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ABSTRACT 

Cardiac muscle contraction is critically dependent upon the extensive level of 

organization of cytoskeletal proteins found in the repeating sarcomeric units of individual 

myofibrils. Within these units, thick and thin filament systems are assembled and aligned 

to the precision of single molecules. For years, scientists have been challenged to 

uncover the mechanisms by which this is accomplished. To date, however, these 

mechanisms remain relatively unclear due in large part to the lack of suitable in vitro 

models that faithfully recapitulate the events of myofibril assembly observed in vivo. 

Several years ago, an avian embryo explant system was developed to investigate other 

aspects of heart development. Within this system, premyocardial cells differentiate in 

culture and commence beating in a temporal pattern that corresponds with cardiomyocyte 

differentiation in vivo. We hypothesized that premyocardial explants could also serve as 

a particularly advantageous system for investigating myofibrillogenesis. To test this, in 

Chapter 2, we characterized the temporal/spatial relationships between sarcomeric 

components during assembly using immunofluorescence microscopy. Our results 

indicated that events of myofibril assembly in explants mirrored those observed in vivo. 

Furthermore, these cells are accessible to experimental manipulation (Chapter 5). 

In Chapter 3, we utilized the precardiac explant system to investigate events of actin 

(thin) filament assembly during development. Immunofluorescence and ultrastructural 

analyses revealed that thin filament and sarcomere lengths increase gradually as 

cardiomyocytes mature. FRAP analyses also demonstrated that the thin filament pointed-
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end capping activity of E-Tmod is more dynamic during early assembly stages, a 

property that could dramatically affect the rate of actin monomer exchange/addition 

during myofibrillogenesis. Research continues in an attempt to identify potential 

mechanisms regulating E-Tmod dynamics. 

Finally, in Chapter 4, we investigated the function of a unique elastic region of I-band 

titin called titin-N2B. In this study, GFP-tagged constructs of titin-N2B were 

overexpressed in cardiomyocytes in an attempt to disrupt the potential interaction of 

endogenous N2B with an intracellular ligand. Our results suggested that the NH2-

terminal domains of N2B are directly or indirectly critical for stabilizing thin filament 

structure; thus, N2B emerges as a unique region of titin that is critical for the 

maintenance of cardiac myofibrils. 
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CHAPTER 1 

Introduction to Cardiac Myofibril Assembly 
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The heart's ability to contract is critically dependent upon the extensive level of 

organization found in the repeating sarcomeric units of individual myofibrils. Within 

these units, thousands of thin and thick filament proteins are assembled and aligned to the 

precision of single molecules. Unfortunately, our knowledge as to how cardiac muscle 

cells control the assembly, length determination and organization of their filament 

systems during the process of myofibril assembly is relatively limited. This is due, in 

large part, to the lack of available cell culture models that faithfully recapitulate the rapid, 

de novo events of assembly as they occur in the developing heart. 

The majority of work performed to elucidate the mechanisms of cardiac 

myofibrillogenesis has involved biochemical and/or immunolocalization analyses of the 

individual sarcomeric components using model systems of fully differentiated rat and 

chick cardiomyocytes. Resuhs of these analyses are summarized briefly below. 

The Cardiac Muscle Sarcomere and Myofibril Assembly 

Fully-assembled sarcomeres (see Figure 1.1) are approximately 2.0 ^m in length and 

delineated at each end by a-actinin-containing Z-discs into which polarized, parallel 

arrays of approximately 1.0 {im-long actin thin filaments are inserted at their barbed (fast-

growing) ends. The pointed (slow-growing) ends of thin filaments extend toward the 

center of the sarcomere and interact with laterally aligned 1.6 (xm-long myosin thick 

filaments to produce contraction (Huxley, I960). Titin, the third filament system in 

striated muscle, is the largest protein described to date (-4.2 MDa, >1 nm long; 

Maniyama et al., 1977; Wangetal., 1979; Furstetal., 1988; Labeit and Kobnerer, 1995; 
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Bang et al., 2001). Immunoelectron microscopy studies have shown that the N-terminal 

of titin spans the entire Z-line region whereas the C-terminal spans the entire M-line 

(Obermann et al., 1997; Gregorio et al., 1998). Thus, titin forms a continuous filament 

system within each sarcomere and from one sarcomere to the next. 

The initial events of sarcomere assembly have been observed to occur in vitro at the 

periphery of the cell with the appearance of non-striated actin filaments that resemble 

stress fibers of non-muscle cells (e.g., Dlugosz et al., 1984). These early stress fiber-like 

structures (SFLS) are proposed to function as a scaffold upon which all other sarcomeric 

components can then assemble. Immunofluorescent studies at this stage also reveal a 

continuous distribution of the thin filament-associated proteins tropomyosin and troponin 

along the length of nascent myofibrils, in addition to irregularly-distributed aggregates of 

the actin crosslinking protein a-actinin (Sanger et al., 1986; Schultheiss et al., 1990). 

Thick filament-associated proteins such as myosin, C-protein and myomesin appear to 

assemble late during myofibrillogenesis and independent of the thin filaments. It has 

been suggested that assembly of these proteins near the center of the sarcomere is the rate 

limiting step for contraction to occur (Schultheiss et al., 1990; Epstein and Fischman, 

1991; Gilbert et al., 1996; Ehler et al., 1999). Aligimient and separation of thin filaments 

into two half sarcomeres (as evidenced by well defined H zones and M lines) also occurs 

late in myofibril assembly, after interdigitation of thick and thin filaments (for reviews, 

see Gregorio and Fowler, 1995,1996; Gregorio, 1997; Gregorio and Antin, 2001). An 

alternate model of assembly proposes that premyofibrils consist of minisarcomeres (-0.3-

1.4 (mi-long) composed of short thin filaments which grow in length during the 
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maturation process and contain the non-muscle isoform of myosin. Muscle-specific 

myosin then substitutes for the non-muscle isoform at a later stage of assembly (Rhee et 

al., 1994). 

Several observations of myofibril assembly in primary cultures of cardiac myocytes 

resemble those seen in the developing heart (e.g., the independent assembly of thin and 

thick filaments, the early assembly of a-actinin-containing Z-discs, and the late capping 

of thin filament pointed ends by tropomodulin). However, major differences do exist 

including the appearance of all the major muscle-specific sarcomeric components at the 

earliest stage of myocyte differentiation in vivo. Furthermore, stress fiber-like structures 

and minisarcomeres containing non-muscle myosin are never observed in vivo (Tokuyasu 

and Maher, 1987a; Ehleretal., 1999). 

Titin. the Third Filament Svstem 

The giant protein titin is composed of 132 fibronectin- (Fn) like domains and up to 

166 immunoglobulin- (Ig) like domains, which account for approximately 90% of its 

mass. The remaining 10% is organized into 17 non-repetitive sequences, 16 of which 

have no significant homology to each other, nor to other known protein sequences (Labeit 

and Kohnerer, 1995). Titin's I-band region contains three extensible elements which 

account for the elastic-like properties observed during contraction/relaxation (Granzier et 

al., 1996; Helmes et al., 1999; Linke et al., 1999; Trombitas et al., 1999). We have also 

demonstrated that a specific region of I-band titin (N2B domain) is critical for the 

stability^ of thin filament structure (Linke et al., 1999; see Chapter 4). The C-terminal of 
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titm is rendered inextensible due to its tight association with the thick filaments (see 

below). 

Binding assays have revealed that titin interacts directly with many of the sarcomeric 

components along its length (for reviews, see Gregorio et al., 1999; Gregorio and Antin, 

2001; Clark et al., 2002). For example, in the Z-disc region, titin binds to T-cap and a-

actinin, a protein that links the antiparallel actin filaments from adjacent sarcomeres. 

Two regions of I-band titin have also been confirmed to interact with actin filaments, and 

a newly discovered isoform of titin, called No vex 3, can interact with the giant protein 

obscurin. Finally, within the A-band region, titin interacts with several thick filament-

associated proteins including myosin, myosin-binding protein C (MyBP-C), myosin-

binding protein H (MyBP-H), M-protein and myomesin. 

Titin's role in myofibril assembly is unknown. Based on its appearance within cells 

during the earliest stage of assembly (in both in vivo and in vitro studies), in addition to 

its ability to span half-sarcomeres and bind many thick and thin filament-associated 

proteins, several investigators have hypothesized that a major role of titin is to function as 

a molecular template (blueprint) for the sarcomere, capable of specifying the precise 

location of its ligands (for a review, see Gregorio et al, 1999). 

Insights from Skeletal Muscle 

To gain insight into the molecular basis of cardiac myofibril assembly, many scientists 

have relied heavily on observations of myofibrillogenesis as it occurs in developing 

skeletal muscle cells. In this regard, the value of the skeletal model can be appreciated by 
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the fact that these cells differentiate in culture to form multinuclear myofibers (via the 

fusion of myoblasts) and subsequently reach a high degree of maturation. This, in turn, 

allows for the study of virtually all stages of myofibrillogenesis. Sarcomeric structures 

within cardiac and skeletal muscle cells are also similarly organized; thus, it is of little 

surprise that several events involved in sarcomere formation are common to both 

systems. These include the appearance of an actin stress fiber-like "scaffold" near the 

cell periphery during the initial stage of assembly, the temporal and spatial organization 

of titin within the sarcomere, and the independent assembly of thick and thin filaments. 

Despite these similarities, major differences in the assembly properties of these two 

cell types are also known to exist, most notably with regards to the assembly and length 

distribution of thin filaments. For example, within mature cardiomyocytes thin filament 

lengths vary from ~0.8 to —1.3 |un (Robinson and Winegrad, 1979). In skeletal muscle, 

however, these lengths are consistently maintained at ~l.l 1 jim (Sosa et al., 1994). As 

similar mechanisms appear to be utilized by each cell type during assembly of thin 

filament barbed ends, many researchers believe that differences in the distribution of thin 

filament lengths result from differences in the mechanism(s) utilized to maintain length at 

the pointed end (for a review, see Gregorio 1997). To this end, inconsistencies in the 

assembly properties of the pointed end-capping protein, tropomodulin, have indeed been 

observed: whereas tropomodulin does not appear to assemble until very late during 

cardiac myofibrillogenesis (Gregorio et al., 1995), the same isoform of this capping 

protein can be detected at the majority^ of thin filament pointed ends during the earliest 

stages of assembly in developing myotubes (Almenar-Queralt et al, 1999). Isoform 
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expression patterns observed for the majority of myofibrillar components are also unique. 

For example, high levels of vascular smooth muscle actin are expressed at the onset of 

cardiac myofibril assembly in contrast to high levels of cardiac actin expressed during the 

initial stages of assembly in skeletal muscle (e.g.. Hay ward and Schwartz, 1986; 

Vandekerckhove et al., 1986; Ruzicka and Schwartz, 1988; Woodcock-Mitchell et al., 

1988). [A discussion as to how the various actin isoforms may impact (either directly or 

indirectly) pointed-end capping and filament length is provided in Chapters 3 and 5)]. 

