (for outlet valves) is composed
of filamentous elastic fibers that facilitate retraction of the leaflet back to coaptation (Padala
et al., 2009; Sacks and Y oganathan, 2007; Sacks et al., 2006; Ritchie et a., 2006; Sacks et
al., 2002). This classical viewpoint for human valvesis based on histological stainings and
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does not take into account potential molecular differences between the boundaries. Based on
our further ingpection, human heart valves actually consist of at least six molecularly distinct
zones (Figure 6). Starting from the ventricularis going towards the atrialis, hereisa
description of each of the zones: 1) Along the ventricular portion of the AV valves (or
arterial portion of SL) there is a subendocardial zone rich in periostin, hyauronan, and
collagen I, 2) a collagen rich, periostin and hyaluronan free zone, 3) collagen and
hyaluronan-rich, 4) collagen rich mid-region (based on Movats stain) 5) primarily
proteoglycan containing (based on Movats stain), and 6) atrial aspect of the AV valves (or
ventricular aspect of SL) which consists mostly of elastin (based on Movats staining) and
appreciable amounts of periostin (data not shown). These differences are important to
consider since each molecular zone likely hasit own, unique biomechanical properties that
are important to the normal function of the valve. It is aso important to consider the
relevance this may have to understanding valve diseases. Valve disease, especially
myxomatous mitral valve disease, islargely viewed as having an expansion of the spongiosa
layer. Thus, if we are to understand and study clinically evident valve disease, it will be
critical to appreciate how the spongiosa layer is defined and what type of matrix and cells
reside there.

In comparison, the mouse heart valves (inlet and outlet) do not have these 5 molecularly
distinct regions. Thisisimportant to note, since mouse valves have been historically viewed
as being structured like the human valves. Due to the size difference between species and
the requirement of the valve structure in maintaining such massive differencesin
biomechanical stresses, it would beillogical to assume that the mouse valveis structured in
the same manner as the human. Indeed the mouse valve is only 2-5 cell-layers thick,
precluding its ability to contain 5 molecularly distinct matrix layers. Upon performing
histological stains and immunohistochemical analyses, we are able to define clearly only
two zones, not 3 layers (Figure 7). Unlike the human and conventional descriptionsin
mouse, these zones are not organized in layers, but rather provide boundary interfaces along
aproximal-distal axis of the leaflet. Indeed, in the mitral 1eafl ets we observe the base and
mid-region of the leaflet as a proteoglycan-free, collagen-rich zone whereas the tip of the
leaflet is proteoglycan rich and collagen free. Although, RT-PCR analyses have defined
elastin as being expressed in murine cardiac valves, its precise protein localization and/or
organization within a defined boundary is difficult to ascertain (Hinton et al., 2011 ). One
study has demonstrated weak expression of elastin in a portion of the atrial aspect of the
mitral |eaflet, appearing confined to the endocardial cells (Peacock et al., 2008). Although
this may represent athird layer, this report shows that elastin staining does not transverse the
entire atrial aspect of the leaflet, further supporting our concept of zonation along a
proximal-distal axis in the mouse valve. Of course, the mouse model, due to the ability to
manipulate its genetics, is the best model for studying human related valvular diseases. But,
the structural discrepancies between mouse and human valve |eaflets needs to be carefully
considered when comparing mouse defects to human counterparts, especially in the context
of gene deletions, mutation analyses, and/or valve remodeling diseases.

Biomechanics

In an average lifespan the valves will cycle approximately three billion times to maintain
unidirectional blood flow through the heart (Sacks and Y oganathan, 2007). VVave opening
and closing is passively directed by blood pressures within the heart chambers and the heart
itself (Sacks and Y oganathan, 2007; Butcher et al., 2007a; Yalcin et a., 2011). Before atrial
contraction occurs, passive flow allows for the main mass of blood to enter the ventricles.
Once the pressure in the ventricles rises above that in the atrig, the AV valves close for
systole and the SL valves open, allowing blood to flow from the high-pressured and
contracting ventriclesinto their corresponding great artery. Also, because of the load
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capacity differences between the left and right side of the heart, the |eft side normally
maintains higher pressures; thus, both hemodynamics and valve location are important for
understanding valve biomechanics and associated force loads.

