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 Heart failure associated with advanced age is accompanied by molecular and cellular 

structural remodeling events within cardiomyocytes. One such event is remodeling of the 

cortical cytoskeleton by actin-binding molecules. Once thought to be a static compartment, the 

cardiac cytoskeleton is now known to be populated by mechanically-sensitive structural and 

signaling molecules. This dissertation concerns the role of the mechanosensitive protein 

vinculin in remodeling of cardiac cortical mechanics and explores its potential role in regulating 

contractile function with age. Age-related cardiac cytoskeletal reinforcement is shown to be an 

evolutionarily-conserved mechanism in simians, rats, and Drosophila melanogaster. 



 xv

Mechanistic studies show that cytoskeletal remodeling is correlated with preserved shortening 

velocity. Finally, cardiac-specific induction of cytoskeletal remodeling through overexpression 

of vinculin in both juvenile wildtype and myosin heavy chain knockdown flies led to enhanced 

shortening function and increased hemodynamic stress tolerance. Cytoskeletal reinforcement 

may play a protective role during aging in multiple cardiac systems by regulating myofilament 

organization and myocyte shortening. 
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Chapter 1 

 

 

Structural and Mechanosensitive 

Compartments of the Cardiomyocyte 
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Introduction 

Mechanics play an essential role in developing and maintaining function at every stage 

of the heart’s lifespan, from differentiation and maturation to regulation of cardiac structure 

with advancing age. Cells not only respond to external stresses but are capable of affecting them 

through h internal and external restructuring. This remarkable ability is due to the abundance of 

mechanosensitive molecules and mechanisms populating the cardiac tissue, which form a closed 

feedback loop in which mechanics regulate mechanics.  

Mechanotransduction, the process by which cells sense external forces and translate 

them into biochemical signals that can change cell function, is regulated in the heart by a diverse 

array of factors operating at different length scales. Externally, arterial blood pressure, valve 

compliance, passive stiffness and adhesivity of the cellular niche, and ventricular wall stress 

have all been shown to impact form and function of the heart. Through intracellular 

mechanosensitive pathways, cardiac cells can sense these changes and remodel themselves and 

their surroundings in order to achieve and maintain a level of function that meets physiological 

demand (McCain & Parker, 2011). Evidence also suggests that “inside-out” mechanical 

signaling is crucial for tissue morphogenesis, maintenance of homeostasis, and prolonging 

function over decades of life (Heisenberg & Bellaiche, 2013; Mammoto, Mammoto, & Ingber, 

2013; Patwari & Lee, 2008).  

In this chapter, I describe the establishment of cardiac fate from stem cells and 

subsequent morphogenesis of the heart and highlight several major mechanosensitive 

subcompartments of the heart, noting the way in which they engage in mechanical and 

biochemical cross-talk. Throughout the chapter, I also discuss how mechanical signaling helps 

establish cardiac fate, construct the contractile apparatus, shape cardiac morphogenesis, 

regulates force transmission between myocytes and their niche, and underlines multi-scale 

remodeling during aging and altered mechanical loads. I will also argue that establishment and 
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long-term heart maintenance is highly dependent upon the cardiomyocyte’s ability to remodel 

its intracellular structure in order to adapt to changing mechanical loads and physiological 

demand. In dissecting the effector and affected pathways of cardiac mechanotransduction, the 

reader will appreciate how mechanics regulates cardiac differentiation and how physical 

parameters help engineer the function of adult cardiac myocytes in addition to developing a 

better understanding of the pathophysiology of genetic and age-related cardiomyopathies.  

 

Cardiac Morphogenesis During the Lifespan of the Heart 

Specification, Differentiation, and Heart Morphogenesis 

The cells that eventually become the myocardium are derived from the mesoderm 

within the primitive streak (Lopez-Sanchez & Garcia-Martinez, 2011; Lopez-Sanchez, Garcia-

Masa, Ganan, & Garcia-Martinez, 2009). Early cardiogenesis is driven by time-dependent 

biochemical signaling, such as BMP and suppression of WNT signaling (Marvin, Di Rocco, 

Gardiner, Bush, & Lassar, 2001; Yuasa et al., 2005). At this stage, cardiac progenitors begin to 

migrate and form two populations of cells, one of which will eventually become the early, 

beating heart tube and the other the outflow tract and portions of the right heart (Lopez-Sanchez 

& Garcia-Martinez, 2011; Tzahor & Lassar, 2001). It is shortly after formation of the heart tube 

that contractions begin and underline further growth and remodeling to loop and subdivide into 

a primitive four-chambered heart. Morphogenesis can continue in embryonic mice hearts ex 

vivo (Dyer & Patterson, 2013) as it is guided by an internal mechanism: the forces created by 

interactions of myosin and actin (Granados-Riveron & Brook, 2012). 

 

Cell Maturation and Maintenance 

For the remainder of embryogenesis, growth is caused by hyperplasia or proliferation 

of the early cardiomyocyte population (Hirschy, Schatzmann, Ehler, & Perriard, 2006; Mollova 
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et al., 2013). Postnatal cardiomyocytes continue remodeling in a process dubbed maturation, 

which includes both hyperplasia and hypertrophy that considered adaptive as the growth 

contributes to improved function (Mollova et al., 2013). Post-maturation myocardial 

remodeling, either through concentric or eccentric hypertrophy, is underlined by the addition of 

sarcomeres, remodeling of cortical ultrastructure and protein expression, altered cell 

morphology, and is associated with age-related dysfunction such as impaired fractional 

shortening (McCain & Parker, 2011; McCain, Sheehy, Grosberg, Goss, & Parker, 2013; 

Schaper et al., 2002). While primarily composed of terminally-differentiated adult 

cardiomyocytes, cardiac stem cells have also been recently identified (Ferreira-Martins et al., 

2012; Hosoda, 2012; Torella, Ellison, & Nadal-Ginard, 2014); despite the presence of these 

progenitor cells however, the adult heart is still thought to have limited regenerative potential 

compared to other tissue systems given that the heart does not repair itself like other muscles. 

Therefore, adult cardiomyocytes must be extremely responsive to these changing mechanical 

environments (e.g. elevated arterial pressure, fibrosis) to maintain function over several 

decades, and mechanosensitive molecules provide a convenient feedback mechanism to 

maintain cardiac function.  

 

Mechanosensitive Compartments in Cardiomyocytes  

Cardiomyocytes are composed of several subcompartments involved in 

mechanotransduction, including the contractile sarcomeres, the cytoskeletal filament networks, 

transmembrane cell-cell and cell-matrix junctions, stretch-sensitive membrane structures, and 

calcium-handling machinery as shown in Figure 1.1. Each of these is involved in providing 

structural integrity as well as generation, sensation, transmission, and/or modulation of forces 

in the heart. In the following sections, I will summarize the basic structure and highlight known 

and hypothesized functions of each of these subcompartments.  
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The Sarcomere 

The primary function of the heart is to pump blood throughout the circulatory system, 

dispersing oxygen, nutrients, and biochemical factors to both distal organs as well as itself 

(Sonnenblick, Spotnitz, & Spiro, 1964). This contraction is contingent upon the sarcomere, a 

dynamic protein complex that serves as the basic mechanical unit of muscle. A sarcomere is 

composed of actin-based thin filaments and myosin-based thick filaments as illustrated in Figure 

1.1; these filaments slide past one another to create contraction. These structures are cross-

linked together by Z-disks, and as they slide past one another, they create an electron-dense 

region known as the M-line. Each of these sarcomeric components is critical in regulating how 

muscle performs mechanical work, maintains passive tension (H. L. Granzier & Irving, 1995), 

undergoes biochemical signaling (Nicol, Frey, & Olson, 2000), and facilitates 

mechanotransduction (Kresh & Chopra, 2011). In vertebrates, the expression of these molecules 

during development is highly-coordinated (Ehler & Gautel, 2008) and mutations or alternative 

slicing of genes encoding these proteins are associated with a variety of congenital defects and 

cardiomyopathies (Swank, Wells, Kronert, Morrill, & Bernstein, 2000) that manifest in aberrant 

molecular, cellular, or organ-level structure.  

 

Cardiac Structure and Mechano-signaling 

Sarcomeric contraction and subsequent force production begins with an action 

potential. Depolarization of the cardiac membrane results in calcium-influx from the 

extracellular space via L-type calcium channels located in structural membrane invaginations 

known as the transverse-tubules (Turczynska, Hellstrand, Sward, & Albinsson, 2013). Local 

increases in calcium concentration are detected by proximal ryanodine receptors in the 

sarcoplasmic reticulum (SR), causing the latter to release additional calcium ions into the 

cytosolic space. This event is known as a “calcium spark” (Rovetti, Cui, Garfinkel, Weiss, & 
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Qu, 2010; Stern, Rios, & Maltsev, 2013) and is part of a calcium-induced calcium-release 

mechanism central to cardiac excitation-contraction coupling. Though each spark is 

spatiotemporally constrained, it can result in a significant elevation of global cytoplasmic 

calcium concentration when summed (~>104 sparks). This elevation is transient, as 

sarco/endoplasmic reticulum ATP-ase (SERCA) pump and the sodium-calcium exchanger 

(NCX) will transport calcium back into the SR and interstitium, respectively. This rise and fall 

of calcium is referred to as the calcium transient.  

Myosin thick filaments bind to actin-based thin filaments transiently, and as they bind 

and unbind, they undergo a power stroke where the myosin head moves forward relative to the 

actin filament. Myosin’s cyclic binding is known as cross-bridge cycling and this process creates 

the net contraction of the sarcomere. Binding can be blocked in the absence of calcium by the 

troponin-tropomyosin complex (Chalovich, Chock, & Eisenberg, 1981) where troponin C can 

cover up myosin’s binding site on the thin filament. The probability of acto-myosin binding is 

therefore associated with increased intracellular calcium concentration (Bogeholz, Muszynski, 

& Pott, 2012). Changes in the calcium transient directly affect contraction and relaxation 

dynamics and short and long-term power output of the heart, making it a potent regulator of 

transient and long-term cardiac mechanotransduction (Judice, Marin, & Franchini, 2009).  

In addition to perturbations in calcium handling, sarcomeric function is also modulated 

by changes in absolute gene expression (O'Neill, Holbrook, Fargnoli, & Lakatta, 1991), 

alternative splicing (Swank et al., 2000; Wiesner, Ehmke, Faulhaber, Zak, & Ruegg, 1997), 

impaired protein homeostasis (Douglas & Dillin, 2010; Kiriazis & Kranias, 2000), decreased 

protein quality (Schips et al., 2011), and altered ultrastructure of its subcomponents. 

Biochemical and mechanical cell stress can affect the quantity, quality, and integrity of the 

sarcomeres. In kind, molecules in the sarcomere are also capable of acting as stress sensors that 
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are capable of nuclear signaling, allowing the myocyte to respond (Bos et al., 2006; Le Guennec, 

Cazorla, Lacampagne, & Vassort, 2000).  

The Z-disc was once thought to be a static architectural support for the myofilaments, 

responsible for anchoring and transversely cross-linking adjacent thin filaments. However in 

recent years, an intricate complex of force-sensing and signaling molecules have been identified 

within Z-discs, and many of these proteins have critical roles in development and disease (Judice 

et al., 2009). To briefly outline the contents of the Z-disc, it is primarily composed of alpha-

actinin, a spectrin-family protein required for actin-filament anchoring to the Z-disc (Hein, 

Kostin, Heling, Maeno, & Schaper, 2000; Sorimachi et al., 1997). Non-sarcomeric clustering of 

alpha-actinin is a marker of sarcomere degeneration and is associated age-related dilated 

cardiomyopathy (Mohapatra et al., 2003). 

In addition to alpha-actinin, Z-discs also contain a significant amount of titin, which 

helps maintain resting passive tension and longitudinal stiffness in the cell. Titin also acts as a 

molecular spring which spans the length of the Z-disk to the M-line (H. Granzier & Labeit, 

2002; LeWinter, Wu, Labeit, & Granzier, 2007), (H. Granzier, Labeit, Wu, & Labeit, 2002). 

Embryonic titin is considerably shorter than adult titin, suggesting that transverse elasticity 

interplays with the changes in cardiac morphology and mechanics during development (Kruger, 

Babicz, von Frieling-Salewsky, & Linke, 2010). On the other hand, maladaptive cross-linking 

and differential splicing of titin have been shown to modulate resting sarcomere length and 

perturb sarcomere force production (Lewinter & Granzier, 2013). In addition to its mechanical 

properties, titin has several binding sites for ankyrin-repeat proteins (ARPs) (Miller et al., 2003). 

ARP signaling proteins are capable of translocating to the nucleus, where they presumably alter 

the transcriptome of the cell (Miller et al., 2003). In addition to binding alpha-actinin at its N-

terminus, titin forms a complex with muscle LIM protein (MLP), which has been hypothesized 

to act as a stress and/or length tensor (Bos et al., 2006; Clark, Bland, & Beckerle, 2007). MLP-
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null myocytes experience decreased longitudinal passive stiffness and muted response to stretch 

in the form of BMP expression (Buyandelger et al., 2011; Gunkel, Heineke, Hilfiker-Kleiner, 

& Knoll, 2009) as well as decreased power output (Clark, Lesage-Horton, Zhao, Beckerle, & 

Swank, 2011). MLP mutations are also associated with diastolic dysfunction followed by dilated 

cardiomyopathy, suggesting time-dependent remodeling (Lorenzen-Schmidt et al., 2005). Other 

LIM-domain-containing proteins, including myopodin (Faul, Dhume, Schecter, & Mundel, 

2007) and zyxin (Linnemann et al., 2010), localize at the Z-disc and further suggest a critical 

sensory role for these types of proteins. During myoblast differentiation, myopodin is localized 

to the nucleus but translocates to the nascent Z-disk as sarcomerogenesis progresses (Weins et 

al., 2001). Acute, short-term heat shock of differentiated myotubes results in reverse 

translocation of myopodin from mature Z-discs to the nucleus, suggesting that myopodin plays 

a role in stress-response signaling (Faul et al., 2007; Weins et al., 2001). Nebulin, a hypothesized 

sarcomeric “ruler”(Fowler, McKeown, & Fischer, 2006; Kontrogianni-Konstantopoulos, 

Ackermann, Bowman, Yap, & Bloch, 2009; Littlefield & Fowler, 2008), is associated with 

nebulin-related anchoring protein (N-RAP), another well-known LIM protein and member of 

the Z-disk associated mechanosensitive network (Ehler et al., 2001; Panaviene & Moncman, 

2007). Myomesin is another sarcomeric mechanosensor that is thought to bind titin near its C-

terminal and act as a molecular spring (Agarkova & Perriard, 2005; Schoenauer et al., 2005). In 

addition to its contributions to mature sarcomere stability, it is associated with myosin during 

the earliest stages of sarcomerogenesis, suggesting that it is crucial for performing mechanical 

work given the few proteins present in these early contractile structures (Lange, Agarkova, 

Perriard, & Ehler, 2005). 
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Sarcomere Mutations and Their Impact 

Mutations in vital myofilament proteins are associated with congenital defects and 

adult-onset cardiomyopathies and can arise due to increased or decreased sensitivity to calcium 

(Bos, Ommen, & Ackerman, 2007; Bos et al., 2006; Chang, Parvatiyar, & Potter, 2008; Cheng 

et al., 2013; Davis et al., 2012; Geske et al., 2013; Landstrom & Ackerman, 2012; Palmiter & 

Solaro, 1997; Parvatiyar, Pinto, Dweck, & Potter, 2010; Song et al., 2010; Tian, Liu, Zhou, & 

Song, 2013; Witjas-Paalberends et al., 2013). These changes reflect a potential role of the 

myofilaments in cardiogenesis and maintenance of structure. A missense mutation in α-MHC 

can result in maladaptive hypertrophy, myofibrillar disarray, and fibrosis due to impaired 

calcium homeostasis in the SR (Blanchard, Seidman, Seidman, LeWinter, & Maughan, 1999; 

Kim et al., 1999). This process can be ameliorated by inhibition of L-type calcium channel 

activity upstream (Semsarian et al., 2002) and potentially other negative-inotropic agents, 

suggesting that the mutation results in a maladaptive gain-of-function. Certain mutations in 

cardiac troponins are associated with restrictive cardiomyopathy (Akhter, Bueltmann, Huang, 

& Jin, 2013; Davis et al., 2012; Parvatiyar et al., 2010), a condition in which diastolic and 

systolic dimensions dramatically decline. Recent studies show that such mutations in critical 

regions can expose the myosin-binding site on thin filaments without the need for calcium 

influx, resulting in cross-bridge formation independent of calcium release, elevated diastolic 

tension, cortical stiffening, and impaired fractional shortening (Chang et al., 2008; Davis et al., 

2012; Viswanathan, Kaushik, Engler, Lehman, & Cammarato, 2014). A mutation in troponin C 

resulting in calcium-independent sarcomeric perturbation has been shown to be rescued by an 

engineered molecule (B. Liu, Lee, Biesiadecki, Tikunova, & Davis, 2012). 