Finally, it is important to note that a fourth filament system composed of nebulin has 

been identified in skeletal muscle. Nebulin is a giant protein (~776 kDa; Labeit and 

Kolmerer, 1995) that extends along the entire length of thin filaments and interacts with 

tropomodulin at thin filament pointed ends (McElhinny et al., 2001). Interestingly, the 

lengths of nebulin isoforms correlate well with the lengths of thin filaments found in a 

variety of muscle types (Kruger et al., 1991) which suggests that nebulin may play a 

major role in specifying thin filament lengths during assembly (for reviews, see Trinick, 

1994 and Fowler 1996). Although a cardiac counterpart to nebulin has not yet been 

identified, nebulette (a 107-kD nebulin-like protein of unknown Action) is present in 

cardiomyocytes. In contrast to the late assembly of nebulin, nebulette can be detected 

near the Z-disk region of thin filaments very early during myofibrillogenesis. Due to its 

small size, however, nebulette can only extend to ~25% of thin filament length, a 

property of which is not compatible with a potential role in filament length specification 

(Moncman and Wang, 1995). Investigations to determine whether a nebulin-like ruler 

does in fact exist in cardiac muscle are currently underway. Nevertheless, it must be 
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emphasized that observations of myofibrillogenesis in the skeletal-based system can only 

be cautiously applied to understanding this same process in cardiomyocytes. 

The Present Study 

A precise understanding of the functional role(s) of myofibrillar components and their 

specific relationships to one another during assembly will ultimately depend on the 

ability to manipulate proteins in a precardiac cell system that accurately reflects de novo 

events. To address this issue, we hypothesized that avian precardiac explants could serve 

as a particularly advantageous in vitro culture model to study this important process 

(Chapter 2; Rudy et al., 2001). Within this system, premyocardial cells differentiate in 

culture and commence beating in a temporal pattern that corresponds with cardiomyocyte 

differentiation seen in vivo (e.g., DeHaan, 1963; Lough et al., 1990; Antin et al., 1994 

and 1996; Montgomery et al., 1994; Gannon and Bader, 1995). By fixing explants at 

various timepoints following explantation, and using immunofluorescence confocal 

microscopy to compare the temporal/spatial relationships of sarcomeric components 

during assembly, we demonstrated that; 1) the events of myofibril assembly in explants 

could be clearly visualized; 2) distinct stages of myofibril assembly could be discerned 

(ranging fi-om the earliest expression of muscle proteins to the appearance of mature 

myofibrils); and 3) events of assembly in explants mirrored the in vivo observations 

reported by others. Based on these findings, we concluded that use of the avian 

precardiac explant system accurately allows for direct investigation of the mechanisms 

regulating de novo cardiac myofibrillogenesis. 
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During the course of our original investigation to develop the precardiac explant 

system, we (unexpectedly) realized that a gradual increase in thin filament lengths could 

be detected as myocytes matured. As a follow-up to this exciting observation, therefore, 

we hypothesized that use of the avian precardiac explant system would allow for an 

accurate and indepth investigation into the specific events of actin (thin) filament 

assembly during heart muscle cell development (Chapter 3). Immunofluorescence and 

ultrastructural analyses of explants revealed that the lengths of thin filaments did indeed 

increase as myocytes mature, firom -^.62 ^m during the earliest stages of assembly to 

~0.8S ^m and ~1.08 (im during intermediate and late stages, respectively. A concomitant 

increase in the distances between Z-discs throughout the various stages was also 

observed. Subsequent FRAP (Fluorescence Recovery After Photobleaching) analyses 

performed on explants expressing GFP-E-tropomodulin (GFP-E-Tmod) demonstrated 

that the thin filament pointed-end capping activity of E-Tmod was much more dynamic 

during earlier (vs. late) stages of assembly, a proper^ that could dramatically affect the 

rate of actin monomer exchange/addition at thin filament pointed ends throughout the 

assembly process. To this end, research continues in an attempt to identify potential 

mechanisms that may regulate E-Tmod dynamics, with current focus on the interaction of 

E-Tmod with the various actin isoforms expressed in developing cardiomyocytes. A 

model depicting how actin isoform expression may be involved in regulating thin 

filament elongation is provided and discussed. 

Finally, in Chapter 4, we took advantage of the flat, spread-out morphology of mature 

cardiomyocytes in primary cultures to investigate the function of a unique region of I-
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band titin called titin-N2B (Linke et al., 1999). In cardiac muscle, titin's elastic I-band 

region exists in different length isofomis (termed N2A and N2B), both of which are 

comprised of stretches of Ig-like modules separated by a region rich in proline (P), 

glutamate (E), valine (V), and lysine (K) residues (the PEVK domain). Unique to each 

isoform is a central region that contains isoform-specific Ig domains and nonmodular 

sequences, notably a unique 572-residue-long sequence in N2B (Politou et al., 1995; 

Labeit and Kolmerer, 1995; Linke et al., 1996). In this study, GFP-tagged constructs of 

the N2B region (in whole or in part) were overexpressed in cardiomyocytes in an attempt 

to disrupt the potential interaction of endogenous N2B with an intracellular ligand. Our 

results strongly suggested that the NHi-terminal domains of N2B are directly or 

indirectly critical for stabilizing thin filament structure; thus, N2B emerges as a unique 

region of titin that is critical for the maintenance of cardiac myofibrils. Future studies are 

needed to specifically identify the thin filament component(s) interacting with titin N2B, 

as well as determine whether this interaction is required during myofibrillogenesis. 

Relevance of This Research 

An understanding of the relationships between myofibril components during the 

earliest stages of assembly in healthy cardiac muscle, in addition to the mechanisms that 

regulate this process, is pivotal for completely understanding the molecular bases of 

certain heritable forms of cardiomyopathies (for detailed reviews of the cardiomyopathies 

described below, see Vikstrom and Leinwand, 1996; Bonne et al., 1998; Towbin, 2000; 

Dalloz et al., 2001; Marian and Roberts, 2001). For example, DCM (Dilated 
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Cardiomyopathy), which is characterized by left ventricular dilation and systolic 

dysfunction, appears to involve a weakening of the cardiomyocyte cytoskeleton. 

Although the underlying causes of this disorder are not well understood, several reports 

have indicated that mutations in both nonsarcomeric and sarcomeric proteins play a direct 

role, the latter of which includes actin and titin. In contrast to DCM, which involves 

degenerative processes that may take years to develop, HCM (Hypertrophic 

Cardiomyopathy) is a major cause of sudden death in otherwise healthy appearing young 

adults. Approximately two-thirds of HCM patients also have a family history of the 

disease (i.e., familial HCM, or FHC) which affects 1:500 individuals. HCM is 

characterized by hypertrophy that can occur in either ventricle (with varying involvement 

of the intraventricular septum) in addition to extensive fibrosis and myofibril dissarray. 

This phenotype, however, is secondary to initial defects that arise from more than 100 

mutations in at least 10 different genes encoding contractile sarcomeric proteins. Thus, 

HCM is considered a disease of the sarcomere (Thierfelder et al., 1994) and, to date, the 

following mutations in genes that encode for cardiac myofibril proteins have been 

identified: a-cardiac actin, a- and p-myosin heavy chains, ventricular myosin essential 

light and regulatory chains, cardiac troponins T and I, myosin-binding protein C, titin and 

a-tropomyosin. Via unknown mechanisms, these mutant proteins impart a variety of 

structural and biochemical defects that lead to impaired myofibril function. 

Various animal models of HCM have been instrumental in revealing the secondary 

effects of this disease, as well as general biochemical and mechanical impairments (e.g., 

Geisterfer-Lowrance, 1996; Vikstrom et al., 1996; Tardiffetal., 1998; Yang et al., 1998). 
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The exact relationship between contractile protein defects and myofibril dissarray, 

however, needs to be elucidated. This, in turn, will be greatly facilitated by the 

development of cell culture models that allow for accurate and direct analyses of 

mutational effects at the sarcomere level during myofibrillogenesis. Thus, it is our 

ultimate hope that efforts to develop and utilize the avian precardiac explant system as a 

novel model to study cardiac myofibril assembly will now allow for direct investigations 

into the mechanisms that underly certain forms of heart disease (also see Chapter 5). 
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Sireomtre 
' IBind A Band IBind • 

Figure 1.1: Sciiematic of tiie cardiac muscle sarcomere. Sarcomeres are the single 
contractile units of cardiac myofibrils. Fully-assembled sarcomeres are delineated at 
each end by a-actinin (gold) rich regions called Z-discs, and composed of three filament 
systems: I) the actin-containing thin filaments (red), 2) the myosin-containing thick 
filaments (dark green), and 3) titin (blue). The barbed (fast-growing) ends of thin 
filaments are capped by CapZ (pink) and inserted into the Z-disc region whereas the 
pointed (slow-growing) ends extend towards the center of the sarcomere and are capped 
by tropomoduHn (turquoise). Thin filaments interact with thick filaments within the A-
band region to produce contraction. Other sarcomeric proteins shown include 
tropomyosin (black), myosin-binding protein C (MyBP-C, yellow) and T-cap in the Z-
disc Oigbt green). (This schematic has been modified firom its original version as it 
appeared in Keller, T.C. 3"*, 1995.) 
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CHAPTER 2 

Assembly of Thick, Thin, and Titin Filaments in Chick Precardiac Explants 
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2.1 INTRODUCTION 

Most studies that have focused on elucidating the mechanisms of cardiac 

myofibrillogenesis have been performed in primary culture systems established from the 

beating hearts of fetal, neonatal rat or embryonic chick. After several days in culture, 

these cells begin to display memy of the intrinsic characteristics of mature cardiomyocytes 

(including their ability to contract) which makes them a vziluable model system for 

investigating important properties of specific myofibrillar components (for recent reviews 

see: Gregorio and Antin, 2000; McElhinny et al., 2000). However, the assembly 

processes within these cells that result in the formation of mature myofibrils differ 

significantly from those observed during embryonic development. For example, Lin et 

al. (1989) demonstrated that following the disassociation and plating of frilly 

differentiated heart cells in primary cultures, the cells typically disassemble and/or 

reassemble previously existing contractile components; therefore, it is difficult to 

interpret the events occurring during de novo assembly. Cardiac myocytes in culture also 

modify their cytoarchitecture in response to isolation procedures that disrupt normal cell-

cell interactions. As a result, these cells display morphologically distinct lamellapodia 

and ruffles and express cytoskeletal isoforms not found in differentiating heart muscle 

cells in vivo (for review, see Gregorio and Antin, 2000). Of major concern, therefore, is 

whether cardiac myofibrillogenesis in primary cultures of cardiac myocytes is a true 

reflection of myofibrillogenesis in the developing embryo. 
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Several decades ago, an avian explant system was introduced in which bilateral 

regions of precardiac mesoderm from stage 5 [Hamburger-Hamilton (H-H), 1951] 

embryos were explanted and maintained in culture (DeHaan, 1963). During the first 24 

hours following explantation, premyocardial cells differentiate as an intact cell mass and 

subsequently begin to beat in a temporal pattern that corresponds well to heart muscle 

cell differentiation and contraction observed in vivo (e.g., Gonzalez-Sanchez and Bader, 

1990; Lough et al., 1990; Antin et al., 1994; Montgomery et al., 1994; Gannon and 

Bader, 1995). Although precardiac explants have since remained a valuable cell culture 

system for investigating various other aspects of heart development, including cell 

signaling and sorting events (e.g., Linask and Lash, 1993; Sugi et al., 1993; Sugi and 

Lough, 1994; Antin et al., 1996; Yatskievych et al., 1997; Ladd et al., 1998), their 

potential value as a cell culture model for studying the events of cardiac 

myoflbrillogenesis has only recently been explored (Imanaka-Yoshida, 1997; Imanaka-

Yoshida et al., 1998). In the present study, we have established the avian explant system 

as the first cell culture model that faithfully recapitulates the de novo assembly of thick, 

thin and titin filaments during heart development. 