The forces exerted upon the valve tissues during opening and closing are those characterized
as flexure, shear, and tension (Sacks and Y oganathan, 2007). Flexure occurs as the valves
open and close, shear stress results from the passing blood-flow, and tension occurs during
coaptation or full loading. These loading forces vary between the valves depending on local
pressures and supporting apparatuses (Sacks and Y oganathan, 2007). Therefore, the cellular
content and matrix composition are important for considering valve dynamics and loading
force endurance. Using smooth muscle a-actin (SMA) and heat shock protein 47 (Hsp47) to
quantify cellular stiffness and collagen biosynthesis, Sacks and Y oganathan (2007) found
the left-sided AV valveinterstitial cells (VICs) to have higher quantities of both SMA and
Hsp47, indicating that these VICs, are exposed to greater forces and respond or adapt to
local tissue stress by increasing collagen and cellular (cytoskeletal) stiffnessin order to
conserve homeostasis. Thisis also consistent with findings from Aikawa et a (2006) who
demonstrate that during the postnatal period, activated interstitial valve fibroblasts gradually
become quiescent, whereas collagen matures (Aikawaet al., 2006). This maturation of
collagen is likely due to increased collagen accretion and cross-linking and is arequired step
for biomechanically mediated adaptation. These studies demonstrate that valves have
plasticity, viz. they are adaptive and reactive to their local environment. The ability of the
valves to adapt has also recently been demonstrated in both sheep and humans primarily in
cases of |eft ventricular infarction, dilation, and/or hypertrophy. In these cases, mitral leaflet
tethering by displaced papillary muscles frequently induces mitral regurgitation and can
significantly increase morbidity (Granier et al., 2012; Hagege et al., 2012; Judge et al., 2012;
Messas et al., 2012). Dal-Bianco et al. has demonstrated in a sheep model of papillary
tethering, that mechanical stresses imposed by papillary muscle tethering causes the mitral
valve to adaptively respond. Significant increases in area and thickness of the mitral leaflets
are observed in this model, concomitant with reactivation of developmental pathways (Dal-
Bianco et al., 2009). Additionally, retrospective analyses in humans having undergone the
Ross procedure have further demonstrated the ability for valve leafl ets/cusps to adaptively
respond to changes in their biomechanical environment. The Ross procedure uses a patients
pulmonary valve to replace a diseased aortic valve/root with a homograft inserted into the
right ventricular outflow tract (Ross, 1962). The Ross procedure is the only option with
potential for annulus growth and is thus arguably the best technique of choice for children
needing an aortic valve replacement. The fact that this procedure caries arelatively low
early and mid-term mortality in patients who require aortic valve replacement (McBrien et
al., 2012) speaks to the ability of the pulmonary valve to adapt to the significant increasein
hemodynamic pressure of the left ventricular outflow tract. Thus, it is clear that
biomechanics play a centra role in not only the formation of the cardiac valves but also their
response to changes in the microenvironment.