Sarcomeres are also known to respond to alterations in the mechanical forces being 

presented to the heart, i.e. “outside-in” mechanotransduction. For example, application of 

stretch on cardiomyocytes in vitro results in increased sarcomerogenesis and hypertrophic 
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signaling (De Deyne, 2000; Dorn, Robbins, & Sugden, 2003; Frank et al., 2008). The addition 

of new sarcomeres appears to occur at the intercalated disc, suggesting synergy between the two 

compartments in this phenomena (Wilson, Schoenauer, Ehler, Agarkova, & Bennett, 2014). 

Developing embryonic chick cardiomyocytes have increased sarcomerogenesis from when 

plated on time-dependent, stiffening hydrogels as compared to static elastic substrates (Young 

& Engler, 2011; Young et al., 2013). The rate of MHC and thin filament actin turnover is stretch-

sensitive (Simpson, Majeski, Borg, & Terracio, 1999; Simpson et al., 1996). Thus, 

sarcomerogenesis and maintenance of sarcomeric protein quality may depend upon the ability 

of the sarcomeres to act as a stress/strain sensor; perturbations of this structure could impair the 

resultant signaling. 

 

Other Intracellular Mechanosensitive Structures 

In order for sarcomeric shortening to translate into cellular contraction, and for the 

contractile apparatus to sense changes in external loads, they require mechanical coupling to the 

membrane. This is achieved via the sarcolemma, which consists of highly-ordered junctions and 

a cortical cytoskeletal network. Cardiomyocytes are coupled longitudinally by an 

electromechanically-active junctional complex known as the intercalated disc (ICD) and 

transversely at the Z-disc by special focal adhesion plaques known as costameres (Hirschy et 

al., 2006). Sensation and application of external loads by the sarcomeres is enabled by these 

transmembrane contacts and their associated cytoskeletal networks, making them the primary 

responders to forces leading to and from the contractile apparatus. Here, I will discuss these 

structures, their influence on downstream signaling, and its impact on contractile function. 
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Actin-associated Intercalated Disc and Costameric Proteins 

 Recent work has identified the intercalated disc and costameres, shown in Figure 1.1 at 

the cell membrane facilitating cell-cell and cell-ECM connections, as being remarkably 

mechanosensitive, i.e. capable of responding to and producing forces and enabling biochemical 

signaling through a variety of sensing molecules (Borghi et al., 2012; Holle et al., 2013; le Duc 

et al., 2010; Leerberg & Yap, 2013; Margadant et al., 2011; Spanjaard & de Rooij, 2013). Most 

of these studies have focused on in vitro systems (Spanjaard & de Rooij, 2013) or non-cardiac 

cells (Borghi et al., 2012; Holle et al., 2013), which have the same components but are organized 

differently. For example, Le Duc and coworkers applied cyclic stress to E-cadherin-coated 

magnetic beads bonded to endothelial cells and measured changes in bead deflection as the cell 

cytoskeleton responded (le Duc et al., 2010). They found that cadherin-mediated binding is 

mechanosensitive and results in local stiffening, potentially driven by reinforcement actin of the 

cortical cytoskeleton. The adhesions eventually asymptote to a new stiffness, the rate and 

magnitude of which depends on the presence of the actin-binding, mechanosensitive molecule 

vinculin (le Duc et al., 2010; Leerberg & Yap, 2013). In this way, the actin cytoskeleton 

downstream of cadherin-cadherin bonds react similarly to those proximal to integrin-ECM 

bonds (Choquet, Felsenfeld, & Sheetz, 1997; Margadant et al., 2011). It is reasonable to assume 

that cadherin contacts perform similarly in cardiomyocytes as all the critical machinery exists 

and cell-cell contacts in cultured myocytes are known to remodel during cyclic and static stretch 

(Zhuang, Yamada, Saffitz, & Kleber, 2000). However the mechano-sensing machinery is not 

always present or highly organized. In early development, cadherins are expressed ubiquitously 

throughout the membrane (Hirschy et al., 2006). It is only as sarcomerogenesis advances and 

cells elongate and hypertrophy that cadherins become polarized and constrained to the 

longitudinal ends. Once it is fully formed, the intercalated disc does not remain static; advancing 

age and dilation associates with convolution of the ICD ultrastructure and enrichment with 
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mechanotransductive molecules (Perriard, Hirschy, & Ehler, 2003; Schaper et al., 1991). 

Remodeling of actin-binding mechanosensors is hypothesized to result in cortical or transverse 

stiffening during aging (Hein et al., 2000), though the ultimate impact of this event on cardiac 

function remains unclear.  

Beyond normal changes with development and age, studies suggest that cortical 

remodeling from disease or mutation may play a functional role in modulating sarcomeric 

function. For example, Tangney and coworkers showed that vinculin-null neonatal mouse 

cardiomyocytes experience decreased cortical stiffness and increased interfilament spacing, the 

distance between thin and thick filaments in the myofilament lattice (Tangney et al., 2013). 

Interfilament spacing impacts the calcium-sensitivity and power output of the sarcomeres 

(Konhilas, Irving, & de Tombe, 2002; McDonald & Moss, 1995; Y. Wang & Fuchs, 2001), 

perhaps due to a lack of cortical transverse compression upon the myofilaments. Cortical 

compression through osmotic loading in vitro has been shown to affect contractile function in 

rat myocardium (Farman, Walker, de Tombe, & Irving, 2006; McDonald & Moss, 1995).  

Lastly, it is important to consider mechanotransduction at focal adhesions, which play 

a leading role in contractility (Bendig et al., 2006; Hannigan, Coles, & Dedhar, 2007) and 

mechanical-induction of myogenic differentiation (Holle et al., 2013). In cardiomyocytes 

specifically, integrin expression and signaling, as well as focal adhesion and integrin-linked 

kinases, have been the focus of understanding age-related hypertrophic signaling (Bettink et al., 

2010; Brancaccio et al., 2006; de Jonge, Dekkers, Houtsmuller, Sharma, & Lamers, 2007; 

DiMichele et al., 2009; Franchini, 2012; H. Lu et al., 2006; Umar et al., 2009). Integrin 

expression is regulated by both passive and active mechanical forces as well as the ligands and 

ligand density presented to the cell (McCain, Lee, Aratyn-Schaus, Kleber, & Parker, 2012).  

Integrin clustering and isoform expression depends upon the extracellular matrix proteins and 

their arrangement (Bendall, Heymes, Ratajczak, & Samuel, 2002; Chopra et al., 2012; Dabiri, 
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Lee, & Parker, 2012). Another crucial component in lateral coupling to the membrane is the 

actin-binding dystrophin molecule, which is thought to stabilize the membrane and provide 

additional mechanical coupling to the cortical actin cytoskeleton (Ervasti & Sonnemann, 2008; 

Kabaeva, Meekhof, & Michele, 2011; Kaprielian & Severs, 2000). Dystrophin knockout or 

expression of a mutated isoform results in impaired sarcomeric force transmission to the 

membrane. Furthermore, without dystrophin as a structural support, conformational changes in 

stretch-activated channels are thought to occur, resulting in pathological intracellular leakage of 

calcium and eventual cell death (Allen, Gervasio, Yeung, & Whitehead, 2010; Carlson, 1999; 

Williams & Allen, 2007).  

 

Intermediate Filament and Microtubule Networks 

While actin plays a dominant role in regulating cardiomyocyte development and 

function, the intermediate filament (IF) and microtubule networks both play important 

supporting roles. For example, intermediate filaments (IFs) are extremely deformable, capable 

of being stretched to several times their slack length (Kreplak, Herrmann, & Aebi, 2008; 

Steinert, North, & Parry, 1994; Wagner et al., 2007). One of these IFs, desmin, provides 

scaffolding around the Z-disk and links them laterally, binds to desmosomes at the intercalated 

disc, and bridges the nucleus to adjacent sarcomeres (Pawlak, Gil, Walczak, & Seweryniak, 

2009). Desmin is also believed to localize to costameres, perhaps conferring additional coupling 

between sarcomeres and the extracellular matrix (Kaprielian & Severs, 2000). It is an early 

marker of cardiogenesis (Auda-Boucher et al., 2000; van der Loop, Schaart, Langmann, 

Ramaekers, & Viebahn, 1995). Desminopathies result from mutations in the desmin gene and 

subsequent cytoplasmic aggregation of desmin and impaired myofibrillar assembly (Brodehl et 

al., 2013; Chang & Potter, 2005; Paulin, Huet, Khanamyrian, & Xue, 2004). Patients with 

arrhythmogenic right ventricular cardiomyopathy (ARVC) have been shown to have desmin 
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mutations, suggesting that it may play a crucial role in EC-coupling via longitudinal load-

bearing along the sarcomeres or by stabilizing gap junctions at the intercalated disc (Lorenzon 

et al., 2013; Otten et al., 2010; Tsatsopoulou, Protonotarios, & McKenna, 2006).  

Another IF protein prevalent in cardiomyocytes is lamin, which as with desmin, is also 

extremely compliant. For example during lineage specification, stem cells, lamin expression in 

stem cells scales with substrate stiffness (Swift et al., 2013) and is a determinant of nuclear 

cytoskeleton deformability (Capo-chichi et al., 2011; De Vos et al., 2010). Moreover, it may act 

as a universal transducer of mechanical signals into the nuclear to regulate gene expression 

(Talwar, Jain, & Shivashankar, 2014). Thus defects in Lamin A/C can adversely affect signal 

transduction, making them less efficient. Defects in Lamin are associated with advanced aging 

(Smith, Kudlow, Frock, & Kennedy, 2005), presumably due to genetic instability and 

accumulated DNA damage from external stressors (Gonzalez-Suarez & Gonzalo, 2010), and 

dilated cardiomyopathy (Broers et al., 2004; Schaper et al., 2002; Takeda, 2003). The existence 

of mechanical couplings between the nucleus and the cytoskeletal network implies that some 

form of communication is required during development (Li, Wang, & Gerdes, 1997).  

Note that there exists structural overlaps in the actin and IF networks; ICD-localizing 

vinculin is also though to stabilize gap junction (Zemljic-Harpf et al., 2014) and perturbations 

of actin-binding nesprin protein, found at the nucleus, are also known to induce cardiovascular 

dysfunction (Banerjee et al., 2014; Stroud, Banerjee, Veevers, & Chen, 2014). These suggests 

functional overlap in both cytoskeletal networks and may also be accompanied by cross-talk. 

On the other hand, microtubules are crucial in guiding cytokinesis (Lee, Davies, & 

Mishima, 2012) and directing vesicular transport. However, the microtubule network also 

serves several load-bearing and signaling functions which impact cardiac function (Garcia et 

al., 2012; Webster, 2002; Zhao et al., 2010). Much focus has been placed on how signal 

transduction is altered following application of colchicine, a pharmacological agent that induces 
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deconstruction of microtubule filaments, as well as how microtubule dysregulation occurs 

during cardiac hypertrophy (Gomez, Kerfant, Vassort, & Pappano, 2004; H. Liu et al., 2003; 

Malan et al., 2003; Palmer, Valent, Holder, Weinberger, & Bies, 1998). While it is unclear 

whether mechanical perturbation, impaired vesicular transport, or both are responsible for 

alterations in function, what is known is that microtubules contribute to passive stiffness (H. L. 

Granzier & Irving, 1995) and are remodeled during age (Hein et al., 2000); both of these 

observations point to microtubules as being important regulators of cardiomyocyte function. 

 

The Cardiomyocyte Membrane 

In addition to intracellular and transmembrane mechanosensitive compartments, the 

cardiac myocyte membrane is also enriched with stretch-sensitive structures (Akay & Craelius, 

1993; Bett & Sachs, 1997; Bustamante, Ruknudin, & Sachs, 1991; Iribe & Kohl, 2008; 

Lammerding, Kamm, & Lee, 2004; McCulloch, Pfeiffer, Tangney, & Omens, 2013). Stretch-

activated channels have been implicated in modulation of calcium handling and rhythmicity, 

although the strains required to observed stretch-activation are often superphysiological 

(Senatore, Rami Reddy, Semeriva, Perrin, & Lalevee, 2010). The membrane is partially 

buffered from stretch via caveolins, cytoskeletally-regulated invaginations which can add 

additional material to the membrane through rapid disassembly under osmotic loads (Sinha et 

al., 2011) or stretch (Albinsson, Nordstrom, Sward, & Hellstrand, 2008; Bellott, Patel, & 

Burkholder, 2005; Kawabe, Okumura, Lee, Sadoshima, & Ishikawa, 2004; Zhang et al., 2007). 

Caveolin is known to alter its expression with age (Fridolfsson & Patel, 2013; Zou, Stoppani, 

Volonte, & Galbiati, 2011). Deletion of Cav3 (Hnasko & Lisanti, 2003; Woodman et al., 2002) 

is associated with progressive dilated cardiomyopathy while Cav1 appears to play a greater role 

in endothelial function (Chow, Daniel, & Schulz, 2010; Murata et al., 2007). 
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Extracellular Matrix and Mechanosensing 

The cardiac interstitium provides cardiomyocytes with avenues of mechanical and 

biochemical communication with their environment (Bendall et al., 2002; Borg, Rubin, Carver, 

Samarel, & Terracio, 1996; Fan, Takawale, Lee, & Kassiri, 2012; Goldsmith & Borg, 2002; 

Jourdan-Lesaux, Zhang, & Lindsey, 2010; Kresh & Chopra, 2011; Ma et al., 2014; McCurdy, 

Baicu, Heymans, & Bradshaw, 2010; Zamilpa & Lindsey, 2010). In particular, the insoluble 

extracellular matrix (ECM) is secreted by cardiac fibroblasts (Fan et al., 2012; Ma et al., 2014), 

which are the most abundant cells in the heart by number (Nag, 1980). This ECM plays a crucial 

role in providing architectural support for cardiomyocytes and allowing for efficient 

transmission of forces during contraction. ECM-organization is known to direct integrin 

assembly and signaling and vice versa (Coyer et al., 2012). This can influence cell morphology 

and sarcomere alignment (Grosberg, Alford, McCain, & Parker, 2011; McCain & Parker, 2011; 

Parker, Tan, Chen, & Tung, 2008). This interstitium, like the cardiomyocytes, remodels during 

development (Hirschy et al., 2006) and disease (Fan et al., 2012; Ma et al., 2014; Patterson et 

al., 2013). Deposition of fibrillar ECM proteins, such as Collagen, Laminin, and Fibronectin 

(Konstandin, Toko, et al., 2013; Konstandin, Volkers, et al., 2013), are vital for the initiation of 

cardiogenesis and wound healing but are also associated with maladaptive hypertrophic growth.  

In addition to ECM deposition and paracrine signaling, cardiac fibroblasts are known to directly 

communicate with cardiomyocytes via connexins (Doble & Kardami, 1995; D. Lu, Soleymani, 

Madakshire, & Insel, 2012) and N-cadherin (Thompson et al., 2014; Thompson, Copeland, 

Reich, & Tung, 2011), allowing for electromechanical coupling and modulation of action 

potential propagation (Thompson et al., 2011). Cardiac fibroblasts also respond to external 

forces by altering their internal cytoskeletal expression (Leslie, Taatjes, Schwarz, 

vonTurkovich, & Low, 1991), extracellular biochemical signaling (Dalla Costa et al., 2010; 

Herum et al., 2013; Thompson et al., 2011; J. Wang, Chen, Seth, & McCulloch, 2003), and 
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increasing matrix production, which can lead to the induction of a smooth muscle phenotype 

(Lefebvre, Nusgens, & Lapiere, 1994). These “myofibroblasts” (Figure 1.1, top) experience 

calcium-dependent contractility (Pipelzadeh & Naylor, 1998), elevated ECM deposition (de 

Haas, Arbustini, Fuster, Kramer, & Narula, 2014; Fan et al., 2012), and influence cardiac 

conduction (Kizana et al., 2007; Thompson et al., 2014). Increased substrate stiffness can also 

increase differentiation of fibroblasts into myofibroblasts (Atance, Yost, & Carver, 2004; 

Guvendiren, Perepelyuk, Wells, & Burdick, 2013; Solon, Levental, Sengupta, Georges, & 

Janmey, 2007), suggesting a positive feedback loop following ECM-deposition.  