To accomplish this, the assembly patterns of actin, myosin and titin filament-

associated components within this system were compared. In doing so, we observed that 

cardiomyocytes in precardiac cultures assemble contractile proteins in a nearly 

synchronous manner. We also determined that distinct stages of de novo myofibril 

assembly were clearly and consistently defined in explants, ranging from the earliest 

detection of muscle proteins to the late appearance of mature myofibrils. Comparisons of 
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our observations witli observations made in vivo by others revealed that distinct events of 

assembly in explants, including those involved in the early formation of sarcomeres, 

accurately reflected those that occur in the developing embryo (e.g., Fischman, 1967; 

Manasek, 1968; Markwald, 1973; Hayward and Schwartz, 1986; Vandekerckhove et al., 

1986; Tokuyasu and Maher, 1987a,b; Ruzicka and Schwartz, 1988; Shiraishi et al., 1992; 

Sugi and Lough, 1992; Ehler et al., 1999). Based on these findings, we have concluded 

that use of avian precardiac explants to study cardiac myofibril assembly will now allow 

for a thorough and accurate investigation of the specific functional role(s) of sarcomeric 

components during each stage of this critical developmental process. 
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2.2 MATERIALS AND METHODS 

Explant culture of precardiac regions 

Explantation of precardiac region cell layers was performed as described in Antin et al. 

(1994). Briefly, following 22-26 hours of incubation at 37°C, stage 5 embryos attached 

to their vitelline membranes were removed from fertile chick eggs (Rosemary Farms, 

Santa Maria, CA) and placed in 123 mM NaCl. With ventral side up, the endoderm was 

gently teased off of the underlying mesoderm (using electrolytically sharpened tungsten 

needles) in areas encompassing the heart-forming regions, after which the mesodermal 

layer was carefully removed from the underlying ectoderm. Precardiac mesoderm was 

then transferred to flbronectin (Boehringer Mannheim Corp., Indianapolis, IN) -coated 

Lab Tek chamber slides (Naperville, IL) and cultured in DMEM plus 10% selected fetal 

bovine serum and 50 (ig/ml penicillin/streptomycin in a 37''C/5% CO2 humidified 

incubator for 12-48 hours. 

Immunofluorescence microscopy 

Prior to fixation, precardiac cultures were scored for the presence of contracting cells 

and, in some experiments, incubated in a relaxing buffer (ISOmM KCI, 5mM MgCl2. 

lOmM MOPS pH 7.0, ImM EGTA, 4mM ATP, dHzO) for 15 min. Explants were fixed 

at various times (ranging from 12-48 hours following explantation) using either 

formaldehyde or methanol depending upon the specific antibodies to be employed. For 

methanol fixation, explants were incubated in 70% methanol for 1 hr at -20°C and 



30 

processed according to Gannon and Bader (1995). Otherwise, explants were processed 

essentially as described in Gregorio et al. (1998). Briefly, explants were fixed in 4% 

formaldehyde for 1 hr at room temperature and permeabilized in 0.2% Triton X-1 GO/PBS 

for 30 min. To minimize non-specific binding of antibodies, explants were preincubated 

in 2% donkey serum, 1% BSA/PBS for 1 hr. 

Monoclonal antibodies used to analyze myofibril assembly in explants were specific 

to: a-smooth muscle actin at 1:400 (1A4, Sigma, St, Louis, MO: Skalli et al., 1986); 

cardiac actin at 1:10 (Acl-20.4.2, American Research Products, Belmont, MA: Franke et 

al., 1996); cytoplasmic nonmuscle myosin II at 1:100 (CMl 125, Developmental Studies 

Hybridoma Bank, University of Iowa: Conrad et al., 1991); the T12 epitope of titin at 

1:200 (Boehringer Mannheim Corp.: Furst et al., 1988); a region of titin near the A-I 

junction at 1:50 (9D10, Developmental Studies Hybridoma Bank: Wang et al., 1991); and 

sarcomeric a-actinin at 1:1000 (EA-53, Sigma). Affinity-purified polyclonal antibodies 

included: FITC-conjugated anti-rabbit sarcomeric light meromyosin (LMM) at 1:800 

(Dlugosz et al., 1984); anti-E-tropomodulin (Babcock and Fowler, 1994); and anti-C-

terminal titin Tl 14 (Centner et al., 2000). 

Secondary antibody staining was performed using Texas red-conjugated donkey anti-

mouse IgG or goat anti-mouse IgG Fc fi'agment-specific antibodies in combination with 

FITC-conjugated donkey anti-rabbit or goat anti-rabbit IgM Fc fi'agment-specific 

antibodies (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Incubations 

with primary or secondary antibodies were performed at 4°C overnight, followed by 

washings in PBS. Explants incubated with secondary antibodies alone yielded no 
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significant signal. Propidium iodide and Texas red-conjugated phalloidin were purchased 

from Molecular Probes, Inc. (Eugene, OR). 

Stained explants were mounted in Vectashield Mounting Medium (Vector 

Laboratories, Burlingame, C A) and analyzed on a Leica laser scanning confocal 

microscope (model TCS-4D) using a lOOx NA 1.4 oil immersion objective. Note, due to 

the thickness of explant cultures, we determined that use of the confocal microscope is 

far superior to conventional microscopy to analyze individual myofibrils. Simultaneous 

two-channel recording was performed with a pinhole size of 90 jmi. All figures were 

derived from a single optical section. Images were processed using Adobe Photoshop 

software (San Jose, CA). 
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23 RESULTS 

Precardiac regions from stage 5 [Hamburger-Hamilton (H-H), 1951] chick embryos 

were surgically removed as cohesive layers of mesoderm and incubated on a fibronectin 

substrate for 12-48 hours at 37°C. Beating heart muscle cells consistently appeared in 

culture approximately 18-20 hours following explantation, a timing that lags behind heart 

muscle cell differentiation in vivo by approximately 4-6 hours (Antin et al., 1994). The 

timing of differentiation and contraction observed in endoderm-mesoderm explants is 

indistinguishable from rates observed in vivo (Lough et al., 1990; Antin et al., 1994; 

Gannon and Bader, 1995). Therefore, the slight developmental delay observed in 

mesoderm cultures could be due to the need for cells to settle down and reestablish 

interactions with the fibronectin substrate (see also: Linask and Lash, 1986). 

Alternatively, the delay may reflect a role of endoderm to enhance the rate of 

cardiomyocyte development (Antin et al., 1994; Gannon and Bader, 1995). 

Not all cells within precardiac regions differentiate into cardiac myocytes (see also: 

Linask and Lash, 1993; Sugi et al., 1993). However, in explants of mesoderm alone, we 

observed that cardiomyocytes, which stain positive with antibodies specific to titin and 

sarcomeric myosin, comprise more than 60% of the cells in culture (staining for myosin 

shown in Figure 2.1; data for titin staining not shown) and differentiate as an intact, 

multi-layered cell mass (~2-3 cell layers). 
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Stages of myofibril assembly in explants 

To initially investigate whether stages of myofibril assembly similar to those 

observed by others during embryonic heart development in vivo could be visualized, 

explants were fixed at one-hour intervals (from 12-48 hours following explantation) and 

double-stained with antibodies specific to sarcomeric myosin and with phalloidin to 

visualize filamentous actin. We found that distinct stages of myofibril assembly could be 

clearly discerned in precardiac explants. These stages are referred to as early, 

intermediate and mature based upon cell morphology, protein assembly patterns, and cell 

beating prior to fixation. 

The earliest detectable appearance (early stage) and assembly (early+ stage) of 

contractile proteins within explanted cardiomyocytes was observed afier approximately 

15 hours in culture. Explants stained with Texas red-conjugated phalloidin revealed the 

initial presence of filamentous actin networks localized in close proximity to the 

sarcolenuna of rounded cells (arrowheads. Fig. 2.2a). In contrast, staining for myosin 

initially appeared diffuse or as randomly organized dots in regions devoid of F-actin 

(arrowheads. Fig. 2.2 b-c). These myosin dots subsequently localized near the cell 

periphery and, in many cells, often appeared linearly aligned at periodic intervals of 

between 1.6 and 1.7 ^M (short arrows. Fig. 2.2 e and f). Although non-striated actin 

filaments resembling stress-fibers of non-muscle cells (proposed to act as a scaffold 

during sarcomere assembly in primary cultures of cardiac myocytes, Dlugosz et al., 1984) 

were not observed, filamentous actin was detected in an organized staining pattern 
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resembling early thin filament structures in many cells during this time (short arrow. Fig. 

2.2d). 

After approximately 18-20 hours in culture, the assembly process reached an 

intermediate stage: one or more small regions of cells (30-40 cells) within an explant 

began to beat. Careful comparison of explants prior to and after fixation revealed that in 

regions where beating occuned, cardiomyocytes were elongated and aligned (Fig. 2.2 g-

i). The majority of staining for both F-actin and sarcomeric myosin within these cells 

now appeared linearly organized in narrow myofibrils that extended along lateral cell 

borders (long arrows. Fig. 2.2i) and across cell junctions. Cardiomyocytes in non-beating 

regions often appeared slightly less mature (data not shown), although most cells reached 

an intermediate stage of assembly within approximately two hours following the initial 

appearance of contractile activity. 

Explanted heart cells displayed the characteristics of a mature assembly stage at 

approximately 24-28 hours of incubation. At this stage, both thin and thick filaments 

were observed in wide, linearly-aligned myofibrils that filled the cytoplasm within the 

majority of cells (Fig. 2.2 j-l). Strong contractions within precardiac cultures were 

always observed at this time. 

These results demonstrate that in precardiac explants, de novo myofibril assembly 

proceeds in a highly-ordered, temporal pattern. Furthermore, distinct stages of assembly 

can be consistently identified based on comparisons of cell morphology and patterns of 

protein assembly, all of which can be correlated with the presence (or absence) of 

contractile activity. 
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Actin isoform expression 

In situ observations have demonstrated that the appearance of vascular smooth 

muscle actin mRNA and protein marks the onset of cardiomyocyte differentiation in 

chick (Hayward and Schwartz, 1986; Ruzicka and Schwartz, 1988; Sugi and Lough, 

1992). To investigate whether actin isoform switching also occurred within the 

precardiac culture system, explants were briefly incubated in a relaxing buffer (required 

to prevent contraction and allow for better visualization of F-actin in a striated pattern) 

and stained with antibodies specific to vascular smooth muscle actin or cardiac actin 

during all stages of assembly. Since both actin antibodies are monoclonals, a direct 

comparison of the two isotypes within the same explant was not performed. Explants 

were, however, costained with antibodies specific to other contractile proteins (e.g., titin) 

which allowed for the positive identification and staging of muscle cells (data not 

shown). 