Developmental Basis of Disease and Concluding Remarks

The association of valve disease with avast number of genetic disorders, coupled with the
large number of family disease studiesin the literature, defines adult-onset valve disease as
having a genetic basis in much the same way as hypertrophic cardiomyopathy, diabetes or
Alzheimer’s disease. In al cases, there are gene mutations, present at conception in affected
individuals, which segregate in families and only manifest as clinically relevant diseases
later in life. These mutations are thought to lead to altered developmental processes not
evident at birth but result in increased susceptibility to disease or organ dysfunction as an
individual ages. Defining the genes and their function in familial diseaseis crucial to
understanding the pathways that lead to all forms of a disease. Genome-wide association
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studiesin large populations of individuals with ‘ sporadic’ disease have revealed, in all cases
to date, specific genetic changes that are associated with adult-onset diseases. Mitral and
aortic valve dystrophies, like most other genetic diseases, show variation in age at onset in
families, despite the fact that the affected individuals al carry the same mutation. In fact,
children with clinically relevant mitral valve prolapse (MVP) have been diagnosed as young
as six years of age. In these families, mutations in the Filamin-A gene can cause juvenile or
adult onset disease, and the onset of MV P in Marfan Syndrome patientsis variable (Dietz,
1993). Taken together, this suggests that genetic defects present at the time of valve
morphogenesis, in combination with the individual’ s genetic background, may lead to subtle
or more drastic dysfunction that progresses to clinically relevant disease, perhapsin only a
few years or perhaps over many decades. Therefore, we propose that genetic factors play a
substantial role in aging-related valve diseases, and only through the identification and
characterization of disease causing genes and the subsequent elucidation of the relevant
developmental pathways can we begin to understand, and someday prevent, progression of
valve dystrophies.

To summarize

The development of the heart valvesis a complex, progressive process that occurs as the
heart is growing. This remarkable feat is even more incredible when considering this all
happens as hemodynamic pressures increase. However, it is becoming clear that
biomechanical signals are but one of multiple stimuli that are critical to forming the valve.
Rather, it isthe integration of biomechanical stimuli with molecular and cellular changes
that promote how the valve transforms from a rudimentary cushion into a highly organized
leaflet with supporting structures. Although much is known about valve development, our
knowledge is still lacking in key areas of mesenchymal cell migration, matrix synthesis,
matrix deposition, matrix organization, as well astherole of distinct cell populations
(lineages) that integrate within the devel oping and adult valve. Thus, understanding how the
valve is built may provide answers as to why and how valve disease progresses. Time may
prove that degenerative (myxomatous) valve diseases are, in fact, the outcome of the valve
being built improperly. Because mutations occur at conception, perhaps myxomatous valve
diseases should be considered the result of generating a degenerative phenotype.
Nonetheless, it will be important to study in greater detail the mechanistic underpinnings of
how molecular pathways integrate with cellular changes and how mutations affect their
integration or interaction. With the advent of human genetic studies, the identification of
gene mutations in patients with valve diseases should open doors to understanding new, key
regulatory pathways essential for cardiac valve development and disease pathogenesis.
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AV Valve Morphogenesis

Timepoints: Embryonic Fetal Adult

Process: EMT Growth Sculpting Mature

Figure 1. Schematic of AV Valve Development

AV valve morphogenesis commences from an EMT event whereby morphogenic cues
secreted by the AV junctional myocardium (green) diffuse through the cardiac jelly.

M esenchyme migrates towards these cues (arrows) in adirected fashion and undergoes a
proliferative expansion to fill the cushion during the “ growth phase”. As cells get closer to
the myocardium (red cells), they change their secretory prolife and begin synthesizing
fibrillar matrices such as collagens (black lines). During this fetal timepoint, cellular
contraction and cell density facilitate valve sculpting. Devel opment of the chordae tendineae
(yellow) and the fibrous annulus (white) are markedly observed. The valve continues to
attenuate and separate from the AV junctional myocardium (green), which is selectively
removed yielding atethered AV valve lesflet during adulthood.
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TG2 Defines a Cushion Boundary Interface
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Figure 2. Expression of Transglutaminase-2 (TG2) Defines a Cushion Boundary Interface
Immunohistochemical analyses for TG2 were performed on chick embryos through
embryonic and fetal life. Expression of this enzyme at HH24 isrestricted to aregion close to
the myocardium (bracket), whereas the distal half of the cushion is devoid of expression.
Expression following cushion fusion (HH27) and during maturation (HH35) demonstrates
nearly all interstitial cells stain positive. These data demonstrate a boundary interfaceis
present in the developing cushions at early embryonic timepoints and may define a border of
differentiation.
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Developmental Progression of Fibripositors