 

 

Figure 1.1: Mechanical signaling in the cardiomyocyte and its surrounding niche. Solid lines indicate 
known mechanical connections. Grey arrows indicate known biochemical signaling. The 
interconnectedness of individual molecular structures in the myocyte suggests that remodeling of one 
region is likely to affect both proximal and distal compartments. 
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The Influence of Mechanotransduction on Applications of Cardiac Regeneration 

In this chapter, I have broadly discussed how maintenance of cardiac structure and 

function are underlined by spatiotemporal patterning of biochemical and mechanical signaling. 

We have seen cases in which mutation, alternative splicing, maladaptive post-translational 

modifications, and altered cytoskeletal and ECM assembly can dramatically alter morphology 

and function from the cell to the organ. One final consideration to note is how these changes, 

induced by development or disease, guide or can be used to guide regeneration. 

The numerous heart shapes and sizes in the animal kingdom suggest that biology knows 

of many ways to build a heart. However, the sensitivity of the developing and aging human 

heart to genetic perturbations and externals stresses further suggests that there is a narrow 

window to form a human tissue that is competently functional. Minor alterations in calcium 

handling or cytoskeletal ultrastructure and organization appear to have broad impacts on both 

basal state as well as response to mechanical and biochemical or pharmacological stress. For 

example, the use of time-dependent soluble cues appears to be sufficient for initial 

differentiation of cardiac lineage but insufficient for maturation (Klaus, Saga, Taketo, Tzahor, 

& Birchmeier, 2007; Ren et al., 2011; Yuasa et al., 2005). The latter can be assisted by the 

application of external loads which in turn promote intracellular remodeling (Feinberg et al., 

2012; Feinberg et al., 2013; McCain et al., 2013; Sheehy, Grosberg, & Parker, 2012). These 

mechanical cues may need to be dynamic; the limitations of static mechanical cues has become 

apparent in recent years. Attempts to revive cardiac function post-infarct via stem cell injection 

into the stiffened, infarcted niche, for example, results in differentiation into an osteogenic 

lineage instead of cardiac (Yoon, Park, Tkebuchava, Luedeman, & Losordo, 2004). Bulk 

hydrogels do little to provide mechanical support and may introduce arrhythmogenic defects by 

disrupting electrical coupling (Rane et al., 2011). Adult-like phenotype can be induced in 

developing cells through micropatterning of extracellular matrix in 2D(Bray, Sheehy, & Parker, 
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2008; Grosberg, Kuo, et al., 2011). In this way, a symmetry-breaking event can be used to guide 

integrin-clustering and sarcomerogenesis downstream. However, this kind of ECM-mediated 

“boundary condition” guidance in cardiomyocytes is also dynamic in vivo, suggesting that the 

same will be required in 3D cultures of mature cardiac tissue, which cannot be created through 

current micropatterning technologies. All of these concerns are ameliorated if it is shown that, 

for a given concern, the response and function of engineered tissues is similar to those observed 

in vivo. Such criteria has held for the use of simpler animal models with otherwise limited 

homology to human structure and function (Bier & Bodmer, 2004; Fink et al., 2009; Hinits et 

al., 2012; Kaushik et al., 2012; Viswanathan et al., 2014). 

 

Conclusion 

What is most evident from a review of current literature is that our understanding of 

precisely how the cardiomyocyte closes its mechanical feedback loop remains unknown; what 

are the basic signals that induce hypertrophy and self-assembly into a mature organ and what 

pathways signal the heart to cease or undergo aberrant growth? In the coming years, additional 

mechanosensitive molecules in cardiomyocytes will likely highlight cross-talk between 

subcompartments, such as cell-cell and cell-matrix cooperation or myocyte-fibroblast 

communication. What is likely more important, however, is improving our understanding of the 

precise timing of mechanotransduction and its downstream pathways during the lifespan of the 

heart. Improved understanding of cardiac differentiation from stem cells and the 

mechanotransductive signaling that enables this may reveal indirect therapeutic targets and/or 

enable better direct engineering of cells and tissue for repair and regeneration.  
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Introduction 

Cardiac output is determined by the volume of blood ejected with each heartbeat and 

by the heart rate. While ventricular contractile force helps determine ejection fraction during 

systole, proper myocardial relaxation during diastole is required for appropriate filling between 

contractions. Both pumping and filling properties of the heart can affect cardiac output and 

overall cardiac performance and can independently lead to heart failure when perturbed 

(Borlaug and Redfield, 2011).  

The symptoms of heart failure observed in nearly half of all patients are associated with 

impaired ventricular relaxation or diastolic dysfunction (Borlaug and Redfield, 2011; van der 

Velden, 2011). Relaxation and filling abnormalities associated with diastolic dysfunction often 

result in elevated left ventricular end-diastolic pressures and can compromise overall work 

output of the heart (Kass et al., 2004; Kazik et al., 2010). Various pathogenic mechanisms are 

believed to underlie diastolic dysfunction. In addition to impaired relaxation, these include 

perturbations that decrease myocardial distensibility and/or that increase left ventricular end-

diastolic stiffness. The molecular basis of these altered diastolic indices encompass altered Ca2+ 

handling, extracellular matrix modifications, and myofilament dysfunction (Borbely et al., 

2009; van der Velden, 2011; Ouzounian et al., 2008). In failing hearts, perturbed Ca2+ 

homeostasis can contribute to diastolic dysfunction (Figure 2.1). Slowed Ca2+ transients can 

attenuate myocardial relaxation rates, prolong active force generation, and hinder ventricular 

filling. Changes in Ca2+ handling result from altered expression of Na/Ca2+ exchangers, the 

sarcoplasmic reticulum Ca2+ uptake protein SERCA, phospholamban, a SERCA regulator, and 

ryanodine receptors (Borbely et al., 2009; van der Velden, 2011; Ouzounian et al., 2008). 

Furthermore, post-translational modification of these proteins by numerous protein kinases can 
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influence their activity. Elevated diastolic Ca2+ levels can also influence overall ventricular 

distensibility by potentially increasing the active tone of resting myocytes (Kass et al., 2004). 

 

Figure 2.1: Cardiomyocyte gene pathways associated with diastolic dysfunction. Top: In failing 
hearts, perturbed Ca2+ homeostasis can contribute to diastolic dysfunction. Many genes involved with 
Ca2+ handling within cardiomyocytes are conserved between Drosophila and mammals. Here we 
compiled a gene orthology database from NCBI homologene (Geer et al., 2010), Ensembl (Vilella et al., 
2009), and InParanoid (used by FlyBase to assign orthologues- (Remm et al., 2001)). This database 
assigns Drosophila orthologues to 12,304 unique mouse genes and was used to visualize orthologues 
related to Ca2+ homeostasis. Examples of orthologous genes are shown in grey boxes with the fly gene 
listed next to each box. Bottom: Modifications in cytoarchitectural components are also critical 
determinants of diastolic performance and diastolic heart failure. Examples of orthologues related to 
striated muscle contraction and to extracellular matrix are shown.  
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Modifications in cytoarchitectural components are likewise considered critical 

determinants of diastolic performance and failure (Figure 2.1). For example, the mechanical 

attributes of the extracellular matrix (ECM) that surrounds individual myocytes impact the 

overall compliance of the myocardium (Engler et al., 2008). ECM material properties are largely 

influenced by the absolute quantity and distribution of collagen, the ratio of different collagen 

types and isoforms and the extent of post-translational modification (Borbely et al., 2009; van 

der Velden, 2011; Ouzounian et al., 2008). Furthermore, deposition of advanced glycation end 

products can augment collagen crosslinking, altering the physical properties of the ECM and 

increase left ventricular diastolic stiffness (Kass et al., 2004; Borbely et al., 2009; Ouzounian et 

al., 2008).  

Dysfunction in the myofilamentous components of the cytoarchitecture can additionally 

initiate abnormal cardiomyocyte compliance and relaxation (Figure 2.1). Passive properties of 

titin are believed to impart the majority of the longitudinal passive tension characteristics of the 

ventricles. Hence, alterations in the connecting (titin) filaments and in proteins of the thick and 

thin filament complexes can result in impaired diastolic function (van der Velden, 2011; Kass 

et al., 2004).  

Thus, a multitude of mechanisms appear to be associated with the development of 

diastolic dysfunction. Many aspects of diastole can be altered either alone or in combination to 

elicit irregular performance (Kass et al., 2004). Comprehending the factors that predispose one 

to diastolic dysfunction and developing new genetic models that permit detailed quantitative 

analysis and descriptions of its biochemical and biophysical characteristics should provide 

important insights into diastolic heart failure and potentially facilitate the development of 

targeted treatments.      
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Diastolic Dysfunction: Effects of Age and Models for Investigation 

Diastolic dysfunction is a major cardiac deficit that can result in diastolic heart failure. 

There appear to be several predisposing factors for diastolic dysfunction: female gender, 

obesity, coronary artery disease, hypertension, diabetes mellitus, and age (Kass et al., 2004). 

Geriatric hearts exhibit both impaired relaxation and increased myocardial stiffness (Ouzounian 

et al., 2008). Aging is associated with increased interstitial fibrosis and collagen crosslinking, 

disturbed Ca2+ homeostasis, and altered expression and modification of myofilamentous 

components, which, as outlined above are major contributors to impaired diastolic function. 

However, the specific causes of age-dependent changes in diastolic performance remain 

difficult to study. This can be attributed to a paucity of animal models that recapitulate human 

diastolic dysfunction and particularly myocardial stiffening, which is often unaffected in murine 

models despite extensive matrix, myofibrillar or signaling abnormalities (Kass et al., 2004; 

Borbely et al., 2009). Furthermore, the life span of vertebrate models is often several years, 

making gerontological studies prohibitively lengthy. Conversely, Drosophila melanogaster, the 

fruit fly, is a relatively inexpensive, rapidly aging, genetically tractable organism that is gaining 

acceptance as a viable alternative for investigating heart development, cardiac pathophysiology, 

and cardiac aging (Bier and Bodmer, 2004; Nishimura et al., 2011).   

 

Evidence of Age-associated Diastolic Dysfunction in Flies 

The advent of new dissection techniques, imaging assays, and analysis protocols have 

provided a much broader understanding of and appreciation for the utility of the bilayered 

Drosophila heart tube (Figure 2.2A-C) as a model for studying conserved responses to 

mutations in cardiac components and to age (Taghli-Lamallem et al., 2008). Using a semi-
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automated heart analysis program, Cammarato and co-authors (Cammarato et al., 2008) showed 

that wild-type Drosophila hearts exhibit a steady decrease in mean diastolic and systolic 

diameters with age (Figure 2.2D). Furthermore, progressive decline in diastolic dimensions was 

significantly greater than that for systolic dimensions. This highlights deterioration in 

contractile performance with age as indicated by significantly reduced percent fractional 

shortening. It is clear that in geriatric (five week old) flies, there is a substantial attenuation of 

Figure 2.2: The Drosophila heart and evidence for age-associated diastolic dysfunction. (A) The 
Drosophila heart lies along the dorsal midline of the abdomen. It consists of a simple linear tube 
composed of a single layer of contractile cardiomyocytes covered by a thin ventral longitudinal muscle 
layer. Fluorescent image modified from (Cammarato et al., 2011). The conical chamber (CC) is the most 
pronounced muscular region of the heart and is likely a primary determinant of circulatory flow. (B) 
Cross section through the CC revealing the location of the ventral muscle layer (VM) and underlying 
cardiomyocytes (CM). (C) Illustration depicting the layers of the myocardium shown in (B). (D) 
Fractional shortening of the Drosophila heart tube declines with age due to an accelerated decline of 
diastolic diameters. Panel adapted from (Cammarato et al., 2008). 
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diastolic performance relative to that of adult (one week old) flies. This senescent-dependent 

response is indicative of the impaired myocardial relaxation and possibly of cardiac chamber 

stiffening as normally observed during age-associated human diastolic dysfunction.  

 

Conservation of Components Involved in Diastolic Dysfunction in Flies  

The responses to mutations and age observed in the Drosophila heart suggest the fly 

may serve as a powerful tool for studying cardiac molecular control mechanisms and basic 

physiological processes that have been conserved during evolution (Bier and Bodmer, 2004; 

Nishimura et al., 2011). These fundamental responses and processes depend upon conserved 

transcriptomic and proteomic networks. The extent of conservation with higher organisms has 

been described by Bier and Bodmer (2004), who suggested that nearly 75% of human disease 

genes, which include those that cause cardiovascular disorders, have homologues in Drosophila. 

Cammarato and co-authors (Cammarato et al., 2011) extended this finding to the proteome, 

which revealed a substantial degree of conservation between fly and murine hearts, particularly 

among cytoarchitectural components.  

As an example of pathway-level conservation found between Drosophila and 

mammals, we compiled a gene orthology database from three independent publicly available 

sources: NCBI homologene (Geer et al., 2010), Ensembl (Vilella et al., 2009), and InParanoid 

(used by FlyBase to assign orthologues,(Remm et al., 2001)) (Figure 2.1). This database assigns 

Drosophila orthologues to 12,304 unique mouse genes and was used to visualize orthologues 

of three signaling networks related to passive myocardial stiffness and diastolic performance: 

calcium regulation in the cardiac cell, focal adhesion and striated muscle contraction (Figure 

2.1). These pathways were downloaded from wikipathways (Pico et al., 2008) and colored with 

the GenMAPP program (Salomonis et al., 2007). Conservation and reduced redundancy of most 

major pathway components in all three networks are clearly evident. Ongoing cardiac-specific 
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microarray experiments have confirmed the expression of the majority of these orthologous 

genes (unpublished). Subsequent extension of this analysis will identify differentially expressed 

cardiac gene candidates with age and provide therapeutic targets that can be rapidly and 

systematically manipulated in flies to determine novel roles in diastolic relaxation and in cardiac 

stiffness in situ.     

 

Measuring Passive Myocardial Stiffness in situ  

Mechanical analyses have given remarkable insight into the role myocardial stiffness 

plays during development (Zamir et al., 2003; Jacot et al., 2008) as well as during aging and 

pathogenesis (Stedman et al., 1991; Fung, 1993). In particular, atomic force microscopy (AFM)-

based indentation approaches, in which the tissue of interest is indented and the reaction forces 

are measured, offer the ability to investigate myocardial micromechanical properties (Kirmizis 

and Logothetidis, 2010). AFM-based analyses have revealed that cardiomyocytes stiffen with 

age (Lieber et al., 2004), suggesting that age-associated diastolic dysfunction may not only be 

due to structural (ECM-based) changes in the heart. Explanted mouse and avian epicardium 

have been shown to stiffen during pre- and post-natal development stages (Jacot et al., 2010; 

Young and Engler, 2011). Stiffening also occurs as a result of remodeling in post-myocardial 

infarct tissue (Berry et al., 2006) and with age and disease in vasculature (Sazonova et al., 2011). 

Finally, AFM has helped resolve a stiffness disparity between juvenile and senescent rat 

myocytes (Lieber et al., 2004; Azeloglu and Costa, 2010). Mechanical discrepancies with age 

were attributed to differences in myofibrillar content.  
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Although these results have advanced our understanding of myocyte mechanics, they 

have largely been limited to isolated myocytes in vitro (Figure 2.3, left) or to ex vivo tissue 

explants lacking normal “pre-stress”, the tensile stress imparted by external entities in vivo. 

Experiments using isolated cultured cells can produce inconsistencies in mechanical data. For 

example, culture conditions such as substrate stiffness can drastically alter neonatal rat myocyte 

morphology, cytoarchitecture, and ultimately stiffness as indicated by force-indentation curves 

acquired by AFM (Jacot et al., 2008) (Figure 2.3C, left). Prolonged culture can also increase 

myocyte stiffness during contraction (Azeloglu and Costa, 2010). Furthermore, while matching 

Figure 2.3: Direct mechanical comparison of murine myocytes and fly hearts.