Bright staining for vascular smooth muscle actin appeared diffuse throughout the 

cytoplasm of cells during the earliest stage of assembly (Fig. 2.3a). Staining for this 

isoform diminished as myocytes reached more intermediate stages (Fig. 2.3 d and g) and 

was not detected in mature cardiomyocytes (Fig. 2.3j). In comparison, staining for the 

cardiac actin isotype was less obvious during the earliest stages but became more 

apparent near the periphery of cells as they matured (arrowheads and arrows. Fig. 2.3 b,e 

and h). Cardiac actin predominated as the major component of thin filaments in mature 

striated myofibrils within explant cultures (Fig. 2.3k). Interestingly, both actin isoforms 

were observed to participate in the formation of striated thin filaments during early and 
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intermediate stages, although striated filaments composed of vascular actin were more 

difficult to identify due to their immature (i.e., less aligned) appearance (compare short 

and long arrows. Fig. 2.3 e,g and h). Similar patterns of actin isoform expression have 

also been observed during heart development in chick and mammals by Vandekerckhove 

etal.(l986). 

Tropomodulin expression patterns 

Determining how cardiomyocytes regulate the assembly and length distribution of 

thin filaments during myofibrillogenesis is an active area of current research (for reviews, 

see Littlefield and Fowler, 1998; McLellan and Gregorio, 2000; Gregorio and Antin, 

2001). Studies performed in primary cultures of cardiac muscle cells and in transgenic 

overexpression of tropomodulin (TOT) mice indicate that capping of the pointed (slow 

growing) ends of thin filaments by tropomodulin is critical for maintaining mature 

filament lengths and contractile activity (e.g., Gregorio et al., 1995; Sussman et al., 

1998a,b). More recently. Fowler and colleagues have also demonstrated that the thin 

filaments are not irreversibly capped by tropomodulin and can still exchange actin 

monomers with the monomer pool in primary cultures of chick cardiac myocytes (i.e., 

tropomodulin capping activity is not always "on") (Littlefield et al., 2001). To establish 

patterns of tropomodulin assembly, precardiac cultures were double-stained with 

antibodies specific to tropomodulin and cardiac actin. Diffuse staining for tropomodulin 

was detected during the earliest stage of assembly in regions near the periphery of cells 

where unorganized staining for cardiac actin was also initially detected (arrowheads. Fig. 



2.3 b and c). At a slightly later stage (early+) when several thin filaments appeared well 

aligned in many cells, staining for tropomoduUn at thin filament pointed ends was either 

diffiise (short arrows. Fig. 2.3 e and f) or well organized in a striated pattern (open 

arrows. Fig. 2.3 e and f). Tropomodulin appeared well organized at the pointed ends of 

thin filaments during intermediate and late stages (long arrows. Fig. 2.3 h,i,k,l). The 

variable staining patterns (diffuse vs. striated) observed for tropomodulin during early 

stages of assembly suggested that there Is also a dynamic exchange of tropomodulin at 

thin filament pointed ends in precardiac cultures (see Chapter 3). In addition, our 

observations of well-aligned thin filaments in the absence of tropomodulin in many cells 

indicated that pointed end capping was not required to define thin filament lengths (see 

also: Gregorio and Fowler, 1995). 

The early assembly of titin 

For over a decade, investigators have proposed that titin functions as a molecular 

template for the sarcomere during myofibrillogenesis, capable of specifying the precise 

location of other sarcomeric and regulatory proteins (for recent reviews see: Gregorio et 

al., 1999; Trinick and Tskhovrebova, 1999). According to this model, one would predict 

that titin becomes organized during the earliest stage of the assembly process. The early 

localization of N-terminal titin with a-actinin (the major component of Z-disks) near the 

sarcolemma is also thought to represent one of the earliest assembly events, resulting in 

the formation of I-Z-I-like complexes composed of titin, a-actinin and actin filaments 
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(e.g., Tokuyasu and Maher, 1987b; Schultheiss et al., 1990; Epstein and Fischman, 1991; 

Holtzer et al., 1997; Ehleretal., 1999). 

To examine the assembly patterns of titin with respect to sarcomeric a-actinin, 

precardiac cultures were fixed and double-labeled accordingly. During the earliest stage 

of assembly, diffuse staining for a-actinin near cell borders was observed in the absence 

of staining for an N-terminal epitope of titin (arrowhead. Fig. 2.4a). Small clusters of 

variably sized titin dots were also observed in regions (of cells) devoid of a-actinin (short 

arrows. Fig. 2.4a). [These dots are thought to represent aggregates of several titin 

molecules that will eventually become incorporated into relatively fixed myofibrillar 

structures (e.g., Manasek, 1968; Tokuyasu and Maher, 1987a,b; Ehler et al., 1999)]. 

However, in the majority of cells where several titin dots appeared linearly aligned at 

variable intervals near the cell periphery, organized dots of a-actinin also appeared 

linearly aligned within the larger dots of titin (long arrows. Fig. 2.4a). Antibodies 

specific to either Z-line or A-I band epitopes of titin gave identical results (data not 

shown). Our observations demonstrated that the earliest events of sarcomere assembly 

(i.e., the formation of I-Z-I-like structures) can be clearly and consistently visualized in 

precardiac cultures. Additionally, the early assembly of titin in precardiac explants is 

consistent with its proposed role as a molecular template. 

Many investigators have proposed that the C-terminal region of titin may be 

responsible for docking (i.e., aligning) myosin thick filaments within the center of 

sarcomeres and/or defining thick filament lengths during early assembly stages (e.g., 

Wang et al., 1988; FQrst et al., 1989; Schultheiss et al., 1990; Epstein and Fischman, 
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1991; Holtzer et al., 1997; Ehler et al., 1999; Gregorio et al., 1999; Trinick and 

Tskhovrebova, 1999). A comparison of staining patterns during the earliest stage in 

explants for myosin and titin revealed, as reported above, that sarcomeric myosin initially 

appeared difilise or as randomly organized dots (arrowheads. Figs. 2.3b and 2.4b). Titin, 

on the other hand, often appeared linearly aligned near the cell periphery, in the absence 

of an organized staining pattern for myosin (brackets. Fig. 2.4b). In fact, organized dots 

of myosin were detected in close proximity to titin (due to misalignment?; short arrows. 

Fig. 2.4b) or within the center of sarcomeres (long arrows. Fig. 2.4b) only when titin was 

also linearly aligned within the same myofibril. These results strongly suggest that titin 

becomes organized within sarcomeres before myosin and therefore could play a role in 

defining thick filament structure during early assembly stages. 

Finally, results of immunolocalization studies in chick and mouse indicated that the 

Z-line associated N-terminal end of titin is detected earlier than the M-line associated C-

terminal end of titin (FOrst et al., 1989; Ehler et al., 1999). Similar patterns of titin 

organization were also observed in explants. In fact, three distinct staining patterns for 

N- and C-terminal epitopes of titin during the earliest stages of assembly were observed: 

1) the appearance of small dots containing N-terminal epitopes of titin in the absence of 

staining for C-terminal epitopes (arrowheads. Fig. 2.4c); 2) clusters of randomly 

organized N-terminal dots of variable size with low, diffuse levels of C-terminal staining 

(short arrow. Fig. 2.4c); and 3) two or more linearly-aligned N-terminal dots (spaced at 

intervals of approximately 1.7 ^m) that alternated with well organized C-terminal dots 

(long arrows. Fig. 2.4c). As more clearly demonstrated in Fig. 2.4d, alternating patterns 
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of well organized staining for both titin epitopes were observed to occur at or near the 

periphery of ceils concomitant with the earliest formation of myofibrils. 

In summary, our observations of myofibril assembly in precardiac explant cultures 

are indistinguishable from those observed during cardiomyocyte development in vivo. 

We have also demonstrated that explanted premyocardial cells differentiate and assemble 

contractile components in a nearly synchronous manner such that distinct stages of 

myofibril assembly can be consistently recognized. Importantly, the specific events that 

occur during each stage of the assembly process, including events leading to the early 

formation of sarcomeres, can be clearly visualized and correlated to the presence (or 

absence) of contractile activity. 
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Figure 2.1: Confocal images demonstrating that approximately 60% of the cells 
express muscle-specific proteins in explants of mesoderm alone. Explants were fixed 
following 24 hours of incubation and double-stained with propidium iodide (a) to label 
nuclei, and FITC-conjugated rabbit anti-sarcomeric myosin (anti-LMM) antibodies (b). 
Arrows in a and b highlight regions of cells within an explant that stain positive for 
muscle myosin. Note that these images were taken with a lOx objective and show 
approximately 80-90% of explanted cells. Bar = 50 jiM. 
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Figure 2.2: Confocal images demonstrating that distinct stages of myofibril 
assembly can be identified in precardiac explants. Cardiac myocytes were fixed at 
various times ranging firom 12-48 hours following explantation and double-stained with 
Texas red-conjugated phalloidin (a,d,gj) and FITC-conjugated anti-LMM antibodies 
(b,e,h,k) to visualize the distribution patterns of F-actin and sarcomeric myosin, 
respectively (c,f,i,l are merged images). Early stages of assembly, ~15 hours in culture 
(a-f). F-actin networks are initially observed near the cell periphery (arrowheads, a); short 
arrow (d) demonstrates the early appearance of thin filaments. Myosin staining initially 
appears diffuse and as randomly organized dots (arrowheads, b-c) which subsequently 
appear linearly aligned near cell borders (short arrows, e-f). Intermediate stages of 
assembly, ~18-20 hours in culture (g-i). Long arrows (i) show staining for F-actin and 
myosin linearly organized in narrow myofibrils. Mature stages of assembly, ~24-28 
hours in culture O'-l)- Note: staining for actin and myosin appears colocalized in (1) due 
to the contracted state of myofibrils in the majority of cells during this stage. Each field 
represents approximately 30 cells. N=nucleus, Bar =10 jim. 
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Figure 23: Confocal images demonstrating an actin isoform switch during 
myofibril assembly in precardiac expiants as well as well-aligned thin filaments in 
the absence of tropomodulin. Expiants were fixed at various times following 
explantation (from 12-48 hours) and stained with antibodies to vascular smooth muscle 
actin (a,d,gj), or costained for cardiac actin (b,e,h,k) and tropomodulin (c,f,i,l). Short (e) 
and long (g-h) arrows demonstrate the appearance of striated thin filaments during early 
and intermediate stages, respectively. Staining for Tmod appears diffuse near cell 
borders (anowheads, b-c), even in many cells that display well aligned thin filaments 
(short arrows, e-f). Open arrows (e-f) also demonstrate the appearance of Tmod bands 
near thin filament pointed ends during early stages. Tmod is well organized during 
intermediate and late stages Gong arrows, h,i,k,l). Each field represents approximately 
12-15 cells. N=nucleus, Bar = 10 jiM. 
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Figure 2.4: Confocal images demonstrating the early assembly of titin in explants. 
(a) Explants double-stained with antibodies to an N-tenninal epitope of titin (red) and 
sarcomeric a-actinin (green). Diffuse staining for a-actinin is observed near cell borders 
(arrowhead) apart from unorganized dots of titin (short arrows). The initial appearance of 
a-actinin dots, representing Z-disk formation, appear yellow due to their localization 
within the larger dots of titin (long arrows), (b) Explants double-stained with antibodies 
to an N-terminal epitope of titin (red) and sarcomeric myosin (green). Myosin initially 
appears diffuse or as randomly organized dots (arrowheads) when titin appears linearly 
aligned near the cell periphery (brackets). Myosin is detected in close proximity to titin 
(short arrows) or wit^ the center of sarcomeres (long arrows) only when titin is also 
linearly aligned within the same myofibril. (c,d) Explants double-stained with antibodies 
to an N- (red) and C- (green) terminal epitope of titin. Dots of N-terminal titin are 
observed in the absence of staining for Ae C-terminal (arrowhead, c); however, diffuse 
C-terminal staining is also detected (short arrow, c). Staining for both titin epitopes 
alternate at the cell periphery Gong arrows, c-d). N=nucleus, Bar =10 fiM. 
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2.4 DISCUSSION 