TN

Figure 3. Fibripositor number during mitral valve maturation istemporally regulated

(A—C) Transmission Electron Micrographs of mitral |eaflets through valve maturation. Left
panels depict gross whole-mount views of the leaflets processed for TEM with the
timepoints denoted at the left and leafl et tissue depicted with white lines. Middle panels
represent a schematic of various stages of AV valve development (red cells depict
fibroblasts, green cells represent mesenchyme, black lines are collagen). Small white boxes
denote where TEMs were taken. Right panel denotes TEM images. (A) Note very little
collagen present at this stage (**), and randomized cellular distribution. Close up images of
boxed regions show collagen fibrils present within cellular organelles (arrow heads).
Longitudinal views show collagen fibrilsinitiating inside cell processes/fibripositors
(arrows). (B) By neonatal development, parallel collagen fibrils are seen coincident with
cellular alignment and an increase in fibripositor formation (arrows). (C) By adulthood,
fibripositors and intracellular collagen containing organelles are not observed. (D)
Fibripositors are first observed at E15.5 with a substantial increase at postnatal day 2
(neonate). By adulthood, fibripositors are scarcely observed within mature mitral valve
fibroblasts. N>30 cells for each timepoaint.
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Figure4. Fibrin gel assay

(A) Pictures of fibrin gels compacting over time in 96-well dishes. Arrowheads demarcate
where needles (“pillars’) were placed. Gel compactsto alinear construct in <1 day. (B) IHC
of sectioned constructs showing de novocollagen | (red) and FLNA (red) align along the
axis of tension (double-headed arrow). Nuclei-blue.
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Multipotentiality of Cushion Mesenchyme
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Figure5. Multipotentiality of Cushion M esenchyme

Stage 22 quail AV cushion was explanted, tattooed with carbon ink and placed in the
developing wing-bud of a stage 15 chick (A). Asthe wind bud grew out, the carbon ink
permitted visualization of the quail tissues/cells (arrowsin B-D). Chimeric chick limbs were
sectioned and carbon ink was visualized (arrows in E). Staining for quail-specific markers
QH1 (red) and QCPN1 (red) identified cells of quail origin (FH). When cushion tissue
from quail was implanted into chick, these cells integrated with existing tissue and assumed
a bone phenotype demonstrating that cushion mesenchyme is multipotential and its
phenotype can be influenced by the microenvironment.
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Figure 6. Histological and Molecular Profile of Human Mitral Valve

An adult human mitral valve was histologically stained for Movats Pentachrome stain (far
right panel) and revealed multiple layers of collagen (yellow), proteoglycans (blue/green),
and elastin (black). IHC analyses of boxed region in far right panel was evaluated for
expression of hyaluronan (via hyaluronan binding protein-HABP), periostin, and collagen I.
The molecular partitioning of thisvaveisindicated in the Movats stained panel. The IHC
dataindicates that the fibrosa layer of the mitral valve can be dissected into 3 layers, and the
leaflet in its entirety can be comprised of at least 6 molecular distinct zones.

Differentiation. Author manuscript; available in PMC 2013 July 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

deVlaming et al. Page 29

Mason’s
Trichrom Hyalruonan

Collagen 1

Figure 7. Histological and Molecular Analyses of Mouse Mitral Valve

A 2 month old adult heart was stained for Masson’ s trichrome which demonstrates the
anterior (AL) and posterior (PL) leaflets are primarily collagen with only a small region at
the distal tip showing lack of expression. Thiswas confirmed by IHC stainings for collagen.
The distal tip of the leaflets (arrows) appears to be only comprised of proteoglycans. Thus
the mouse leaflet is divided into 2 zones along a proximal-distal axis of the valve. Scale
bars=200 pm.
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