(A) Brightfield images of an AFM cantilever positioned over a mouse myocyte (left) and the Drosophila

heart tube (right). Box on the left highlights probed region where the myocyte is attached and the line on 
the right image highlights the midline to lateral edge of the fly heart tube that is typically probed using 
our analysis method. (B) Schematics of a cross-section of the biological specimens analyzed by AFM 
(mouse on left, fly on right). (C) Left: representative AFM force-indentation curves plotted for mouse 
cardiomyocytes cultured on a stiff glass coverslip (green) versus a soft hydrogel (red). Arrow indicates 
an increased reaction force at 200 nm indentation depth consistent with a more rigid remodeling response 
due to substrate stiffness. Right: force-indentation plots (red vs. green curve) for fly heart tubes indicating 
overall differences in myocardial stiffness. Left arrow depicts a difference in reaction force response at 
shallow indentation depth (<500 nm) while the right arrow reveals a difference in force response at deep 
indentation depth (>1 µm), reflecting disparity in ventral muscle layer and cardiomyocyte stiffness 
respectively. 
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ECM cues such as stiffness helps mimic the in vivo environment, these artificial approaches do 

not completely recapitulate it. Cardiomyocytes fail to reorganize and reorder their myofilaments 

and cellular junctions as seen in vivo. To address this problem, ex vivo tissue explants are 

sometimes employed, however discrepancies exist between stiffness reported for cultured cells 

versus explants. The latter sample type lacks the pre-stress typically created by adjacent tissue 

contracting against it which can have profound effects on cells and even explants (Berry et al., 

2006; Wang et al., 2002). Thus, unless pharmacological treatment establishes that 

measurements were indeed performed without pre-stress, partial contracture of the explant 

tissue may unknowingly skew data (Azeloglu and Costa, 2010). In order for in vitro mechanical 

studies to more authoritatively offer insight on cardiac development, maturation, and 

senescence, experimental conditions should rigorously approximate the physiological 

environment. 

In light of the potential artifacts induced when cardiomyocytes are removed from their 

normal environment for in vitro studies, we have developed an in situ indentation method for 

the bilayered Drosophila heart tube (Figure 2.3A and B, right). Due to its length scale, the fly 

heart tube is especially well-suited for indentation studies as it can be investigated anywhere 

longitudinally along its surface, removing the need for explantation or isolation (Figure 2.3A, 

right). Since the tube is unperturbed and is spontaneously beating only seconds to minutes 

before indentation, this method is the closest an AFM indentation experiment may come to an 

in vivo study of quantifiable single cardiomyocyte and subcellular stiffness. By indenting along 

the transverse axis of the tube, we are able to measure stiffness both at the midline, upon the 

intercalated discs, and along the cortex or costameres.  

Before comparing cultured myocytes and heart tubes, it is important to note that one 

complication of in situ analysis is tissue geometry. For the fly specifically, a ventral layer of 

muscle covers the tube, and dissection methods cannot remove it without damaging the tube. 



 49

Conventional mechanical analysis relies on the material being infinitely continuous (Hertz, 

1882), and corrections to account for layered materials have been limited to thin coatings with 

a high degree of stiffness mismatch (Dimitriadis et al., 2002; Clifford and Seah, 2009). From 

the AFM’s force-indentation plot, we can clearly observe differences in mechanical behavior 

based on experimental conditions (Figure 2.3C). At any given indentation depth (x-axis) into a 

sample, a greater reaction force response (y-axis) indicates a stiffer material (see arrows in 

Figure 2.3C). As shown previously by Jacot and co-workers, isolated neonatal mouse 

cardiomyocytes exhibited greater forces and were therefore stiffer when indented on glass 

coverslips as compared to those plated on a soft hydrogel tuned to ~8 kPa (Figure 2.3C, left), 

indicating cellular remodeling in response to the substrate. In fly myocardium, there is no such 

artifact and we are able resolve differences in the force response accurately and at both shallow 

and deep indentation depths, corresponding to the ventral muscle and cardiomyocytes, 

respectively (Figure 2.3C, right). 

Both cultured myocytes and heart tubes can be probed with modest throughput. 

However, a major benefit of in situ measurement is that intact tissues undergo comparatively 

little remodeling during characterization relative to cultured cells; while probing cultured cells, 

their motile nature makes repetitive probing near impossible. Given spatial variation in 

populations, this would make attempts to measure age-related differences in murine 

myocardium in the same way very time consuming and difficult. Therefore, we propose that in 

situ AFM-based analysis of the fly heart in conjunction with established myocardial-specific 

genetic manipulations can serve as a robust screening tool for the mechanical consequences of 

age and genetic modification of mammalian-conserved genes in cardiomyocytes. 

 

 

 



 50

Future Perspectives 

While a plethora of techniques to monitor cardiac function and structure in flies have 

been developed, the methodology is based predominantly on optical analysis such that 

myocardial mechanics are therefore inferred (Wessells and Bodmer, 2007; Nishimura et al., 

2011). Here, for the first time, we have developed the capacity to directly evaluate passive 

myocardial mechanical parameters, in situ, in Drosophila. These parameters play a significant 

role in dictating cardiac output in all organisms. Knowledge of the heart’s material properties 

and how these change with age are central to developing effective therapies directed against 

age-associated diastolic dysfunction and diastolic heart failure. The ability to employ 

bioinformatics networking approaches, genome-wide screening techniques and genetic 

manipulation of any gene of interest in rapidly aging hearts generates enormous potential for 

high-throughput analysis of senescent-related changes in passive cardiac mechanics, a main 

determinant of diastolic function. Understanding the genetic basis of these changes should 

greatly expedite the development of effective treatments. Thus, our pioneering approach in flies 

will yield rapid and potentially translatable findings regarding cardiac aging and will facilitate 

the testing of novel mechanical models in higher organisms. 
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Introduction 

Adult Drosophila melanogaster possess an open circulatory system with an 

abdominally located pulsatile heart tube (Miller, 1950). The simple linear heart contains 

bilateral rows of contractile cardiomyocytes that form the cardiac lumen, which is aligned with 

the Drosophila body axis (Figure 1a). The anterior conical chamber is the most pronounced 

muscular region of the heart tube (Miller, 1950; Wasserthal, 2007) and is likely a primary 

determinant of circulatory flow. Covering the tube is a thin, longitudinal, and ventral muscle 

layer that extends from the conical chamber and runs nearly the entire length of the heart, 

creating a bilayered structure (Figure 1b) (Miller, 1950; Wasserthal, 2007). The ventral muscle 

layer tightly associates with the tube (Miller, 1950), making it difficult to remove without 

compromising underlying cardiomyocyte integrity. Although genetic tools and various imaging 

techniques (Ocorr et al., 2007; Taghli-Lamallem et al., 2008; Wolf et al., 2006) make perturbing 

and observing cardiac structure and function possible, corresponding biophysical analyses to 

monitor how genetic perturbations and aging alter the mechanical environment of soft bilayers 

do not exist. Since mechanics directly impacts both form and function across numerous animal 

models (Engler et al., 2009), the lack of a biophysical description of the Drosophila conical 

chamber severely limits our understanding of cardiovascular dynamics in such a genetically 

tractable system.  

 Atomic force microscopy (AFM) has been the standard biophysical method used to 

obtain force-indentation curves, which when fit with a mathematical model of a sphere indenting 

a material assumed to be homogeneous and thick as compared to indentation depth (Hertz, 1882; 

Radmacher, 2002) can determine tissue elastic moduli, or ‘stiffness’ (measured in Pascal, Pa). 

For biological materials, such assumptions are not generally valid since the material’s 

composition can be very heterogeneous and are often composed of bonded layers such as the 

Drosophila heart tube or skin or blood vessels in mammals. When indentations are small, i.e. 
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<10% global strain throughout the bulk material, it is possible to obtain elastic properties of the 

top layer of such materials as the strain field is not overly influenced by subsequent layers 

(Engler et al., 2004b; Reinhart-King et al., 2003; Roduit et al., 2009). In cases where the top 

layer is too thin to dissipate the strain from indentation before being influenced by underlying 

layer(s), correction models need to be applied. Two prominent correction methods include those 

introduced by Dimitriadis and co-workers (Dimitriadis et al., 2002) and Clifford and Seah 

(Clifford and Seah, 2009). The former method requires that juxtaposed layer(s) have sufficient 

moduli mismatch such as with cells adhering to a glass coverslip (Mahaffy et al., 2004; Rotsch 

et al., 1999). The latter method establishes an estimate for when the underlying layer’s 

indentation influences measurement of the top layer based on a ratio of both moduli. These thin 

coating analysis methods may not pose a problem for isolated cells such as cardiomyocytes in 

vitro, which show stiffness changes with maturation (Collinsworth et al., 2002) and age (Lieber 

et al., 2004), since isolation simplifies the complex mechanical environment that the cells 

inhabit in vivo. However, for more representative in situ measurements of intact cells where 

heterogeneous muscle layers potentially exist, this poses a substantial problem for current 

analysis methods. 

Our goal was to establish a straightforward analysis method for thin biphasic materials, 

especially those that are biological, where layer properties need not vary dramatically, within a 

well-characterized model system. The Linearized-Hertz method has been previously described 

for such occasions (Guo and Akhremitchev, 2006) where the elastic moduli of juxtaposed soft 

layers can be determined from a single force-indentation curve.  Similar analyses have been 

applied to cell indentation where the cell is assumed to be a bilayer of soft cytosol and rigid 

cytoskeletal filaments (Carl and Schillers, 2008; Kim et al., 2011). However, previous 

descriptions lack rigorous verification in (synthetic?) polymer models and layered tissues and 

do not explicitly attribute depth-dependent findings to specific layers. Straightforward 
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methodological explanation and convenient analysis software also appear lacking. Here, we 

perform an analysis on model bilayered systems consisting of polydimethylsiloxane (PDMS) 

cast in layers and in situ indentation of the conical chamber of the Drosophila heart tube. We 

hypothesized that RNA interference (RNAi)-mediated myofibrillar disruption and aging would 

decrease and increase Drosophila cardiac fiber stiffness, respectively. Cardiomyocyte-specific 

RNAi targeted against myosin heavy chain (MHC), a major myofibrillar component, softened 

the cardiomyocyte layer of the fly heart without eliciting any significant stiffness change of the 

ventral layer. Age-induced stiffening in both layers was observed, which suggests wide 

applicability of our approach to models of cardiovascular aging. Together these data suggest 

that this analysis method enables direct in situ measurements of dysfunction in diverse, multi-

layered, biological specimens.   

 

Methods and Materials 

Drosophila Husbandry and Preparation 

Flies were maintained at 25˚C on standard cornmeal-agar medium. Control (yw) adult 

female flies were transferred to fresh food every 2–3 days and aged for 1 or 5 weeks. UAS-

MHC RNAi flies (VDRC transformant ID 105355 KK) were crossed to Hand-Gal4 (II) driver 

flies (Han et al., 2006). The progeny express hairpins targeted against MHC transcripts, to 

reduce MHC expression, in a cardiomyocyte restricted manner. The parental Drosophila RNAi 

line has an “interfering RNA” coding region of a transgene located just downstream of the yeast 

“Upstream Activating Sequence”. The gene cassette containing the RNAi hairpin remains 

inactive in the absence of the yeast GAL4 transactivating protein. When flies carrying the UAS- 

MHC RNAi construct are crossed with flies carrying the GAL4 transcriptional activator, the 

progeny inherit both genes and will express the RNAi in the same pattern as GAL4. Transgenic 

RNAi expressed via the UAS/Gal4 system allows manipulation of gene expression in a highly 
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precise spatial fashion with heart specific Hand drivers. The adult progeny expressing 

cardiomyocyte-restricted RNAi targeted against myosin heavy chain (MHC) were aged for 1 

week (see Figure 3.4). Myosin-GFP flies (from http://flytrap.med.yale.edu, flytrap name: 

YD0783) were used to illustrate heart tube structure (see Figure 1b). 

 

Figure 3.2. Drosophila heart structure and sample geometry. A. Ventral and orthogonal view of fly. 
B. Indentation of bilayered heart. C. GFP labeling of fly heart with indenter placed over ventral surface. 
 
 

Microsurgery and Imaging of Drosophila Heart 

Beating cardiac tubes for each genotype or age group were exposed via microsurgery 

(n ≥ 20) according to Ocorr and Vogler (Vogler and Ocorr, 2009). All procedures were 
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performed at room temperature (18-22°C), under oxygenated hemolymph as previously 

described (Cammarato et al., 2008; Ocorr et al., 2007). Flies were anesthetized before mounting 

(dorsal side down) on 25 mm diameter coverslips and removal of the head, ventral thorax and 

abdominal cuticle (Vogler and Ocorr, 2009). All ventral tissues except the heart were excised. 

Conical chambers were carefully cleaned of all extraneous debris, e.g. adipose and nervous 

tissue. Exposed hearts typically exhibited rhythmic contractions for up to four hours, though 

immediately before nanoindentation heart tube contractions were inhibited by incubation in 

oxygenated hemolymph containing 10mM EGTA, resulting in heart tube relaxation including a 

cessation of flow and pressure gradients and an opening of ostia, i.e. inlet valves on the side of 

the heart. Motion-mode (M-mode) kymographs were generated from 30-sec brightfield movies 

of beating hearts taken at rates of 100–200 frames/sec using a Hamamatsu EM-CCD digital 

camera on a Leica DM LFSA microscope with a 10X immersion lens. M-modes were created 

by a previously described Matlab-based image analysis program (Fink et al., 2009).  

 To fluorescently label Drosophila heart tubes, rhythmic contractions were arrested by 

hemolymph containing 10mM EGTA. Hearts were fixed in phosphate buffer solution (PBS) 

containing 4% formaldehyde for 20 min, rinsed three times for 10 min with PBSTx (PBS 

containing 0.1% Triton-X-100), incubated with Alexa584-phalloidin in PBSTx (1:1000) for 20 

min, and washed again three times with PBSTx for 10 min, all at 25oC with gentle agitation. 

The specimens were mounted on microscope slides with Vectashield and viewed at 10X 

magnification using a Zeiss Imager Z1 fluorescent microscope equipped with an Apotome 

sliding module.  

 

Fabrication of PDMS Bilayers 

Polydimethylsiloxane (PDMS) made from Sylgard® 184 Silicone Elastomer Base 

(Dow Corning, Midland, MI) was fabricated with varying elastic modulus and thickness by 
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changing the ratio of curing agent to elastomer (1:45 for stiffer and 1:60 for softer PDMS) 

(Goffin et al., 2006) and the angular velocity (1000 – 12000 RPM) at which the uncured PDMS 

was spun, respectively. PDMS was placed on a spincoater (Laurell Technologies; North Wales, 

PA) and spun for 80 sec at 1000 and 12000 RPM to achieve film heights of 75.0 ± 8.0 µm and 

8.5 ± 1.5 µm, respectively, as measured by Dektak 3030 Surface Profiler (Veeco; Santa Barbara, 

CA). PDMS with a curing ratio of 1:45 and 1:50 was thermo-set for 30 min at 60-70°C and 

PDMS with a curing ratio of 1:60 was thermo-set for either 30 min at 60-70°C (1000 RPM) or 

24 hrs at room temperature (12000 RPM). A bilayer material was made from spinning a 12000 

RPM film (1:60 curing ratio) onto a pre-cured 1000 RPM layer (of indicated curing ratio) and 

subsequently thermo-setting the bilayer for 24 hrs at room temperature. During thermosetting, 

the second layer will bind to the primary layer resulting in a bonded, bilayer material. 75 µm 

thick, 1:45 curing ratio PDMS was also respun at 12000 RPM and thermo-set for 24 hrs at room 

temperature to mimic the multiple spins required for bilayer fabrication.  

 

Atomic Force Microscopy Indentation and Force Curve Analysis 

All nanoindentation was performed with an MFP-3D Bio Atomic Force Microscope 

(Asylum Research; Santa Barbara, CA) mounted on a Ti-U fluorescent inverted microscope 

(Nikon Instruments; Melville, NY). 120 pN/nm silicon nitride or 7500 pN/nm silicon cantilevers 

with pre-mounted borosilicate spheres (2µm radius, Novascan Technologies; Ames, IA) were 

used to indent Drosophila heart tubes or PDMS, respectively. Probes were calibrated using a 

thermal noise method provided by the MFP-3D Bio software.  