Progress toward understanding how cardiomyocytes consistently and precisely 

organize their filament systems to allow for efficient cardiac muscle contraction will 

ultimately require access to cell culture models that accurately reflect events occurring 

during de novo myofibrillogenesis in the embryo. Here we have demonstrated, by fixing 

and staining avian precardiac explants at various times following explantation, that 

distinct stages of de novo myofibril assembly resuhing in the formation of mature, 

contracting myofibrils can be consistently recognized. The spatial distribution patterns of 

all sarcomeric components studied can also be visualized and compared during each stage 

of the assembly process. Importantly, our observations reveal that assembly events in 

precardiac explants faithfully recapitulate those that occur during embryonic heart 

development. Specifically, thick filaments appear to assemble independently of thin 

filaments during the earliest stages, although both filament systems interdigitate at cell 

borders and throughout the cytoplasm of cells during intermediate and late stages, 

respectively (Fischman, 1967; Manasek, 1968; Antinetal., 1981; Ehleretal., 1999). 

Whereas vascular smooth muscle actin participates in the early formation of striated thin 

filaments, cardiac actin predominates as the major component of thin filaments in mature 

cardiomyocj^es (Hayward and Schwartz, 1986; Vandekerckhove et al., 1986: Ruzicka 

and Schwartz 1988; Sugi and Lough, 1992). Many thin filaments also appear well 

aligned in the absence of organized staining for tropomodulin; thus, actin thin filament 

capping does not appear to be required for defining thin filament lengths. Consistent 
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with its proposed role as a molecular template for the sarcomere, titin is detected during 

the earliest stages of assembly. Furthermore, an N-terminal epitope of titin is detected 

earlier than a C-terminal epitope and colocalizes with a-actinin to form I-Z-l-like 

complexes at or near the cell periphery. Our observations of the early alignment of titin 

at the cell periphery in the absence of an organized staining pattern for myosin are 

consistent with titin's proposed role in docking thick filaments during sarcomere 

assembly (for extensive discussions of titin see: Gregorio et al., 1999; Trinick and 

Tskhovrebova, 1999; Gregorio and Antin, 2000). 

Although several observations of myofibril assembly in explants resemble those seen 

in primary cultures of cardiac myocytes (e.g., the independent assembly of thin and thick 

filaments, the early assembly of a-actinin-containing I-Z-I structures and the late 

assembly of tropomodulin), major differences do exist. This is not surprising, however, 

if we consider the isolation procedures employed to establish the individual cell culture 

models. Unlike procedures utilized to establish primary cultures of cardiomyocytes (i.e., 

the chemical disassociation of fully differentiated heart cells), precardiac explants are 

generated following the removal and plating of intact sheets of precardiac mesoderm. As 

such, the majority of cell-cell contacts observed during development in the embryo are 

preserved. At least 60% of explanted precardiac cells subsequently differentiate as a 

three-dimensional cell mass and assemble their contractile machinery in a nearly 

synchronous manner, although regional timing differences within an explant can vary by 

approximately two hours. All the muscle-specific proteins studied in precardiac explants 

are detected during the earliest stage of assembly, which occurs at or in close proximity 
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to the sarcolemma of rounded cells. In contrast, cells in primary culture are largely two-

dimensional and display a variety of morphological patterns typical of spreading and/or 

migrating cells. These cells also display actin stress fiber-like structures (Dlugosz et al., 

1984) and express cytoskeletal isoforms (i.e., nonmuscle myosin, Rhee et al., 1994) not 

observed in vivo or during any stage of assembly in explants (Ehler et al., 1999; this 

study, data not shown). These findings all indicate that differentiating cardiac myocytes 

in precardiac region explants provide a more accurate model of assembly that occurs 

during chick heart development in vivo than do primary cultured heart muscle cells. 
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CHAPTER 3 

Thin Filament Dynamics During De Novo Cardiac Myofibril Assembly 
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3.1 INTRODUCTION 

Understanding the mechanisms by which sarcomeres become assembled has been the 

focus of intense research for many years. As a resuh, many of the major sarcomeric 

components have now been identified. Elaborate microscopic analyses also provide 

detailed descriptions of the temporal and spatial relationships of these components during 

various stages of sarcomere formation which, together, have proven invaluable in 

promoting our current understanding of myofibril assembly (for a comprehensive review 

of myofibrillogenesis, see Gregorio and Antin, 2000). Despite these efforts, however, 

many critical aspects of this process still need to be resolved. Of particular importance is 

the need to define the events necessary for the proper formation of thin filaments during 

early stages of heart development. More specifically, what are the mechanisms that 

regulate the lengths of thin filaments? 

In striated muscle, thin filaments are polymerized to strikingly uniform lengths. In 

cardiomyocytes, these lengths approximate 0.8-1.3 (im (Robinson and Winegrad, 1979) 

whereas in skeletal muscle, filament lengths of ~l.l 1 (im are consistently maintained 

(Sosa et al., 1994). Dramatic examples of filament length uniformity can also be 

observed in a variety of nonmuscle cells, including the ~40 (xm-long filaments of the 

erythrocyte membrane skeleton, the ~2.5 ^m-long filament bundles observed in intestinal 

cell microvilli, and the ~10 (un-long filament bundles in the cuticular bristles of 

Drosophila (^Aooxk&t, 1985; Fowler, 1996; Robinson and Cooley, 1997). Although 

filament length distributions do vary fi'om one cell type to another, it is generally agreed 
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that a regulatory mechanism exists by which these actin networks are assembled and 

stabilized (for reviews, see Gregorio, 1997 and Littlefield and Fowler, 1998; also 

Almenar-Queralt et al., 1999). 

To address this issue, several researchers have examined the role of thin filament 

capping proteins (for reviews, see Schafer and Cooper, 1995; Littlefield and Fowler, 

1998). In striated muscle, thin filaments are capped at their barbed ends by Cap Z 

(Casella et al., 1986 and 1987; Caldwell et al., 1989) and at their pointed ends by 

tropomodulin (Tmod) (Fowler et al., 1993; Weber et al., 1994). Unlike barbed-end 

capping, which functions to nucleate and align thin filaments at the Z-disc during the 

initial stages of assembly (Schafer et al., 1993 and 1995), pointed-end capping occurs late 

in cardiac myofibrillogenesis and is required for maintaining mature filament lengths 

once they have been achieved (Gregorio and Fowler, 1995; Gregorio et al., 1995). For 

example, disruption or loss of Tmod at thin filament pointed ends in mature 

cardiomyocytes results in the appearance of abnormally long filaments. Overexpression 

of either Tmod (in cardiomyocytes) or sanpodo (the Drosophila homologue in indirect 

flight muscle), on the other hand, leads to filament shortening. Both under- and 

overexpression of Tmod resulted in severe myofibril disarray and, importantly, transgenic 

mice that overexpress Tmod in heart display a phenotype that closely resembles human 

dilated cardiomyopathy (Gregorio et al., 1995; Sussman et al., 1998a,b; Mardahl-

Demesnil and Fowler, 2001). 

Tmod was originally identified as a component of the erythrocyte membrane 

cytoskeleton (E-Tmod, Fowler, 1987). Since its discovery, many isoforms of Tmod have 
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also been found to exist in a variety of other cell types including: E-Tmod in cardiac 

myocytes and embryonic skeletal muscle cells, SK-Tmod in adult skeletal muscle, N-

Tmod in neurons, and U-Tmod which is ubiquitously expressed in a many tissues (for a 

detailed review of Tmod isoforms, see McLellan and Gregorio, 2000). These isoforms 

are -60% identical at the amino acid level and are encoded by separate genes (Watakabe 

et al., 1996; Ahnenar-Querah et al., 1999; Cox and Zoghbi, 2000). Additionally, Tmod-

like proteins have been identified in smooth muscle (SM-Lmod, Conley, 2001), C. 

elegarts (see Fowler and Conley, 1999), and Drosophila IFM (sanpodo; Dye et al., 1998; 

Mardahl-Demesnil and Fowler, 2001). 

Although Tmod is most often recognized as an actin-binding protein, it was originally 

identified based upon its ability to bind tropomyosin (Tm), another integral component of 

the thin filament system (Fowler, 1987, 1990; Sung and Lin, 1994). Tm is a rod-shaped 

molecule that assembles as a coiled-coil dimer along the length of the actin filament in an 

overlapping, head-to-tail fashion. Together with the troponins, Tm's major function in 

striated muscle is to regulate the calcium-mediated interaction of actin with myosin (for a 

review, see Smillie, 1979); however, Tm also plays a critical role in stabilizing thin 

filament lengths via its interaction with actin and Tmod at thin filament pointed ends 

(Broschat, 1990; Weigt et al., 1990; Gregorio and Fowler, 1995; R. Mudry, unpublished 

data). In vitro analyses have demonstrated that, in the absence of Tm, Tmod forms a 

"leaky" cap, whereas in Tm's presence, Tmod's affinity for thin filament pointed ends 

increases by ~1000-fold. This results in the ability of a Tmod-Tm complex to completely 

block filament elongation and depolymerization (Weber et al., 1994; Gregorio and 



Fowler, 1995). Interestingly, while the presence of Tm on thin filaments is required for 

Tmod's assembly in vitro, it is not sufBcient and most likely requires the presence of a 

currently unidentified third factor (i.e., Tmod associates with thin filament pointed ends 

only in a subset of striated myofibrils in primary culture and does not associate with any 

premature myofibrils, all of which contain Tm; Gregorio and Fowler, 1995). This 

observation is in agreement with our recent observations of E-Tmod assembly in 

precardiac explants. In this system E-Tmod is expressed within cardiomyocytes at the 

onset of myofibrillogenesis but remains diffuse in the cytoplasm until later stages of 

assembly (see Chapter 2; Rudy et al., 2001). In contrast, E-Tmod and its homologue, 

sanpodo, can be detected at the majority of immature filament pointed ends during the 

earliest stages of assembly in developing myotubes and insect flight muscle, respectively 

(Almenar-Queralt et al., 1999; Mardahl-Dumesnil and Fowler, 2001). Finally, despite the 

fact that the majority of thin filament pointed ends are capped by E-Tmod in mature 

cardiomyocytes, Littlefield et al. (2001) recently demonstrated that E-Tmod's capping 

activity during this time is dynamic (i.e., E-Tmod caps are not always "on"). This, in 

turn, allows for the continual exchange of actin monomers at thin filament pointed ends. 