For Drosophila heart indentation, yw adult female flies were immobilized on glass 

supports. Myogenic contractions of surgically-expose heart tubes were arrested and the AFM 

probe was aligned with the centerline of the conical chamber of the heart tube (Figure 1c). A 1 

µm2 area was then probed in a 4x4 grid of indentations. Both Drosophila and PDMS were 
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indented up to a 100 nm cantilever deflection using approach and retraction speeds of 1 µm/s 

unless otherwise indicated. Probe deflection and position were monitored during indentation to 

produce plots of force, F, versus indentation depth, δ. Sample F-δ curves are shown for single 

and bilayered PDMS. All measurements were performed in liquid using hemolymph 

(Drosophila) or deionized water containing 2% w/v bovine serum albumin (PDMS). Drosophila 

nanoindentation was performed only on freshly isolated specimens. No significant probe-

sample adhesion was observed. 

 Force-indentation curves made from a spherical indenter pressing into a sufficiently 

thick material with uniform properties are commonly analyzed by a method from Hertz (Hertz, 

1882). In this model, the elastic modulus, E, is directly proportional to the load, F, distributed 

over the contact area and inversely proportional to indentation depth, δ: 

 

   F=4/3E/((1-ν2)) √(Rδ3 ) 

 

where R is the radius of the sphere and ν is the Poisson ratio of the surface. Hertz 

analysis is highly dependent on accurately choosing the probe-material contact point, which is 

difficult for soft materials, and produces only a single elastic modulus (Engler et al., 2007). 

Equation 1 was transformed so that Equation 2 is now linearly dependent on indentation depth 

changes and the slope is directly proportional to E⅔ (see Figure 2b) (Guo and Akhremitchev, 

2006):  

 

∆F2/3/∆δ=(4/3 E/((1-ν2)) √R)2/3 

 

From this transformation, elastic modulus can be directly calculated from the slope 

without the need to determine the contact point. Linearized-Hertz and conventional force-
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indentation curves (labeled as Hertz) were analyzed using custom written software in MATLAB 

(Mathworks, Natick, MA) that automates linear regression and least squares fitting analysis of 

the raw data to Equations 1 and 2, respectively. This software is available for download at 

http://ecm.ucsd.edu/AFM.html, as well as example force curves used in this analysis. 

 

 

Figure 3.3. Nanoindentation analysis of Drosophila myocardium. Fitting of Hertz and linearized-Hertz 
transform equation.  

 

 To outline the software’s approach, the F2/3-δ curve is fit from maximum indentation 

depths backward toward the contact point in an iterative fashion until the coefficient of 

determination falls below 0.99. This isolates the fit slope of the deep indentation, which can be 

converted to an elastic modulus using Equation 2. The software then begins a second shallow-

indentation fit of the F2/3-δ curve from progressive indentation depths back toward the contact 

point until the coefficient of determination falls below 0.95, isolating the portion of the curve 

for which only the top layer is ‘felt’. Note that the contact point does not need to be explicitly 

calculated as this transformation approach focuses on fitting linear regions of the F2/3-δ curve. 

The first linear region will always be the approach portion of the curve and at least one other 
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linear region will be present and correspond to the material. The difference in slope between 

these lines will clearly delineate the regions of contact and non-contact.  

In Hertzian analysis of F-δ curves from bilayers, we employ two new boundary 

conditions: 1) the indentation limit of the Hertzian shallow fit will be the same as for the 

Linearized-Hertz method and 2) the F2/3-δ curve’s deep fit x-intercept (Figure 2b; dashed orange 

line) will be used as a ‘virtual contact point’ to determine the starting point for a Hertzian deep 

fit. Using these modification produces two fits that mirror the Linearized-Hertz method by 

providing two moduli using coefficients of determination of 0.9 (Figure 2a; black data versus 

light gray and orange curve fits; black data versus green and red curve fits). Due to error 

susceptibility differences in curve shape, i.e. F vs F2/3, as well as errors in contact point 

determination, the modified Hertz fit could not always be computed for each curve fit with the 

Linearized-Hertz method, hence the differences in the number of data points for Figures 5 and 

6. 

 

Sample Size and Statistical Analysis 

Indentation analysis was performed approximately at the centerline of the conical 

chamber for all flies, with typically16 F-δ curves per fly. Measurements were performed on 22, 

20, and 21 flies per group yielding 301, 244, and 301 total analyzable curves for 1 week old yw, 

5 week old yw, and 1 week old MHC RNAi-expressing heart tubes, respectively. Due to 

variations between PDMS samples, single samples were indented at least three different 

locations on the sample with 192, 128, 74, and 64 curves analyzed for indentations of bilayered, 

75 µm thick/1:45 curing ratio, 75 µm thick/1:60 curing ratio, and 8.5 µm thick/1:60 curing ratio 

PDMS, respectively. PDMS loading rate experiments were analyzed from indentations at at 

least three different locations on the sample with 64 curves each. All PDMS samples within 

each plot were made simultaneously from the same solutions. All box-and-whisker plots show 
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and have statistics computed for all data pooled together, whether from multiple samples or 

single samples as indicated above. Statistical significance was determined by Wilcoxon rank-

sum test of the stiffness distributions, where statistical significance was assigned when p was at 

least less than 0.05. 

 

Results 

Indentation Analysis 

The F-δ behavior of Drosophila myocardium was found not to match Hertz model 

behavior for indentation of a single material, i.e. Equation 1 (Figure 2a; black versus gray 

curves). This suggests the heterogeneous muscle layers of the Drosophila heart likely exhibit 

distinct biophysical properties. A power-law transformation was performed to linearize 

Equation 1 (F-δ data) into Equation 2 (F2/3-δ), referred to as the Linearized-Hertz equation 

since Hertzian material behavior is not represented by a straight line on the plot. Using an 

algorithm to detect these linear regimes with fitting tolerances at least exceeding R2 > 0.95 in 

the transformed curve, the plot of force to the 2/3 power versus indentation (F2/3-δ) was found 

to become linear in two distinct regions with different moduli (Figure 2b). We hypothesized that 

this was due to the distinct bilayered structure of the Drosophila heart where, up to indentations 

<10% of heart thickness, mechanics are dominated by one material or another depending on 

indentation depth. The ventral layer is only ~1-2 µm thick (Figure 1b), so linear fits of shallow 

indentations represent small strains (Figure 2b; inset) and produce moduli that agree with 

previous Hertzian analysis (Engler et al., 2004b; Roduit et al., 2009). When the ventral layer is 

completely compressed at deep indentations, cardiomyocyte layer properties should appear and 

represent the second linear portion of the plot as previously predicted by computational finite 

element analysis (Roduit et al., 2009). The transition region between the two layers is likely 

dependent on moduli and thickness differences of the layers, as predicted both from indentation 
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and modeling (Dimitriadis et al., 2002; Engler et al., 2004b; Reinhart-King et al., 2003; Roduit 

et al., 2009). However, the model set forth here is focused on linear regions of the transform 

and not the transition as the former indicates bulk material stiffness of the single tissue layer 

bearing the brunt of that strain at that point of indentation.  

 

 

Figure 3.4. Indentation of single and bilayer polymer materials. Depth-dependent mechanics and 
extraction of moduli in bilayered PDMS. 
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 To verify this interpretation and analysis, polydimethylsiloxane (PDMS) was fabricated 

as a synthetic model system with either one or two layers. Each layer contained PDMS of a 

different polymer curing ratio to modulate stiffness and differed in thickness. Samples were 

indented by AFM, and to confirm linearity, force and force to the 2/3 power were plotted versus 

cantilever z-position (F-z-position and F2/3-z-position, respectively) to include the approach 

region before indentation. For linear regions in the F2/3-z-position plot, its derivative, dF2/3/dz, 

should result in a straight, flat line. F2/3-z-position plots of bilayered PDMS exhibit 3 linear 

regions. These correspond to moduli describing tip approach (which is zero), the top layer, and 

the second layer (indicated by dashed lines) with the latter two linear regions separated by a 

non-linear transition. This analysis does not rely on directly determining the contact point 

between the material and the AFM tip. As with Drosophila, transformation of PDMS force-

indentation curves (Figure 3a) again shows linear behavior that permits the determination of an 

elastic modulus over that linear indentation depth range (Figure 3b). Single layer PDMS 

exhibited a near 10-fold difference in elastic modulus as a function of polymer curing ratio, 

independent of PDMS thickness (Figure 3c). For bilayer PDMS, the slope of the force-

indentation curve and its transform is quite shallow at first as the indentation depth of the 

transition between top and bottom layers was found to depend on thickness and moduli 

differences. Increasing thickness of the top layer allowed for increased compression before the 

effects of the bottom layer were observed. On the other hand, increasing bottom layer modulus 

allowed for less compression before onset of the modulus transition. This result is consistent 

with thin film AFM models where thicker and less mismatched layers require less correction 

due to lower strains (Clifford and Seah, 2006; Dimitriadis et al., 2002; Engler et al., 2004b; 

Roduit et al., 2009). Most importantly, the elastic modulus of the top layer is nearly identical to 

the single layer modulus of the same curing ratio, irrespective of its thickness (Figure 3c). After 

a transition region where both layers are likely compressed resulting in non-linear behavior, 
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transformation using Equation 2 again linearizes data and permits the determination of a second 

modulus (Figure 3c), which is not possible for thin film AFM models (Clifford and Seah, 2006; 

Dimitriadis et al., 2002; Engler et al., 2004b; Roduit et al., 2009). For bilayered PDMS, when 

the bottom layer was compared to single layered PDMS of the same curing ratio, layer elastic 

moduli were nearly identical. It should be noted that PDMS is a loading rate-sensitive material 

(Sun and Walker, 2005), and when indented at different loading rates, both single and bilayered 

materials had proportionately increased moduli as a function of PDMS curing ratio. For this 

reason, Drosophila measurements were made at the same loading rate. 

 

 

Figure 3.5. Physiological effects of MHC knockdown in the Drosophila heart tube. MHC KD 
results in loss of cardiac myofibrils and impaired contraction. 

 

Cardiac-Specific MHC Knockdown 

Myofibrillar disassembly likely leads to changes in myocardial stiffness. To verify that 

our analysis can determine independent mechanical changes in situ in a multilayered system 

such as the adult Drosophila heart tube, cardiac-specific (Han et al., 2006) RNAi for myosin 

heavy chain (MHC) was used to genetically modify cardiomyocytes and not ventral muscle 

fibers. Cardiomyocyte-restricted MHC knockdown induced a marked reduction in myofibrillar 

density in 1 week old flies relative to control (Figure 4; top). Moreover, severely depressed wall 
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motion and loss of rhythmic contractions confirmed extensive functional impairment of the 

heart tube (Figure 3.4; bottom). Both F-δ and F2/3-δ plots measured from ethylene glycol 

tetraacetic acid (EGTA)-arrested hearts indicated that there was no difference in slope at shallow 

indentation depths, corresponding to a lack of change in passive mechanics of the thinner ventral 

muscle. Interestingly, there was an appreciable difference between RNAi-treated and control 

flies at deep indentation depths, corresponding to differences in the mechanical properties of 

the cardiomyocytes (Figure 3.S6). Fits from the Linearized-Hertz and the Hertz analysis method 

based on Equation 1 confirmed that cardiac-specific RNAi did not significantly change median 

ventral muscle stiffness, i.e. < 10% (Figure 3.5a), but did cause a significant 2-fold reduction in 

median cardiomyocyte stiffness (Figure 3.5b). Despite the RNAi treatment, it is important to 

note that the cardiomyocytes remained an order of magnitude stiffer than the ventral muscle, 

ensuring the accuracy of our detection technique. 

 

 

Figure 3.6. MHC knockdown decreases cardiomyocyte cortical stiffness. Cardiac stiffness 
decreases with MHC KD while ventral muscle is unchanged. 
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Cardiac Stiffness Increases with Age 

In addition to robust genetic tools that make the organism a highly tractable system for 

investigating cardiac biology, Drosophila ages rapidly and therefore serves as an efficient model 

for studying senescent-dependent changes in myocardial properties. Hence we monitored heart 

tube stiffness as a function of age. Contrary to the effect of cardiac-restricted genetic 

manipulation of MHC (Figure 3.S6; compare red and blue curves), F-δ and F2/3-δ plots 

indicated an increase in slope for both shallow and deep indentation depths of EGTA-arrested 

hearts in 5 week old relative to 1 week old control flies (compare green and red curves, 

respectively). Using the Linearized-Hertz method, 5 week old flies were found to exhibit a 

statistically significant, 2.5-fold increase in median cardiomyocyte stiffness versus 1 week old 

flies (Figure 3.6a). Ventral stiffness increased 50% though remained an order of magnitude 

softer than cardiomyocytes at 5 weeks of age (Figure 3.6b). 

 

 

Figure 3.7. Aging increases cortical myocardial stiffness in wildtype Drosophila. Aging 
increases stiffness of both muscle layers with age. 

 

Discussion 

Analysis Advantages for Soft Bilayered Materials 

Analysis of force-indentation curves from soft materials is often complicated by 

difficulties in determining the “contact point,” the point at which the AFM probe contacts the 
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material, e.g. the F-δ curve slope may only be slightly higher than the thermal noise associated 

with probe fluctuations. The softness of many biological materials and the possibility for 

multiple layers of different materials further complicate the analysis (Engler et al., 2007). For 

layered materials, previous corrections to the Hertz model are useful specifically where the 

stiffness of one substrate is orders of magnitude greater than the other (Dimitriadis et al., 2002).  

 To date, there have only been limited observations of the phenomenon we observed in 

Drosophila myocardium, where the underlying materials of interest are both soft. Linearized-

Hertz analysis of cell indentation reveals two separate depth-dependent moduli (Carl and 

Schillers, 2008) and varying stiffness by ablating cytoarchitectural proteins has been shown to 

induce changes in these depth-dependent moduli (Kim et al., 2011).  The most complete analysis 

of this phenomenon has involved finite element modeling where force-indentation curves were 

identical at shallow indentations depths but increased with stiffening of in the underlying layer 

for deep indentation (Roduit et al., 2009). Though their work gave critical insight in how 

bilayers behave during nanoindentation qualitatively, no rigorous quantification of this 

phenomenon was performed. By using a Linearized-Hertz fit with sufficient indentation depth 

for both layered PDMS and the Drosophila heart tube, we further demonstrate the ability to 

determine stiffness of separate layers with similar mechanical properties but do so within well-

characterized soft, bilayered materials in situ. While this Linearized-Hertz model sufficiently 

describes indentations of 2-3microns, other well-established hyperleastic indentation models 

may be more appropriate for deeper indentation or more complex cytoarchitectures (Lin et al., 

2009). 

It is important to note three considerations for this analysis method as it relates to either 

model system. First, the conical chamber of Drosophila is slightly rounded with a lateral pitch 

change of < 1o per µm (Figure 3.1b). By using a 2 µm radius sphere at the centerline of the 

tube, this curvature likely has negligible effects. Second, for all of the indentations performed, 
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the Linearized-Hertz fits converged to a solution for all curves given fitting tolerances. Even 

with adjustments made to the Hertz approach, e.g. fitting a deep indentation region with a 

“virtual” second contact point, fewer than half of the data could be fit by standard Hertzian 

analysis, accounting for differences in scatter plot density (Figures 5 and 6). This indicates that 

linearization produces a much more robust determination of biophysical parameters for bilayers 

since AFM measures relative z-position and force, which is the only measure needed for the 

linearized method. 

Finally, the Hertz and Linearized-Hertz models are mathematically identical, so they 

should yield similar results, although Hertz fitting requires three fitting parameters (z-position 

and force at contact and the elastic modulus for which the fit is calculated) versus one parameter 

for Linearized-Hertz. Since AFM software displays relative indenter z-position and force, one 

must use algorithms to calculate the contact point, which is often done over a single range of z-

position and applied to a single Hertz model (Engler et al., 2007). For a monolayer, model 

differences are negligible as only one contact point is needed. This is directly tested here for 

shallow indentations into the ventral muscle where both methods yield identical median moduli 

(Figure 3.5a).  

To accurately measure bilayered materials with Hertzian analysis, a “contact point” for 

each layer must be obtained from separate analysis ranges. Otherwise, single contact point 

analysis will lead to a single, inaccurate modulus and poorly fit data (Figure 3.2a, gray versus 

black). Since imprecise contact-point-dependent analysis can introduce errors up to several fold 

even for monolayers (Azeloglu and Costa, 2011), this multi-“contact” approach for bilayers is 

likely to be increasingly error prone. Though methods that diminish the error introduced by a 

poorly calculated contact point have been established, these still require such a calculation (A-

Hassan et al., 1998). In comparison, the Linearized-Hertz method relies only on the slope of the 

curve and thus is a truly “contact-point-independent” analysis method. Proper analysis only 
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requires that the user indent the material to an appropriate depth and then fit data based on 

relative differences within the force-indentation curve. In the case of bilayered materials, 

linearization of a sufficiently deep force-indentation curve reveals two straight lines both 

visually (Figure 3.2b, black) and through fitting (Figure 3.2b, orange and light grey). For 

materials consisting of three or more sufficiently thick layers, as compared to the indenter 

radius, Linearized-Hertz analysis would reveal three lines in the same way. Thus the advantage 

of this analysis method is that the F2/3-δ plots of Linearized-Hertzian analysis give straight lines 

that are easy to fit, making this fitting method more user-friendly and intuitive to novice 

biological AFM users. 

 

Analyzing the Origins of Biological Stiffness 

Direct application of sufficient force to ventrally-exposed, beating Drosophila 

myocardium results in the attenuation of rhythmic beating. A 50 µm indentation reportedly 

causes a total occlusion of the larval Drosophila heart tube (Senatore et al., 2010). This level of 

myocyte deformation is known to open the stretch-sensitive, calcium-permeable transient 

receptor potential (TRP) channel Painless, which would increase intracellular free calcium and 

potentially augment force production (Senatore et al., 2010). It is critical to note that the AFM 

indentation performed here is more than an order of magnitude smaller than indentation that 

induced cardiomyocyte arrest. For example, a 2µm-radius sphere indenting the adult Drosophila 

heart tube would create no more than 0.151% strain when examined in cross-section (Figure 

3.S7). Thus nominal indentation of a relaxed heart with open ostial valves and a sufficiently 

thick wall (Figure 3.1b) would produce negligible global tube compression and thus not require 

a more complicated indentation model accounting for fluid compression within the tube. 

Moreover, this small amount of strain is below previously observed strain required for channel 

activation (Charras and Horton, 2002) and emphasizes that this AFM method seeks to minimize 
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strain to measure an intrinsic, passive material property and not a mechanobiological response. 

If, however, our indentation caused Painless or additional stretch sensitive channels to open in 

adult hearts, rapid myocyte stiffening should have been observed with the linearized F2/3-δ 

curve becoming non-linear, which was not the case (Figure 3.S2) and suggests active stiffening 

is not transpiring. 

 

How Genetics and Aging Affects Drosophila Heart Stiffness 

Due to its short life-cycle and genetic tractability, Drosophila is an ideal model 

organism for investigating senescent-dependent changes in cardiac biology with relatively high 

temporal throughput. A recent Drosophila genome-wide screen found that expression of a 

significant number of adhesion-related genes was vital to heart performance (Neely et al., 2010). 

Age-related differences in expression of these genes would likely affect cardiac function. The 

analysis method described here would thus serve as a useful biophysical method to complement 

current microscopy analyses used to identify the passive mechanical role played by these 

proteins, e.g. myofibril disassembly and decreased fractional shortening–the difference in heart 

tube diameter at systole relative to diastole (Cammarato et al., 2008; Taghli-Lamallem et al., 

2008). This is especially true for age-related studies considering the significant age-related 

increase in myocardial stiffness observed by AFM (Figure 3.6). Our method could also act as a 

screen and/or confirm the function of mammalian-conserved, mechanically-sensitive proteins, 

such as has been implicated with the cell adhesion molecules faint sausage and DE-cadherin 

and the extracellular matrix protein laminin A (Haag et al., 1999).  These proteins are essential 

for tube formation and maintenance, respectively, and their ablation, which is known to cause 

breaks in the heart tube during embryonic development (Haag et al., 1999), may likely impair 

force transduction, decrease sarcomere assembly, and thus decrease myocyte stiffness. This 



 74

connection is highly plausible given the link shown here between MHC knockdown, reduced 

myofibrillar content (Figure 3.4), and cell softening (Figure 3.5).  

 It is important to note that genetic changes can be localized to cardiomyocytes with the 

Hand-Gal4 (II) driver (Han et al., 2006) so that comparisons of control and RNAi–treated 

Drosophila can occur in a cardiac-autonomous fashion in the absence of other defects. For 

example, Figure 3.5 confirms the ability of our method to parse individual tissue properties 

between the muscle layers and likely does not reflect contributions from matrix between the 

muscle layers as it exceedingly thin, i.e. tens of nanometers (Miller, 1950), compared to the 

muscle layers and the size of our indenter. Moreover, the lack of change in ventral muscle 

despite MHC knockdown in adjacent cardiomyocytes also suggests that there is little 

interdependence between the two muscle layers as observed classically in single cells (Vogel 

and Sheetz, 2006).  

One complication of using biological specimens is the significant animal-to-animal 

variation in stiffness; measurement variance within a given fly for example ranged from 5 to 40 

percent as a function of age (1 to 5 weeks) and up to 20 percent with MHC knockdown. 

Although this variance is similar to that seen with other AFM cell and tissue analyses 

(Collinsworth et al., 2002; Engler et al., 2004a), the relatively high temporal throughput of the 

Drosophila model for age-or disease- related analyses combined with the automated analysis of 

our method makes the number of specimens analyzed limited only by the ability of the end user 

to generate AFM-ready samples. We found that sufficient statistical power was achieved, i.e. 

significant differences in populations as determined by Wilcoxon rank-sum tests, when sample 

populations exceeded 20. With an average measurement time of 20 min per fly, a sufficiently 

large data set for a given fly genotype can be obtained in a matter of hours, making this technique 

suitable for the average end user to perform relatively large high throughput screens. 
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 We believe that this linearized-Hertz method of force-indentation analysis can provide 

biologists with a direct biophysical understanding of how specific perturbations alter tissue 

function, which cannot be done with preexisting genetic tools and imaging methods (Ocorr et 

al., 2007; Taghli-Lamallem et al., 2008; Wolf et al., 2006).  Though we present analysis in the 

fly heart tube here, and to our knowledge the first demonstration of direct, passive mechanical 

in situ measurements of cellular bilayers, applications in other layered tubes and tissues which 

previously could not be analyzed biophysically, such as blood vessels and skin, respectively, 

can be easily adapted to this method making it a useful tool to the biological community. 
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Introduction 

 The average age worldwide is projected to increase dramatically in the coming decades. 

Advanced age is a primary risk factor for cardiac dysfunction and subsequent morbidity and 

mortality (1). Treating age-related heart failure is complicated due to its heterogeneous 

etiologies. A multitude of events are associated with cardiac aging on multiple scales, which are 

thought to impair systolic and diastolic myocardial performance (1, 2). Remodeling 

fundamentally begins with molecular changes, such as altered cell growth regulation (3) and 

protein expression (4). Cardiomyocyte renewal in the heart is limited (5), suggesting that 

functional maintenance may depend upon molecular remodeling over time or age-related 

compensatory responses to minimize damage. Identifying individual, age-associated 

compensatory events is made difficult because of the diversity of aging processes within and 

between conventional models as well as an abundance of maladaptive events. However, 

integrated approaches that identify conserved hallmarks of cardiac aging and verify their 

positive or negative functional consequences can assist in the identification of therapeutic 

targets for treating age-related heart failure or improving outcomes during aging.  

 The cortical cytoskeleton in cardiomyocytes couples sarcomeres to the membrane at 

cell-matrix (costameric) and cell-cell (intercalated disc or ID) junctions to translate molecular 

movements into cell shortening. It undergoes significant remodeling during heart failure in 

aging patients (6, 7). Mechanical unloading via left-ventricular assist devices can restore 

baseline cytoskeletal gene expression and contractile function (8-10), suggesting a relationship 

between the cytoskeleton, ventricular contractility, and ventricular load. Aging can also alter 

specific cytoskeletal proteins’ mechanotransduction, the signaling induced by changing 

physical forces. Vinculin, for example, is force-sensitive (11, 12) and regulates cell shape (13, 

14) and intracellular signaling (15, 16). In cardiomyocytes, vinculin is localized to both 

costameres and IDs (14, 17), reinforces each during mechanical loading (14, 18) by crosslinking 
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transmembrane adhesion proteins with the cortical actin superstructure (19, 20), and its mutation 

results in cardiomyopathy (21). In aging patients, vinculin is overexpressed at both costameres 

and IDs (7), which suggests that it may influence myocardial performance with age. However, 

conservation of cardiomyocyte cytoskeletal remodeling and the structural and functional 

consequences of vinculin overexpression specifically have never been investigated. Therefore, 

we investigated the impact of cortical cytoskeletal remodeling on cardiac cell structure, 

mechanics, and the maintenance of function with advanced age. 

 To assess conservation of known aging hallmarks and identify novel molecular 

alterations, we analyzed the left ventricular proteomes of adult and aged simians (Macacca 

mulatta) and rats (Rattus norvegicus) using mass spectrometry (MS), representing the first 

detailed analysis of the human-like aging simian cardiac proteome. Subsequent bioinformatic 

investigations suggest that the cytoskeletal vinculin network has a central, conserved role during 

cardiac aging. Using Drosophila melanogaster, a rapidly aging and genetically tractable model 

system, we observed that cardiac overexpression of vinculin induced extensive cytoskeletal and 

cellular remodeling. It also correlated with preserved contractile function with age and enhanced 

contractility in both wildtype and myosin-deficient fly hearts. Average and maximal lifespan 

were significantly extended in Drosophila with cardiac-specific vinculin-overexpression. In 

contrast to a perception that remodeling is predominantly maladaptive, these data strongly 

suggest a beneficial role for vinculin-mediated restructuring in the aging heart. This is the first 

study demonstrating cytoskeletal remodeling as a compensatory mechanism in which tensional 

homeostasis is altered in order to preserve cardiac function during aging.  
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Figure 4.1: Proteomic analysis of mammalian left ventricles. A. Experimental design for protein 
isolation. B. Comparative changes in protein expression grouped by gene ontology. C. Changes in the 
vinculin (VCL) pathway. D. Biomarkers and therapeutic targets of cardiac aging. 

 

Results  

Age-related Remodeling in Simian and Murine Ventricles 

 Proteomic quantification of adult versus aged rhesus monkey (11 vs. 22 years) and rat 

(6 vs. 24 months) left ventricular free wall myocardium was performed (Figure 4.1A). Tryptic 
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peptides were detected using reversed-phase liquid chromatography mass spectrometry (MS) 

and a total of 1,206 (monkey) and 1,086 (rat) non-redundant proteins were quantified. Of these 

proteins, 602 were common between species (Figure 1). Categorization by ontological 

annotation was performed using Software Tool for Rapid Annotation of Proteins (STRAP) and 

Ingenuity Pathway Analysis (IPA). Cytoskeletal proteins were among the most enriched groups 

in monkeys and rats despite differences in gender and age ratio. Moreover, the most enriched 

biological functions in both species involved molecules with a role in subcellular organization, 

or formation and maintenance of intracellular and/or organelle structure. Based on label-free 

quantification via normalized spectral counts, proteins involved in the cytoskeleton and cell 

organization had increased quantity with age, especially in monkeys. These proteins were 

associated with cardiac biological functions, including cardiovascular disease, and with 

numerous cardiac toxicological functions, such as arrhythmia, hypertrophy, and failure. Given 

increased spectral counts with age for peptides associated with cytoskeletal ontologies, IPA was 

employed to determine interaction networks. In Figure 4.1C, expression changes for rat (filled 

shapes) and monkey (shape outlines) are shown for a cytoskeletal network centered on vinculin, 

which exhibited significant age-associated upregulation in rhesus monkeys (+32%). A 

significant change in vinculin abundance in rats (-9%) was not detectable by our MS-based 

approach. However, increases in vinculin network components (Figure 4.1C,D) and expression 

of vinculin itself, as measured by western blotting (+35%), were observed (Figure 4.2A). Figure 

4.1D additionally depicts a vinculin-centric network of cardiac aging biomarkers whose deletion 

or mutation are associated with cardiomyopathy and may serve as therapeutic targets. Most of 

these markers are contractile- or cytoskeletal-related. 
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Figure 4.2: Vinculin expression and localization in aging rats. A. Cardiac vinculin expression 
increases with age. B. Comparison of ventricular contraction. C, D, E. Biometrics of adult and aged rats. 
F, G. Altered vinculin expression in aged rats. 

 

Vinculin Localization Changes in Aging Rat Ventricles 

 Prior to isolation, physiological assessments were performed on rat hearts. Rats 

experienced increased body weight, heart weight, and total cardiac output with age, although 

heart weight and cardiac output normalized to body weight did not differ, suggesting that they 

were undergoing physiological aging and non-pathological hypertrophy at this age. 

Kymographs from echocardiography (Figure 4.2B) identified significant changes in diastolic 

and systolic left ventricular internal dimension (Figure 4.2C and D) and resulted in a modest 
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decrease in fractional shortening with age (Figure 4.2E) as observed previously (22). Histology 

indicated an age-related increase in ID (connexin 43-colocalizing) and non-ID localization of 

vinculin in aged rat myocardium (Figure 4.2F, G), reminiscent of elderly patient hearts (23). 

Vinculin is found at the cell membrane in association with transmembrane proteins with its head 

domain and, upon binding, bundles cortical filamentous actin with its tail domain (19, 24, 25). 

Thus, increased vinculin expression may reinforce the cortical actin superstructure during aging, 

leading to measurable changes in cortical stiffness. To directly evaluate this, atomic force 

microscopy (AFM)-based nanoindentation was performed on isolated rat cardiomyocytes to 

probe cortical stiffness, a reflection of cytoskeletal integrity or actin superstructure abundance 

and its cross-linking by actin-binding proteins such as vinculin. Stiffness measurements 

revealed no significant differences between age groups. However, isolated cells at these ages 

were poorly spread and minimally adherent, suggesting that isolation compromised cytoskeletal 

integrity. Thus, mechanical assessment required use of Drosophila, an in situ model system with 

preserved cytoskeletal structure and protein homology. 
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Figure 4.3: Age-related diastolic remodeling in the Drosophila heart. A. Ventral image of fly. B. Actin 
stain of heart. C. Cartoon depicting contraction of heart. D. Ventral brightfield image of heart during 
diastole and systole. E. Diastolic diameter declines with age. 
 

Drosophila Heart Remodeling is Genotype-dependent  

 The Drosophila heart consists of a bilateral row of cardiomyocytes that form a 

contractile, tubular structure with a prominent anterior region called the conical chamber (CC; 

Figure 4.3A and B). β1-integrin (βPS1)-positive IDs exist at the ventral and dorsal surfaces 

(green; Figure 4.3C). We first quantified changes in heart size with age in various laboratory fly 

strains. Direct visual recording of heartbeats (Figure 4.3D) was performed as previously (26, 

27). Altered diastolic diameters are characteristic of cardiac remodeling and we found that they 
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were significantly diminished at 5 weeks of age (aged) as compared to 1 week (adult) for both 

yellow-white (yw) and white (w1118) strains, consistent with previous results, which have 

implicated diastolic restriction as the primary driver of impaired function in aged Drosophila 

(28). Both absolute and percent reduction in diastolic diameter was genotype-dependent, with 

the greatest reduction occurring in yw (Figure 4.3E), suggesting genotype-specific severity in 

chamber remodeling. 