Similarly, newly-synthesizedTm has been observed to incorporate preferentially at or 

near the pointed ends of the thin filaments (Michele et al., 1999). Taken together, these 

observations may suggest that the entire structure of the thin filament pointed end is 

dynamic. 
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The Present Study 

Cardiac myofibrillogenesis has often been difficult to study due, in large part, to 

difficulties in resolving the rapid events of de novo assembly in cell culture. We recently 

demonstrated, however, that avian precardiac explants are invaluable for studying many 

aspects of this process (Rudy et al., 2001). By fixing explants at various time intervals 

following explantation, distinct stages of myofibril assembly can be discerned (ranging 

from the earliest detection of muscle proteins to the appearance of mature myofibrils). 

Furthermore, the assembly events that occur during each stage can be clearly visualized 

and accurately reflect those that occur in the developing embryo. In the present study, we 

utilized this system to investigate the de novo assembly of thin filaments during heart 

muscle cell development. Double and triple immunofluorescence confocal microscopy 

as well as ultrastructural analyses of explants revealed that a gradual increase in the 

lengths of thin filaments is consistently observed as myofibril assembly progresses. An 

increase in the distances between Z-discs of individual sarcomeres can also be detected 

concomitantly with an increase in filament length. Fluorescence Recovery After 

Photobleaching (FRAP) experiments performed on explants expressing GFP-E-Tmod 

indicated that E-Tmod capping at thin filament pointed ends is much more dynamic 

during earlier stages of assembly (as compared with mature stages), an observation that 

cannot be attributed to changes in the soluble pool of endogenous E-Tmod. 

An increase in thin filament lengths has also recently been detected during myofibril 

assembly in primary cultured cardiomyocytes (A. Almenar-Queralt; R. Mudry; 

unpublished data). Because these cells are readily observable by light microscopy and 
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accessible to lipid-mediated transfection, we will utilize this system to investigate 

whether the coordinated expression of actin isoforms may flmction to regulate E-Tmod 

dynamics. To this end, plasmid expression vectors containing the cDNAs specific to 

each of the actin isoforms known to be expressed in developing heart muscle cells (i.e., 

a-vascular smooth, a-skeletal and a-cardiac) are currently being generated for 

subsequent transfection into the primary cultured heart cells. To discriminate the 

transfected actins from endogenous actin, each cDNA will be modified by inserting a tag 

just before the stop codon (Soldati and Perriard, 1991; Mounier et al., 1997). This tag is 

composed of 11 amino acids of the C terminus of the vesicular stomatitis virus (VSV) G-

protein against which polyclonal and monoclonal antibodies are available. Following 

expression and assembly of the VSV-tagged proteins, the potential effects of each actin 

isoform on thin filament morphology/pointed end capping will be evaluated and 

compared. Finally, a model which suggests that thin filament capping/elongation may be 

regulated by an increased stabilization of E-Tmod at the pointed ends of cardiac thin 

filaments is presented and discussed (also see Chapter 5). 
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3.2 MATERIALS AND METHODS 

Explant cultures of precardiac regions 

Explantation of precardiac region cell layers was performed as presented in Chapter 2 

and further described in Antin et al. (1994) and Rudy et al. (2001). 

Immunofluorescence microscopy and image analysis 

Prior to fixation, precardiac cultures were incubated in a relaxing buffer (ISOmM KCl, 

SmM MgCh, lOmM MOPS pH 7.0, ImM EGTA, 4mM ATP) for 15 min and processed 

essentially as described in Rudy et ai. (2001). Briefly, explants were fixed at various 

times (ranging from 12-48 hours following explantation) using 4% formaldehyde at 4°C 

for 1 hr and permeabilized in 0.2% Triton X-IOO/PBS. To minimize non-specific 

binding, explants were incubated in 2% donkey serum, 1% BSA/PBS. 

Monoclonal antibodies used throughout this study were specific to a-smooth muscle 

actin at 1:400 (FITC-conjugated 1A4, Sigma, St, Louis, MO: Skalli et al., 1986); cardiac 

actin at 1:10 (Acl-20.4.2, American Research Products, Belmont, MA: Franke et al., 

1996); and sarcomeric a-actinin at 1:1000 (EA-53, Sigma). Affinity-purified polyclonal 

antibodies specific to E-Tmod (#1844) were used at 5 ^g/ml. 

Secondary antibody staining was performed using either Texas red-conjugated donkey 

anti-mouse IgG (1:600), Cy5-conjugated goat anti-mouse IgG and IgM (1:100) (Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA), or Alexa Fluor 488-conjugated 

goat anti-mouse IgG (1:1000; Molecular Probes, Inc., Eugene, OR) antibodies. Texas 
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red-conjugated rabbit anti-mouse IgGl antibodies (Research Diagnostics, Inc., Flanders, 

NJ) were used to recognize anti-cardiac actin antibodies, and Alexa Fluor 488-conjugated 

goat anti-rabbit IgG antibodies (Molecular Probes, Inc.) were used against antibodies 

specific to E-Tmod. Incubations with primary or secondary antibodies were performed at 

4°C overnight, followed by extensive washings in PBS. Explants incubated with 

secondary antibodies alone yielded no significant signal. Texas red-conjugated 

phalloidin was purchased from Molecular Probes, Inc. 

Stained explants were mounted in Vectashield Mounting Medium (Vector 

Laboratories, Burlingame, CA) and analyzed on a Leica laser scanning confocal 

microscope (model TCS-4D) using a lOOx NA 1.4 oil immersion objective. 

Simultaneous two-channel recording was performed with a pinhole size of 90 ^m. All 

figures were derived from a single optical section. Images were processed using Adobe 

Photoshop 6.0 software (San Jose, CA). 

The lengths of ~400 thin filaments from each stage of assembly and from several 

explant cultures were determined using IP Lab Spectrum software (Scanalytics Inc., 

Fairfax, VA). Thin filament lengths included the distance from a-actinin staining to thin 

filament pointed ends (double-labeling experiments) or from a-actinin to E-Tmod 

staining (triple-labeling experiments). Sarcomere lengths included the distance from a-

actinin to a-actinin staining. Statistical analyses of the data obtained were performed 

using Excel (Microsoft) and presented as mean ± SD. Measurements derived from triple-

staining were also subjected to a Student's Mest. 
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Electron microscopy 

Precardiac explants were fixed, embedded and processed for electron microscopy as 

described in Trombitas et al., 1991 and Granzier et al., 1996. Briefly, explants were 

incubated in relaxing buffer (pH 7.0; 40 mM imidazole, 10 mM EGTA, 6.4 mM 

magnesium acetate, 5.9 mM sodium ATP, 5mM sodium azide, ImM DTT, 70 mM 

potassium propionate and lOmM creatine phosphate) with 1% Surfact-Amps X-100 and 

protease inhibitors (20 mg/ml leupeptin, lOmM E-64, and 0.2 M PMSF) for 50 min on 

ice followed by extensive washings in relaxing buffer without detergent. Explants were 

then fixed in 3% formaldehyde/PBS solution (with leupeptin) for 20 min on ice followed 

by extensive washings in MOPS buffer (pH 6.8; 20mM K-MOPS, lOmM MgCb, 5mM 

sodium azide). A second fixation step involved incubating explants in 3% glutaraldehye 

diluted in MOPS buffer/0.5M EGTA for 30 min on ice followed by extensive washings 

in MOPS without EGTA. Explants were post-fixed in 1% OSO4, dehydrated in a graded 

alcohol series and embedded in Epox resin. Sections were cut parallel to the plate, 

stained with uranyl acetate and lead citrate and viewed on a Philips CM 12 electron 

microscope (Arizona Research Lab Biotechnology Core Imaging Facility, Tucson, AZ). 

Expression of GFP-E-Tmod and Fluorescence Recovery After Photobleaciiing 

(FRAP) 

The adenovirus used in this study was generously provided by Dr. Robert Fischer of 

The Scripps Research Institute in La Jolla, CA. Two viral stocks were utilized as part of 

a Tet-Ofif gene expression system: one stock expresses the untagged tetracycline-
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controlled transactivator protein (tTA) from a CMV promoter whereas the other 

expresses E-Tmod:GFP (E+) from a tTA responsive promoter. Thus, GFP could only be 

observed in cells infected with both viral particles. 

Following explantation, precardiac cultures were allowed to incubate in serum-

containing media for approximately 2 hrs at 37°C. To enhance viral infection efficiency, 

explants were then subjected to an osmotic shock pretreatment (Ipart DMEM /I part 

dHjO, Widdicombe et al., 1996) for 2 min with subsequent incubation in lOOul of a viral 

cocictail consisting of both the tTA and E+ adenoviral vectors diluted in serum-free 

DMEM. Explant cultures were infected at a MOI of200 (assuming -2,500 cells/explant) 

for 4 hrs at ITC prior to the final addition of normal culture media. Expression of GFP 

was observed after approximately 18 hrs. 

FRAP experiments were performed on beating precardiac explants with a Leica laser 

scanning confocal microscope (model TCS-4D) using a lOOx NA 1.4 oil immersion 

objective and a pinhole size of 90 ^m. (Note: cells of similar GFP intensities were 

chosen for comparison.) Photobleaching was performed at 100% laser power by 

scanning at slow speed 4-5 times, or until fluorescence was not detected. Prebleach and 

recovery images were taken at 2-3 min intervals at 30-40% laser power and normal scan 

speed. 

Immunoblotting and densitometric analysis 

Protein expression analysis was essentially performed as described in Gregorio et al., 

1995. Briefly, explants were grown to intermediate (18-20 hrs of incubation) and mature 
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(24-28 hrs) stages in 35mni petri dishes, rinsed in ice-cold PBS and collected by scraping 

them off of the dish with a cell lifter (Costar Corp., Cambridge MA). Explants were then 

extracted in cytoskeletal stabilization buffer [CSK buffer: 10 mM Pipes, pH 6.8, 100 mM 

KCl, 300 mM sucrose, 2.5 mM MgCU, 0.5% Triton X-lOO plus protease inhibitors (0.4 

mM pefabloc, 0.2 mg/ml PMSF, 0.001 mg/ml aprotinin) for 20 min on ice and 

centriftiged for 4 min at 4°C, 5,000g. Soluble and insoluble fractions were 

electrophoresed on a 12% polyacrylamide gel and transferred to a nitrocellulose 

membrane. Membranes were then probed with 0.5 ^g/ml of affinity-purified rabbit anti-

E-Tmod antibodies, followed by HRP-conjugated goat anti-rabbit IgG (1:25,000; Jackson 

ImmunoResearch Laboratories). The blots were incubated in SuperSignal 

Chemiluminescent Substrate (Pierce Chemical Co.) according to the manufacturer's 

instructions and exposed to Biomax MR film (Eastman Kodak Co.). 