 A correlation between decreased diastolic diameters and increased cortical stiffness has 

been previously demonstrated in aging and Drosophila cardiomyopathy models (26, 29). Thus, 

we examined whether genotype-dependent changes in diastolic diameters with age correlated 

with altered cortical stiffness in intact Drosophila hearts. The conical chambers (Figure 4.4A) 

of relaxed hearts were indented at the ventral midline, proximal to IDs (Figure 4.4B, green 

overlay), and at distal positions, upon the costameres (red dots, Figure 4.4B). Cardiomyocytes 

from 1 wk flies had relatively homogeneous stiffness independent of genotype (Fig. 4C, yellow 

squares). However, yw exhibited dramatic stiffening (Figure 4.4C, orange squares) with 

preference to the ventral midline, indicating that diastolic chamber remodeling correlates with 

increased cortical stiffness. Analogous measurements have indicated that apparent cortical 

stiffness is a function of the tension within the myocytes, which is proportional to the number 

of cross-bridges engaged, and the degree of cytoskeletal assembly and bundling by actin-

binding proteins (29-31). To examine the underlying contributors to stiffness in our system, 

hearts were incubated in either blebbistatin, which inhibits actomyosin cross-bridge cycling, or 

cytochalasin D, which impairs cardiac contractility and additionally depolymerizes cortical, 

filamentous actin (32). 5 wk yw flies exhibited significant reduction in stiffness at the midline 

following blebbistatin treatment but reduction was more pronounced in cytochalasin D-treated 

flies (Figure 4.4D). These data suggest that increased resting tension in the relaxed heart does 
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not account for the majority of the measured stiffness increase and that the state of the actin 

cytoskeleton is a significant component of age-related stiffening. 

 

 

Figure 4.4: Stiffening is correlated with increased cytoskeletal gene expression. A. Indenter above 
heart. B. Indentation protocol. C. yw stiffness increases with age. D. Stiffening is associated with 
increased actin polymerization and E. actin-binding gene expression. F. Vinculin and integrin 
colocalization. 

 

 Expression changes in candidate actin-binding molecules were investigated from 

excised fly hearts using qPCR to determine the molecular underpinnings of these changes. A 

majority of cytoskeletal gene transcripts were upregulated with age in yw, including Innexin 3 
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(152%), Vinculin (103%), αCatenin-related (99%), and αCatenin (58%). However, in w1118 flies, 

most of these gene transcripts did not change significantly (Figure 4.4E). Since age-related 

vinculin localization changes were present in aged rats, we next assessed its preservation in 

Drosophila. Costameric localization was age- and genotype-dependent in flies; βPS1 marked 

both the IDs (Figure 4.4F, filled arrowheads) and costameres (Figure 4.4F, open arrowheads) 

but exhibited a dominant peak co-localizing with Drosophila vinculin (Vinc) in aged yw flies. 

However, linescans of βPS1 and vinculin along w1118 cardiomyocytes suggest that preferential 

localization shifts from IDs to both discs and costameres with age (Figure 4.4F). These data, in 

conjunction with an observed lack of cortical stiffening, indicate that minimal cytoskeletal 

reinforcement occurs in w1118 flies with age as compared to yw. 

 

 

Figure 4.5: Contractile function in aging Drosophila. A. Motion-mode kymography of beating hearts 
with B. altered hemodynamic loads (viscosity). C. yw has preserved shortening velocity with age while 
D. w1118 does not. 

 

 

 

 



 90

Mechanical Function is Preserved in Remodeled, Aged Drosophila 

 To determine if increased passive stiffness is accompanied by altered active mechanics, 

we assessed the contractile dynamics of hearts beating against acute hemodynamic loads in situ. 

Precise measurements of shortening and lengthening intervals were made from high speed 

videos as indicated in representative m-mode images (Figure 4.5A) and the effect of load on 

contraction velocities was assessed (Figure 4.5B) (33). Shortening velocity is interpreted as an 

index of relative force production. 1 wk w1118 flies had indistinguishable performance relative 

to age-matched yw flies (p = 0.94; one-way ANOVA), but the decline in all velocities with age 

was more severe in w1118 than in yw (p < 0.01; two-way ANOVA). w1118 velocities declined with 

age at all loads (Figure 4.5D, teal vs. blue) while yw had preserved unloaded shortening and 

lengthening velocities with age (p = 0.96; one-way ANOVA) and only exhibited impaired 

shortening and relaxation at extreme loads. Relative power output during shortening, as 

calculated from Hill’s equation (34) fit over the loads tested, was diminished to a greater degree 

with age in w1118. These data indicate that mechanical performance is impaired in aged w1118 but 

is only evident under significant load for yw flies. Therefore, diastolic restriction and cortical 

stiffening was not accompanied by contractile dysfunction; rather, restriction and stiffening 

correlated with preservation of unloaded shortening and lengthening velocities. Correlation 

between age-related diastolic restriction, cortical stiffening, cardiac vinculin expression, and 

preserved basal contractility was further confirmed in a third genotype, white-CantonS (wCS). 
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Figure 4.6: Vinculin overexpression improves cardiac performance and lifespan. A. Experimental 
design of cardiac-specific vinculin and MHC gene expression. B. Vinculin and integrin co-localization. 
C, D. Vinculin overexpression increases stiffness is an actin-dependent manner. E. Vinculin 
overexpression improves fractional shortening reduction under load and F. increases shortening and 
lengthening velocities. G, H. Transmission electron micrograph of VincHE and Control flies reveal 
reduced myofilament spacing variance. I. VincHE has >150% increase in median lifespan. 

 

Vinculin-Overexpression Recapitulates Aging Phenotype 

 The aforementioned data suggest that Vinculin overexpression is a conserved aging 

event, though its relationship to cardiac performance and organismal outcome remain unclear. 
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Therefore, we examined the functional consequences of cardiac-specific Vinculin -

overexpression. Transgenes were strategically expressed in w1118 hearts, which did not stiffen 

with age, via the cardiac-specific tinHE-Gal4 driver in conjunction with UAS-inducible 

Vinculin (VincHE) or -interfering RNA (RNAi) against Vinculin (VincKD) (Figure 4.6A). Since 

decreased myosin and increased vinculin expression were both observed in our proteomic screen 

(Figure 4.1C) and in heart failure patients (4), we also made a line co-expressing myosin heavy 

chain RNAi (MhcKD) and overexpressing vinculin (VincHE), dubbed MhcKD+VincHE, to 

determine if vinculin overexpression could rescue dysfunction resulting from impaired myosin 

motor expression. Cardiac-specific qPCR verified knockdown and/or overexpression for each 

respective gene.  

 Vinculin overexpression (VincHE) resulted in increased cardiac stiffness compared to 

controls, with preference at IDs, similar to 5 wk yw (green triangles, Figure 4.6C). MhcKD 

exhibited reduced cardiac stiffness across the heart (red circles, Figure 4.6C), consistent with 

results obtained using other transgene drivers (26). However, MhcKD+VincHE flies were 

indistinguishable from control (purple diamonds, Figure 4.6C), suggesting that Vinc 

overexpression could restore basal cardiac stiffness in hearts with myosin deficiency. 

Cytochalasin D treatment reversed the stiffening phenotype in VincHE (Figure 4.6D) in a pattern 

matching 5 wk old yw genotype, suggesting remodeling of the actin superstructure by increased 

vinculin in VincHE. Increased vinculin expression and costameric localization, cortical 

stiffening, and similar response to drug treatments occurred in both VincHE and 5 wk yw flies, 

suggesting a causative role for vinculin in inducing age-related changes observed in yw and 

correlate with age-associated cytoskeletal changes observed in mammals and aging patients. 
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Figure 4.7: Model of cytoskeletal remodeling on filament structure. A. Vinculin expression and 
localization at membrane-bound attachment sites. B. Remodeling by cortical actin reinforcement and 
restriction of myofilament chaos. 

 

Cardiac-specific Overexpression of Vinculin Increases Performance 

 Heart dimensions and contractility were evaluated to examine the effects of Vinculin 

overexpression on cell structure and function. VincHE had restricted diameters though fractional 

shortening did not differ significantly from control (Figure 4.6E). MhcKD hearts were 

significantly dilated and had impaired fractional shortening relative to control. Compensation 

for myosin knockdown with vinculin overexpression in MhcKD+VincHE renormalized heart 

dimensions and partially rescued fractional shortening. With regards to relative force 

production, VincHE shortening velocity was significantly higher at all loads and displayed a 

less-severe load-dependent decline in fractional shortening versus all other genotypes (Figure 
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4.6F). MhcKD velocities were diminished at all loads and resembled 5 wk w1118 flies (Figure 

4.6F; p=0.19, two-way ANOVA). However, MhcKD+VincHE had substantially improved 

shortening velocity compared to MhcKD (Figure 4.6F) and significant extension in lifespan 

(Figure 4.6I). Heart rate and heart period did not differ between VincHE and control. Heart rate 

was depressed in MhcKD but renormalized in MhcKD+VincHE. These data suggest that 

VincHE hearts produce greater contractile forces and that increased vinculin expression can 

rescue the diminished force production of MhcKD, as observed in MhcKD+VincHE. 

Computational studies have suggested a role for vinculin in regulating sarcomere lattice spacing 

and contractility (Tangney et al., 2013). Therefore, electron micrographs of cross-sections 

through VincHE and control cardiac myofibrils were examined to investigate alterations in 

ultrastructure (Figure 4.6G). Similar average thick filament lattice spacing (45.74 and 45.79 nm) 

were observed in control and VincHE. However, a significant reduction in lattice spacing 

variance (3.11 nm for control vs. 0.89 nm for VincHE; F-test p < 10-48) was observed for VincHE 

flies (Figure 4.6H). A similar reduction in variance was observed for thick-to-thin filament 

spacing. These data suggest improved myofilament arrangement contributes to the enhanced 

contractility observed in VincHE. 

 

Discussion 

 Age-related heart failure is the result of chronic stressors that induce a heterogeneous 

array of physiological changes associated with an overall negative outcome. A role for 

cytoskeletal regulation of contractility has been presented recently (16) and post-mortem 

analysis of age-associated heart failure corroborated altered expression and localization of 

cytoskeletal proteins (7, 8). While a link between cytoskeletal or junctional remodeling and 

mechanical function has been inferred (35), this hypothesis has not been thoroughly vetted in 

aging cardiac systems. Our goal was to examine the contribution of cytoskeletal remodeling in 
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the maintenance of function in aged organisms with varying myocardial complexity. To 

accomplish this, we opted for a novel, integrated approach that utilized expansive proteomic 

analyses of mammals as well as in-depth mechanistic analyses in a rapidly aging, genetically 

tractable invertebrate system. These data establish age-associated, vinculin-mediated 

cytoskeletal remodeling as a regulator of myocardial structure and contractility. Additional 

therapeutic targets for age-related heart failure are proposed based on their expression changes 

and known importance to cardiac function (Figure 4.1D) as well as those specific to vinculin. 

 

Choice of Models 

 A primary aim of this study was to assess conservation of age-related cytoskeletal 

remodeling and elucidate its impact on myocardial performance across species (simian, rat, and 

fly) and during normal aging (as opposed to pathological conditions). The unique but 

complimentary utility of each chosen model allows for cooperative approaches to study aging 

networks or cellular functions of interest. Monkeys have a relatively long lifespan and cardiac 

physiology similar to humans. Rat models are widely-used as a model for human cardiac 

pathophysiology. However, neither is optimally suited for mechanistic dissection of candidate 

proteins. Drosophila melanogaster is a rapidly aging, genetically-tractable organism with 

extensive proteomic and cellular homology to murine models (36), especially with vinculin. 

Flies also enable tissue-specific genetic manipulation and provide a unique experimental 

advantage because their myocytes can be interrogated in situ with tools that directly visualize 

heart structure (27, 28, 37) or probe mechanics (26, 29, 38, 39). This utility circumvents the 

need for isolation and in vitro culture, which is exceedingly difficult in adult and especially aged 

mammalian myocytes. Cultured neonatal or stem-cell derived myocytes are used to correlate 

mechanical and functional metrics (40, 41), but such models often lack adult morphology or 

mature, defined cell junctions, and can instead remodel their intracellular structure (42) and 
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contractility (43) based on the culture substrate’s stiffness. Therefore, the cell isolation process 

perturbs the ordered cytoskeleton and myofilament lattice to be studied. Conversely, the 

Drosophila heart model allows us to examine the intersection of tensional and functional 

homeostasis as a function of age and genetic manipulation with intact structures. It is important 

to note that genotype-dependent differences exist within Drosophila (28), similar to what has 

been observed between mouse strains (44, 45) and thus we selected two genotypes with diverse 

age-associated metrics (yw and w1118) for comparison. However, it should be noted that 

conservation of age-related cytoskeletal remodeling and negative correlation with contractile 

dysfunction was observed in a third genotype.  

 

Choice of Approach 

 Heart function is dependent upon hierarchical organization of molecular and cellular 

components across multiple length scales. For this reason, we chose to perform an analysis that 

integrates complimentary information across multiple scales to investigate the hypothesis that 

aging is accompanied by conserved, compensatory remodeling events. Recognizing a need for 

a comprehensive library of myocardial proteins with altered expression with age, we performed 

a broad spectrum analysis of left ventricular free wall protein expression from which we 

identified target groups of interest (Figure 4.1). Validation of MS data with standard molecular 

and cellular techniques confirmed the validity of specific network hits such as vinculin (Figure 

4.2), which has significant homology in Drosophila. However, since this work represents the 

first use of the fly heart as a model to study the mechanobiology of cardiac aging, it was 

necessary to assess the extent to which the model recapitulates mammalian cytoskeletal changes 

of interest (Figure 4.3, 4). As opposed to MS methods that enrich for extracellular matrix 

proteins (46), we chose to employ those that examined cellular components and especially the 

cytoskeleton, given that age- (6, 7) and mutation-associated (21) cytoskeletal alterations have 
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been associated with heart failure or cardiomyopathy. Using our MS approach, we identified 

biomarkers of cardiac muscle aging and, due to their requirement for appropriate muscle 

function, implicate them as therapeutic targets for enhancing cardiac function. Subsequent data 

examining changes in physiology and function following vinculin-mediated cytoskeletal 

remodeling (Figure 4.6) provide proof-of-principle that plasticity of the cardiac cytoskeleton 

allows for beneficial structural remodeling to maintain function during the aging process. More 

broadly, recapitulation of this aging hallmark resulted in improved myocardial performance and 

lifespan extension, which suggests that molecular compensation during aging is crucial for 

longevity.  

 

Localization and Concentration of Vinculin in the Aging Heart 

 Vinculin was a promising candidate for investigation as it formed a central hub within 

the network of changes identified by proteomics (Figure 4.1B, C) as well as its known 

overexpression (6, 7) in aging patient myocardium. Additionally, vinculin has been implicated 

in integrin (12, 47) and cadherin-mediated (18) mechanotransduction and subsequent 

interactions with actin cytoskeleton via its tail domain (24, 48). Cardiac-specific vinculin 

deletion disrupts junctional structures and results in sudden death or cardiomyopathy in mice 

(49, 50). Thus, vinculin is an appropriate first candidate to induce cytoskeletal remodeling with 

age and examine its effect on myocardial performance and indicate a potential functional role 

in cardiac aging. Increased transcription of Vinculin in flies correlated with greater localization 

at the cortical cytoskeleton or cell cortex, subsequent cytoskeletal reinforcement, and increased 

contractility (Figure 4.6B-F). Partial rescue of impaired contractility and fractional shortening 

due to impaired myosin expression (Figure 4.6F) in MhcKD+VincHE also supports a role for 

vinculin in compensation during heart failure, as proposed previously (6). While it has been 

suggested that age-related cytoskeletal remodeling would result in stiffening and subsequent 
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dysfunction (35), these data suggest the cytoskeletal integrity positively influences contractility 

and lifespan, as evidenced by >50% extension in average lifespan in MhcKD+VincHE, 

compared to MhcKD, and >150% increase in VincHE, compared to control (Figure 4.6I). 