A quantitative analysis of the level of E-Tmod associated with each fraction was 

performed using the public domain NIH Image program (developed at the U.S. National 

Institutes of Health and available on the Internet at http://rsb.invo.nih.gov/nih-image/). 

http://rsb.invo.nih.gov/nih-image/
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33 RESULTS 

Thin filament lengths increase during myofibrillogenesis in explants 

To investigate whether specific events of thin filament assembly could be identified in 

developing heart muscle cells, explants were initially fixed at various stages and double-

stained for sarcomeric a-actinin (the major component of Z-discs) and filamentous actin. 

During the earliest stages of assembly (explants fixed and stained after ~15-17 hrs of 

incubation), the presence of very short actin filaments (~0.53 jmi) that emanated fi-om 

single dots of a-actinin staining were consistently detected (see Fig. 3.1a). A gradual 

increase in thin filament lengths was detected as cardiomyocytes matured. Specifically, 

we observed that thin filament lengths increased from -0.53 ^m during early stages to 

-0.78 and ~1.00 jim during intermediate (-18-20 hrs of incubation) and mature (-24-28 

hrs) stages, respectively (dashed lines to arrowhead. Fig. 3.1 a-d). 

To eliminate the possibility that the increase in thin filament lengths observed was a 

result of aberrent phalloidin staining (e.g., perhaps phalloidin was not staining along the 

entire length of thin filaments; Zhukarev et al., 1997), explants were fixed and triple-

stained with antibodies to sarcomeric a-actinin and E-Tmod, and phalloidin (Fig. 3.2). 

This technique allowed us to measure the distance from the Z-disc to the extreme pointed 

end of the thin filaments (distance between arrows. Fig. 3.2). At the same time, however, 

it limited the number of measurements that could be made during the earliest stages of 

assembly due to the absence of organized E-Tmod staining at many thin filament pointed 

ends (Gregorio and Fowler, 1995; Rudy et al., 2001). Nevertheless, measurements 
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obtained &om the triple labeling experiments indicated that an increase in thin filament 

lengths during assembly did indeed occur (Fig. 3.3). Note, however, that filament lengths 

observed in double-stained explants were slightly shorter than those observed in triple-

stained explants, suggesting that phalloidin did not stain the extreme pointed ends. 

Thin filament lengths vs. sarcomere organization 

Next, electron microscropic (EM) analyses of the various-staged explants were 

performed to more closely compare thin filament lengths with respect to overall 

sarcomere organization. Most obvious during the earliest stages of assembly was the 

appearance of parallel arrays of short actin filaments that emanated firom precursor Z 

discs (Z bodies) (Fig. 3.4a), in the absence of organized sarcomeres. By measuring the 

distance between the center of presumptive Z-discs and associated thin filament pointed 

ends (Fig. 3.4a, anows), we observed that thin filament lengths during early stages were 

highly variable but did not exceed ~0.65 jim. (Note: The arrows in Figure 3.4a denote 

our observations of the longest thin filaments detected in this micrograph.) In many cells 

during early stages, we were also able to detect early myofibrils (Fig. 3.4b). 

Measurements of the distance from the Z-disc (Fig. 3.4b) to the extreme pointed end of 

thin filaments (arrows. Fig. 3.4b) indicated that the mean length of thin filaments in 

newly formed sarcomeres was ~0.68 (im. As shown in Figs. 3.4 c and d (derived from 

intermediate-staged explants), thin filament lengths gradually increased as myofibrils 

matured, measuring -0.74 (xm in (c), ~0.84 (im in (d), and ~1.00 |im during the latest 

stage of assembly (data not shown). 



63 

Similar to the observations of others (e.g., Tokuyasu and Mayer, 1987b; Rhee et al., 

1994; Imanaka-Yoshida et al.,1998), an increase in the distance between Z-discs was 

detected during cardiac myofibril assembly. Here we show that this increase occurred 

concomitantly with an increase in thin filament length. In fact, in cells where fully 

formed sarcomeres were clearly evident (Figs. 3.4 b-d), the length of thin filaments 

within a sarcomere consistently approximated 90% of total Z-to-Z distance (compare thin 

filament lengths and Z-to-Z distances in Fig. 3.4 b-d). 

Thin filament assembly and tropomodulin 

The consistency of filament length measurements taken at each stage of assembly 

suggested that thin filament elongation is tightly regulated. This observation, in addition 

to knowledge of the dynamic nature of E-Tmod in mature cells (Littlefield et al., 2001), 

prompted us to hypothesize that such regulation may involve differences in the exchange 

rate of E-Tmod at thin filament pointed ends during the various stages (i.e., perhaps the 

on/off rate of E-Tmod decreased as cardiomyocytes matured). To test this, fi'eshly 

isolated explants were infected with adenovirus containing the cDNAs for GFP-E-Tmod. 

The expressed fusion protein localized to thin filament pointed ends after ~18 hrs of 

incubation, allowing visualization of GFP-E-Tmod during both intermediate and mature 

stages (arrow. Fig. 3.5a). Fluorescence Recovery After Photobleaching (FRAP) 

experiments, subsequently performed to compare the dynamics of GFP-E-Tmod, 

indicated that differences in E-Tmod capping activity did indeed exist; whereas fiill 

recovery of GFP fluorescence during intermediate stages was detected after 8-12 min. 
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recovery of GFP at the pointed ends of thin filaments in mature explants required 24-29 

min (see Fig. 3.5b). It is important to note, however, that GFP fluorescence recovery in 2 

(n=7) intermediate-staged cardiomyocytes appeared incomplete, even when experiments 

were carried out for extended periods of time (~30 min). Reasons for this remain 

unclear; yet, it is interesting to speculate that different subpopulations of thin filaments 

may exist within individual sarcomeres during this stage such that some may be more 

tightly capped than others (Littlefield et al., 2001). Nevertheless, based on the 

consistency of our results overall, the data suggest that E-Tmod capping is more dynamic 

earlier in assembly. This property could account for the variability in thin filament 

lengths observed early in assembly, as well as dramatically affect the rate of actin 

monomer exchange/addition at thin filament pointed ends throughout the assembly 

process. 

One possible explanation for the observed differences in E-Tmod dynamics during 

intermediate and mature stages is that the ratio of soluble to assembled E-Tmod changes 

as cardiomyocytes mature. To test this, immunoblot analyses on soluble and insoluble 

firactions of explants at intermediate and mature stages were performed. As shown in 

Figure 3.6, a single band at ~40kDa corresponding to E-Tmod was detected in both 

fractions at each stage. Densitometric analyses revealed tliat levels of soluble vs. total E-

Tmod were also similar: ~24% of E-Tmod within cells was soluble in intermediate-

staged explants vs. ~29% in mature cells. Thus, changes in the soluble pool of 

endogenous E-Tmod cannot account for the observed delay in GFP-E-Tmod recovery 

during late stages of myofibril assembly. Future experiments will focus on the potential 
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effects that actin isoform expression may have on E-Tmod dynamics during assembly 

(see Discussion below and Chapter 5). 
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Figure 3.1: Confocal images demonstrate an increase in tiiin filament lengths 
during myofibril assembly in precardiac explants. Explants were fixed at various 
times (from 12-28 hours) and double-stained with Texas red-conjugated phalloidin (red, 
F-actin) and antibodies to sarcomeric a-actinin (yellow). Filament lengths were obtained 
by measuring the distance from a-actinin staining to thin filament pointed ends (dashed 
line to arrowhead). Bar =10 nm. 



67 

Meraed 

Early+ 

Inter-
mediatej 

Mature 

Figure 3.2: Confocal images of triple-stained explants confirm an increase in thin 
filament lengths during myofibril assembly. Explants were fixed at various times 
(firom 12-28 hours) and stained with Texas red-conjugated phalloidin (red, F-actin), and 
antibodies to sarcomeric a-actinin (blue) and E-Tmod (green). Thin filament lengths 
were determined by measuring the distance firom a-actinin to E-Tmod staining (e.g., 
distance between arrows in merged images). Bar = 10 (xm. 
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Figure 33: A graph comparing the lengths of thin filaments in double vs. triple-
stained explants. While a substantial increase in thin filament lengths was detected 
using both staining techniques, filament lengths in double-stained explants were ~7-10% 
shorter than those in triple-stained explants of the same stage. Student's Mest was 
performed on triple-stained measurements: early-staged filaments were significantly 
shorter than intermediate-staged filaments (p<0.001), and intermediate-staged filaments 
were significantly shorter than those of the mature stage (p<0.00l). 
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Figure 3.4: Electron microgniphs of explants demonstrate that thin filament lengths 
increase concomitantly with an increase in Z-to-Z distances during cardiac 
myofibril assembly. During the earliest stages of assembly (a), parallel arrays of short 
actin filaments emanate from within regions of precursor Z material (Z-bodies, 
arrowheads). By measuring the distance between the center of a precursor Z-disc and 
associated thin filament pointed ends (arrows), we observed that thin filament lengths are 
highly variable but do not appear to exceed -0.65 ^m. As myofibrils mature (b, early 
stage; c and d, intermediate stage), thin filament lengths increase, measuring -0.68 ^m in 
(b), -0.74 nm in (c), -0.84 ̂ m in (d), and -1.00 [xm during mature stages (data not 
shown). Corresponding Z-to-Z distances are -1.52, -1.63, -1.85 and -2.20 |im, 
respectively. Z=Z disc. *= thick filaments. Bar = 5 \tm. 