 

Modulating Vinculin Expression in the Heart 

 Our data suggest that vinculin overexpression is a consistent hallmark of aging across 

species. Though the intrinsic molecular causes of vinculin overexpression in the aging human 

heart remain unclear, several exogenous, upstream regulators of vinculin and vinculin-

activating reagents have been identified which could be manipulated to regulate vinculin 

expression in the heart (Figure 4.1D). For example, TGF-β signaling is a potent regulator of 

vinculin expression (Figure 4.1B-D). GDF-11, a TGF-β family protein, positively regulates 

vinculin expression in the brain (51) and its overexpression can reverse pathophysiological 

hypertrophy in aged mice (3). However, aged mice express less GDF-11 than younger 

counterparts while humans have an even lower concentration of GDF-11 than mice at all ages 

(3), implying that reduced GDF-11 with age is not the underlying cause of vinculin 

overexpression in aging patients. Antagonism of miR-34, a negative transcriptional regulator of 

vinculin, led to improved outcome in mice following pressure overload or myocardial infarction 

(52). While vinculin-overexpression was observed, it was not specifically implicated as an 

active component of protection. Post-translational modification of vinculin may also play a role 

in the aging process. Vinculin localization is dependent upon post-translational modification by 

the kinase Abelson (53) whose chronic inhibition by imatinib has been associated with 

contractile dysfunction (54). Thus, post-translational modifications of vinculin in the heart by 

Abelson or other kinases may regulate its localization and influence contractility in the heart 

with age. Our data suggest that vinculin overexpression alone is sufficient for improving cardiac 

outcome during aging, indicating that intervention with vinculin mRNA may be a viable 
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therapeutic. Future studies should determine the efficacy of previously-identified upstream 

regulators (enzymes, kinases, miRNAs, and drug compounds) on contractility, while 

minimizing off-target effects to maximize cardiac protection. Additionally, the effects of cardiac 

vinculin overexpression on heart function and organismal lifespan in larger animal models 

should be examined as such studies can directly elucidate how vinculin affects diastolic and 

systolic performance in a four-chambered heart. In broader studies that investigate cardiac 

performance, we posit that relative changes in vinculin expression may serve as a biomarker or 

predictor of outcome. 

 

Mechanisms by which Vinculin Regulates Heart Function 

 Vinculin is localized to both costameres and IDs (Figure 4.7A) where it plays separate 

but complementary roles for cell-matrix and cell-cell adhesion, respectively. At the cell-matrix 

interface, our data suggest that vinculin-overexpression led to cytoskeletal reinforcement, 

indicated by cortical stiffness, and increased myofilament lattice order as measured by 

decreased interfilament spacing variance (Figure 4.6H, 7B). Since costameres directly couple 

Z-discs to the membrane, increased vinculin could improve costamere integrity and their ability 

to anchor myofilaments sufficiently and in correct orientation. These data are consistent with in 

vitro assessment of isolated vinculin-null myocytes, which had reduced cortical stiffness and 

increased interfilament spacing (55). Improved interfilament order is predicted to enhance the 

probability of actin-myosin cross-bridge formation, and thus the number of actively cycling 

motors, and potentially impact myofilament calcium-sensitivity (56-58). Since the number of 

myosin heads engaged with thin filament actin determines muscle performance (59), increased 

order predicts elevated force production. On the other hand, vinculin’s role at cell-cell junctions, 

where it was preferentially expressed (Figures 2 and 4) and where stiffness increased most 

significantly with age, is less clear. We hypothesize that junctional vinculin may help anchor 
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myofibrils at the membrane in a more ordered fashion and facilitate longitudinal force 

transmission between myocytes, but additional studies are necessary to confirm this. Finally, 

cross-talk between the cortex and the Z-disk, which is itself mechanosensitive (60), may also 

occur during remodeling and impact force production. 

 

Conclusions 

 Here we have outlined a cytoskeleton-based compensatory mechanism in the aging 

heart that is conserved across species (Figure 4.7). Although the vinculin network was primarily 

featured here, proteomic analysis suggests an even wider array of cytoskeletal proteins are 

differentially expressed with age (Figure 4.1) and warrant further investigation. Other 

vinculin/catenin-family proteins, and the signaling molecules that regulate their translation and 

post-translational modifications, could play complementary roles (53). By presenting distinct 

aging proteomes and providing a proof-of-concept study of vinculin in cardiac aging, we aimed 

to establish a resource that will facilitate a broader examination of cardiac senescence so that 

additional therapeutic targets and regulators of aging heart function can be identified. We 

believe that our findings highlight the interplay of the molecular, cellular, and ultrastructural 

state of the cytoskeleton in maintenance of function in the aging heart and that these studies of 

mechanotransduction can directly inform clinical outcomes. 

 

Materials and Methods 

Vertebrate Animals 

 6 adult (6mo) and 6 aged (24mo) female F344xBN F1 rats were obtained from the 

National Institutes on Aging (NIA). Rat colony maintenance and all experiments were 

performed in accordance with UC San Diego IACUC protocol S11032. 4 adult (average: 11.63 

years old, range: 8.75-14.12) and 5 aged (average: 22.4 years old, range: 18.81-25.48) male 
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rhesus monkeys were maintained at the NIA in in accordance with NIA IACUC protocol 

AG000238-07 (Effects of Aging on Experimental Atherosclerosis in Nonhuman Primates). For 

echocardiography and ventricular rat cardiomyocyte isolation, please see the Extended 

Experimental Procedures section. Freshly-isolated sections of left ventricular rat myocardium 

were embedded in OCT and then flash-frozen in liquid nitrogen for subsequent histological 

analysis. Alternatively, rat and rhesus monkey samples where flash frozen for subsequent 

proteomic analysis.  

 

Drosophila Husbandry and Culture  

 All fly lines were obtained from the Bloomington Drosophila Stock Center at Indiana 

University or the Vienna Drosophila RNAi Center (VDRC) and are detailed in the Extended 

Experimental Procedures. yw and w1118 strains served as the wild-type control lines. Flies were 

raised on standard agar-containing food at 25oC. Cardiac-specific perturbation of gene 

expression was achieved via the Gal4-UAS system as described previously (61, 62). Virgin 

females expressing the transcription factor Gal4 under control of the cardiac-specific tinman 

(tinHE-Gal4) promoter were crossed with male flies containing the desired transgene under 

control of the Gal4-recognizing UAS promoter sequence. Please see Extended Experimental 

Procedures for stock information. The UAS-Vinculin/UAS-MHC-RNAi line 

(MhcKD+VincHE) was generated through a series of crosses between the individual UAS lines 

and the balancer line Cdc42/FM6;Sco/CyO. Female progeny of tinHE-Gal4 and w1118 served as 

control. Proper insertion of both constructs was validated via heart-specific gene expression 

analysis. 
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Statistical Analyses 

 Data comparison was subjected to either a non-parametric Student’s t-test with unequal 

variance assumption, repeated measures one-way ANOVA, one-way ANOVA with post-hoc 

Tukey correction, or two-way ANOVA with post-hoc Tukey correction as indicated. 

Significance was assigned for p < 0.05. Scatter plots reflect the average measurement of 

individual animals with black bars indicating the mean. Pooled data are represented as mean +/- 

standard error of the mean unless otherwise indicated. All Drosophila experiments were 

performed with biological triplicates of 15-31 flies. All other experiments were performed with 

biological triplicates of indicated sample size. 
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Introduction 

 In the previous chapters, I have outlined molecules and mechanisms known to be 

involved in cardiac mechanosensation (Chapter 1), discussed differences between model cardiac 

systems that can affect measurements of intrinsic mechanics (Chapter 2), outlined the utility of 

the Drosophila heart as an complementary model for dissecting the effects of genetic 

perturbations on structure and mechanics (Chapter 3), and proposed that the cortical 

cytoskeleton plays a role in maintenance of form and function in multiple aging cardiac systems 

(Chapter 4). The experiments described in this dissertation strongly suggest that cytoskeletal 

reinforcement, while it does lead to a form of myocardial stiffening, this event does not correlate 

with impaired function in either chronically aged or transgenic Drosophila.  In this concluding 

chapter, I discuss how this body of experiments fits in the context of other studies concerning 

the role Vinculin in cardiac function as well as discuss potential applications of this research for 

modeling disease and developing therapeutics for age-related cardiac dysfunction. 

 

The Role of Vinculin in Diastole 

 Chapter 2 of this dissertation is adapted from a journal article written in the Fall of 2011 

and published in early 2012. At that stage, we had developed the ability to measure cortical 

stiffness, a measure of both the abundance of localized cytoskeletal and myofibrillar content, 

and correlate it with measures of change in the heart’s diameter with age. What appeared evident 

was that the greater the reduction in diastolic diameter with age, the more likely the cortex was 

to stiffen, and this stiffness manifested most significantly at the ventral midline, proximal to the 

intercalated discs. This suggested to us that 1) transverse/cortical stiffening may contribute to 

diastolic remodeling and that 2) this suggested the cortical cytoskeleton played a role in diastolic 

dysfunction. Since tractable animal models for diastolic dysfunction remain elusive, we chose 
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to explore the role of the cytoskeleton in maintenance of diastolic function. The potential role 

of the cytoskeleton in diastology was emphasized in Chapter 2 for this reason. 

 However, halfway through these experiments, it became clear that the assumption that 

cardiac stiffening meant dysfunction needed to be tested. To date, it was just that – an 

assumption. And so a second set of experiments, measurements of the heart’s shortening and 

relaxation velocity with increased hemodynamic load (Chapter 4, Figure 4.5), was formulated 

and executed by myself and Dr. Anthony Cammarato with assistance from Meera Viswanathan 

(Johns Hopkins School of Medicine, Dept. of Cardiology). From these experiments, we found 

that genotypes with pronounced age-related stiffening had preserved basal shortening function 

and no deficit in relaxation velocity. Thus, the dynamics of heart function were preserved – it 

was only end diastolic and systolic morphology that had changed. Conversely, the non-

stiffening genotypes had extreme age-related deficits in cardiac function. The hypothesis 

demanded to be altered – perhaps cytoskeletal remodeling was a marker of attempted 

compensation during age, a structural buffer against functional deterioration? 

 In order to explore this hypothesis, we embarked upon the study that would later 

become Figure 4.6 in Chapter 4, investigation of Vinculin expression via transgenic lines. By 

now it was 2013, and the set of experiments we performed revealed an increase in contractile 

function in Vinculin-overexpressing, juvenile flies. I thought perhaps that this was only possible 

in an intact, functional, juvenile heart. With the help of Danielle Pohl (University of Iowa), we 

crossed the UAS-Vinculin line with a UAS-MHC RNAi line. In this way, when crossed to a 

cardiac promoter line, the progeny would have a deficit in MHC but an overexpression of 

Vinculin. If Vinculin could actually improve function in a MHC-deficient heart, it would further 

suggest a role in protecting against dysfunction in aging tissues. This proved to be the case when 

we measured shortening velocities greater than those in wildtype, albeit with much greater beat-

to-beat irregularity. 
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Vinculin and its Mechanism of Action 

 The mechanism of action remained elusive. I formed, at the time, three hypotheses by 

which vinculin could enhance contractile function: 1) preferential localization of vinculin to the 

intercalated discs reinforces those couplings, resulting in greater efficiency in the conversion of 

sarcomeric contraction to myocyte shortening at the membrane, 2) improved calcium-handling 

by alterations in t-tubule morphology, as suggested by previous studies in which dysregulation 

of the cortical cytoskeleton impaired intracellular calcium signaling, and 3) that cortical 

compression reorganized the myofilament lattice, improving longitudinal force transmission, as 

suggested by Dr. Andrew McCulloch (UC San Diego, Dept. of Bioengineering). The first 

hypothesis would require knowledge of how to deactivate vinculin’s localization to the 

intercalated disc. In doing so, one could investigate the site-specific role of vinculin in 

mechanosignaling and contraction. At the time, this was unknown, though it has recently been 

discovered to be regulated by the receptor tyrosine kinase Abelson (Abl) (Bays et al., 2014). 

The second hypothesis would require introgressing another transgenic line which allows for 

calcium imaging in Drosophila hearts into each of our lines (Lin et al., 2011), a doable but likely 

cumbersome and lengthy process as well. The final hypothesis appeared to be the most 

straightforward to test. We would need only the flies we had on hand and the assistance of 

experts in the field of Drosophila muscle (Dr. Sanford I. Bernstein and Adriana Trujillo, SDSU). 

If reorganization or compression of the lattice occurred in vinculin-overexpressing hearts, this 

would suggest improved contractile performance based on comparable studies on the effects of 

osmotic compression on myofilament structure and dynamics. It should be noted that, regardless 

of what we found in the TEM imaging, the other two hypotheses also have supporting evidence 

in the literature and may act as cooperative mechanisms in protecting against dysfunction with 

age. 
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 A link between cytoskeletal remodeling and impaired relaxation during diastole may 

exist in aging human hearts. Active remodeling in the form of increased cross-bridges formed 

during diastole is thought to contribute to acute diastolic dysfunction; passive remodeling via 

the cytoskeleton may have a secondary effect of stiffening the myocardium and elevating 

diastolic pressures. I would hypothesize that cytoskeletal remodeling is a major contributor to 

heart failure with preserved ejection fraction (HFpEF) in which the myocardium hypertrophies 

and both systolic and diastolic pressures are elevated. These studies suggests that cytoskeletal 

remodeling would lead to increased contractile function and therefore allow for increased 

systolic pressures; elevated diastolic pressure may be a secondary event. In sum, ejection 

fraction would be preserved and the whole event is perhaps at an attempt to compensate for 

damage elsewhere in the myocytes or its niche.  

  

Regarding the Role of Vinculin in Cardiac Function 

 In the closing of Chapter 4, I suggested a potential mechanism by which vinculin (and 

perhaps other F-actin binding cortical molecules) can regulate contractile function. The effects 

of myofilament lattice compression on structure and function has been proposed as a potential 

variable in determining cross-bridge cycling kinetics but, thus far, has appeared to be 

physiologically-irrelevant as no in vivo mechanism has been identified. However, I believe that 

these experiments inadvertently shed a light on a physiological mechanism, i.e. cortical 

compression of the lattice. Decompression of the lattice has been shown in an in vitro murine 

Vcl-KO model (McCulloch et al., 2013; Tangney et al., 2013). In that case, increased 

interfilament spacing is thought to have contributed to a loss of contractile function and 

subsequent embryonic lethality, presumably as the heart would be unable to undergo appropriate 

mechanically-induced morphogenesis or transport blood to the growing organ system. The 
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possibility of vinculin playing a relevant role in enhancement of function remained an open 

question, which this dissertation seeks to expound upon. 

 Alongside such mechanistic studies of vinculin’s contribution to cardiac function, a 

large population of studies have revealed its association with cardiac development, maturation, 

and aging. This work was first motivated by reports that vinculin is overexpressed in geriatric 

patients with dilated cardiomyopathy and end-stage heart failure (Hein et al., 2000; Heling et 

al., 2000). These studies also revealed other cytoskeletal molecules with age-related 

overexpression, such as Desmin.  

 Vinculin has also recently been identified as a blood-circulating biomarker in patients 

with atherosclerosis (Kristensen et al., 2014). Presumably, leakage of vinculin into the 

bloodstream is caused by stenosis of coronary arteries and subsequent cell death. If this is the 

case, then vinculin may be overexpressed in ischemic tissue.  

 A recent study investigating recent speciation and rapid evolution of divergent 

populations of North American bears revealed that the gene expression profile of polar bears 

strongly favors genes associated with cardiac function. The authors argue that this adaptation 

allows for improved cardiac function despite the polar bears’ relatively high fat diet, which in 

other species would present an extreme cardiovascular disease risk. Interestingly, Vcl is among 

the most highly selected for adaptation. This finding further bolsters a potential protective role 

for vinculin in encumbered cardiac systems (in the case of the polar, an extreme high-fat diet) 

(Liu et al., 2014). 

 Mechanical unloading of a patient heart by a left ventricular assist device is associated 

with molecular remodeling and improved ventricular contractile function. Vinculin is among 

the molecules that are upregulated during this process, further implying a relationship between 

Vcl expression and gained mechanical function (Aquila et al., 2004; Birks et al., 2005).  
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 Another recent study has identified the TGF-beta family protein GDF-11 (growth 

differentiation factor 11) as a blood-circulating factor that, when overexpressed, can reverse 

remodel aged, hypertrophic murine hearts (Loffredo et al., 2013). Other groups have gone on to 

show that GDF-11 is a positive regulator of vinculin (Williams et al., 2013) and thus the later 

may serve as a functional endpoint for the remodeling achieved by GDF-11. However, while 

GDF-11 expressed in decreased with age, vinculin expression is increased. Thus, age-associated 

overexpression of vinculin is likely regulated by a separate mechanism or event. One potential 

candidate is oxidative stress, which is known to increase vinculin expression at cellular junctions 

in human cells. Such a mechanism may have evolved as an adaptation to aggregated oxidative 

stress in aging systems.   
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