69 

F 

Thin Fiiament 
Length: <p.65 |im 
Z'Z: ^^m 

Thin Fiiament 
Length: «x0.68 ̂ m 
Z-Z: -l-Saiim 

Thin Fiiament 
Length: ~0.74 ̂ m 
Z-Z: '-1.63 |im 

Thin Filament 
Length: ~0.84 ̂ m 
Z-Z: "'1.85 



70 

a) 

b) Intermediate 
Stage 

Mature 
Stage 

Prebleach Prebleach 

29 mm 

Figure 3.5: Fluorescent Recovery After Photobleaching (FRAP) experiments 
demonstrate that the exchange of GFP-E-Tmod at thin filament pointed ends is 
more rapid during intermediate (vs. mature) stages of myofibril assembly, (a) 
Explants fixed and stained for sarcomeric a-actinin (red) demonstrate that GFP-E-Tmod 
(green, arrows) localized to its appropriate place in the sarcomere, (b) Confocal images 
were collected prior to ("Prebleach") and immediately following ("Bleach") execution of 
the fluorescent bleach, as well as during recovery at 2-3-minute time intervals. Recovery 
of GFP-E-Tmod at thin filament pointed ends (arrows) was complete 8-12 minutes (n=7) 
and 24-29 minutes (n=9) following the photobleach in intermediate- and late-staged 
explants, respectively. Bar = 5 jim. 
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Figure 3.6: Western blot analysis demonstrates endogenous levels of soluble and 
assembled E-Tmod during intermediate and mature stages of assembly. Soluble (S) 
and insoluble (P) fractions of explants at each stage were electrophoresed on a 12% 
polyacrylamide gel. Blots were subsequently probed with affinity-purified anti-E-Tmod 
antibodies that recognize E-Tmod, a 40 kDa protein. Densitometric analyses performed 
to compare the areas encompassed by each band revealed that ~24-29% of total E-Tmod 
is soluble during each stage tested. (n=2) 
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3.4 DISCUSSION 

In the present study, we utilized the avian precardiac explant system in an attempt to 

gain insight into the rapid events of de novo cardiac thin filament assembly. By 

performing double and triple immunofluorescence microscopy on explants during the 

various stages of myofibrillogenesis, we demonstrated that the lengths of thin filaments 

gradually and consistently increase within sarcomeres as myofibrils mature. Specifically, 

thin filament lengths increased from -0.62 ^m during the earliest stages of assembly to 

~0.8S ^m and ~1.08 (xm during intermediate and late stages, respectively. Electron 

microscopic analyses of explants not only confirmed these observations but more clearly 

revealed a concomitant increase in the distance between Z-disks in developing 

myofibrils. In this respect, thin filament lengths within a sarcomere were consistently 

equivalent to -90% of total sarcomere length at any given assembly stage. [Note: Since 

serial sections of explants were not analyzed, we recognize that some early filament 

lengths may not have been measured in their entirety (i.e., the extreme pointed ends may 

have been lost/severed during processing or may have been out of the plane of section). 

Measurements made via EM, however, were consistent with those obtained via 

inununofluorescence at each stage and supported an increase in thin filament length.] 

To our knowledge, this study provides the first direct evidence for an increase in thin 

filaments lengths during de novo cardiomyocyte development. It is important to note, 

however, that similar events of thin filament assembly have previously been proposed to 

occur. For example, in primary cultured cardiomyocytes where "minisarcomeres" in 
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premyofibrils precede the formation of mature sarcomeric structures, Z-to-Z distances of 

-0.3-1.4 (xm have been reported, the shortest of which are observed in the presence of 

non-muscle myosin and absence of titin (Rhee et al., 1994; Dabiri et al., 1997). 

Furthermore, the lengths of thin filaments in minisarcomeres were proposed to increase 

concomitantly with an increase in Z-to-Z distances. Although Z-disc spacings of less 

than 1.3 ^m were not detected in explanted cardiomyocytes, this difference may be 

reflective of differences in the overall mechanisms of assembly utilized by the two 

systems (i.e., stress-fiber-like structures and the non-muscle isoform of myosin 

characteristic of early assembly in primary cultures are not observed in explanted 

cardiomyocytes, Rudy et al., 2001). Observations similar to those of Rhee et al. (1994) 

have also been made in precardiac explants by Imanaka-Yoshida et al. (1998). In this 

report, the initial appearance of sarcomeric a-actinin was described as tiny beads along 

thin actin filaments with Z-to-Z distances that increase from 0.83-1.86 ^m after 12-68 

hours. Two investigations that specifically describe thin filament/sarcomere lengths in 

the developing heart reported that the shortest sarcomere lengths observed during de novo 

assembly in embryonic chick and rat were near mature lengths but not less ~1.S iim 

(Markwald, 1973; Tokuyasu and Maher, 1987b). 

Interestingly, our observations of an increase in thin filament/sarcomere length during 

myofibril assembly in cardiomyocytes more closely resemble observations of assembly in 

insect flight muscle than those in embryonic skeletal muscle ceils. In Drosophila IFM, 

both thin and thick filament lengths increase over a period of days to accommodate 

changes in sarcomere length (Reedy and Beall, 1993; Mardahl-Demesnil and Fowler, 
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2001). In contrast, early ultrastructural studies performed in developing chick skeletal 

muscle suggest that thin filaments may grow to mature lengths (~l.l(im; Sosa et al., 

1994) prior to their incorporation into sarcomeres (Fischman, 1967; Gregorio, 1997). An 

increase in sarcomere length during skeletal muscle myofibrillogenesis also appeared 

unlikely as the earliest myofibrils were observed to possess sarcomeres of adult length 

(Fischman, 1967). In these instances, differences in thin filament assembly between the 

individual systems may reflect the fact that a template molecule such as nebulin 

(hypothesized to play an important role in the assembly of thin filaments in skeletal 

muscle cells) has not been identified in either developing cardiac muscle or IFM (for a 

review, see Littlefleld and Fowler, 1998; also. Reedy and Beall, 1993; Mardahl-Dumesnil 

and Fowler; 2001). The consistency of thin filament length measurements that 

approximate 90% of total sarcomere length at any given stage of assembly in explants 

does, however, suggest that some mechanism of cooperative assembly is in place. 

Experiments designed to identify the participating components are currently in progress 

(see below and Chapter 5). 

The Dynamics of E-Tmod During Thin Filament Elongation 

Several observations (by us and others) prompted a more in-depth evaluation of E-

Tmod's potential role in the regulation of thin filament elongation. As discussed 

previously, the function of capping proteins such as CapZ and E-Tmod is to inhibit actin 

filament elongation and/or depolymerization. Furthermore, the interaction of E-Tmod 

with the pointed ends of thin filaments in striated muscle cells is more dynamic than that 
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of CapZ with the barbed ends. This results in the majority of actin monomer 

addition/exchange occuring at the pointed (slow-growing) end (Littlefield et al., 2001; 

Mardahl-Demesnil and Fowler, 2001). A variety of assembly patterns for Tmod during 

myofibril assembly have also been described: whereas E-Tmod does not appear to 

assemble until very late in myofibrillogenesis in primary cultures of cardiomyocytes 

(Gregorio et al., 199S), both E-Tmod and sanpodo can be detected at thin filament 

pointed ends much earlier in developing myotubes and IFM, respectively (Ahnenar-

Queralt et al., 1999; Mardahl-Demesnil and Fowler, 2001). We recently reported that 

while the majority of thin filament pointed ends appeared capped during intermediate and 

late stages of assembly in explants, the majority of filaments ends during early stages are 

uncapped (i.e., the majority of E-Tmod staining appears diffuse; Rudy et al., 2001). 

Finally, changes in the levels of Tmod or sanpodo expression have been observed to 

dramatically affect the lengths of thin filaments in both cardiomyocytes and developing 

IFM. In particular, overexpression results in more permanent cappmg of filament pointed 

ends and/or shorter lengths whereas underexpression results in rapid filament elongation 

(Sussman et al., 1997 a, b; Littlefield et al., 2001; Mardahl-Demesnil and Fowler, 2001). 

Taken together, these observations suggested that changes in the exchange rate of E-

Tmod at thin filament pointed ends may be important for thin filament elongation during 

de novo myofibrillogenesis in heart. To test this, explants were infected with adenoviral 

constructs containing the cDNAs for GFP-E-Tmod. Following expression and assembly 

of GFP-E-Tmod, FRAP analyses were performed to examine the recovery rates of GFP 

during intermediate and late stages of assembly. Results of these experiments 
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demonstrated that recovery of GFP fluorescence at thin filament ends was much more 

rapid during intermediate (vs. late) stages suggesting that the capping activity of E-Tmod 

is more dynamic earlier in assembly. This, in turn, could affect the rates of actin 

monomer addition and/or exchange throughout assembly as well as account for the 

variability in filament length that we observed during the earliest assembly stages. 

Immunoblot analyses clearly shows that, while an increase in the levels of E-Tmod can 

indeed be detected as explanted cardiomyocytes mature, the levels of soluble (vs. 

assembled) E-Tmod remain relatively the same (~24% of total E-Tmod is soluble during 

intermediate stages vs. ~29% in mature explants). Thus, the overall increase in E-Tmod 

levels most likely occurs to accommodate potential changes in cell volume and/or the 

number of myofibrils per cell rather than to affect filament capping dynamics. 

What regulates E-Tmod dynamics during assembly in heart? 

Results of the photobleaching experiments strongly suggest that E-Tmod has a lower 

afGnity for thin filaments during earlier stages of assembly. (This likely accounts for our 

inability to detect E-Tmod at the majority of thin filament pointed ends during this time.) 

If this is indeed the case, the next obvious issue to be addressed involves identification of 

the factors responsible for changes in E-Tmod dynamics. Although many possibilities 

exist, we have chosen initially to focus our attention on the potential involvement of actin 

isoforms. More specifically, we propose a model to suggest that the interaction of E-

Tmod at the pointed ends of thin filaments is more stable in the presence of cardiac actin 

(see Figure 3.8). 
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Whereas only one isoform of Tmod (E-Traod) has been identified in chick heart 

(Almenar-Queralt et al., 1999), three actin isoforms are transiently co-expressed during 

embryonic heart development in both manmials and chick. High levels of vascular 

smooth actin are expressed in cells at the onset of cardiomyocyte differentiation; these 

levels gradually decrease, however, as myofibril assembly proceeds and are replaced by 

increasing levels of the cardiac and skeletal isotypes (e.g., Hayward and Schwartz, 1986; 

Vandekerckhove et al., 1986; Ruzicka and Schwartz, 1988; Woodcock-Mitchell et al., 

1988). Although cardiac actin predominates as the major isoform in mature myofibrils, 

vascular smooth actin participates to some extent in the formation of striated thin 

filaments during earlier stages (see Figures 2.3 and 3.7; also Sugi and Lough, 1992; Ng et 

al., 1997; Rudy et al., 2001). The three actins expressed in heart are encoded by separate 

genes yet differ fi'om each other by only 2-4 amino acids residing in the NHi-terminus 

(Vandekerckhove and Weber, 1978 and 1979; Chang et al., 1984). Despite this high 

level of conservation, experiments performed both in vitro and in vivo strongly suggest 

that each isoform is functionally distinct (e.g., Chaponnier et al., 1995; von Arx et al., 

1995; Kumar et al., 1997; Mounier et al., 1997; Schildmeyer et al., 2000). It is also 

generally agreed that functional diversity most likely arises in the ability of actin to 

interact with other actin binding proteins (Herman, 1993). Interestingly, the order of 

actin isoform expression may be important in myogenesis. For example, diiring skeletal 

myofibrillogenesis, the last actin isoform to be expressed, a-skeletal, can inhibit cell 

spreading in multinucleated myotubes. Cardiac actin, which is expressed at high levels in 

myoblasts, has no effect (Gunning et al., 1997). A potential function for an actin isoform 
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switch during cardiac muscle cell development has not yet been determined (for further 

discussion, see Chapter S). 

With direct relevance to our proposed model, it is important to note that actin 

monomers add to the ends of thin filaments in the form of ATP-actin. Once incorporated 

into the growing polymer, however, newly added monomers rapidly hydrolyze their ATP 

to ADP.Pi, followed by the much slower release of phosphate. As such, the majority of 

actin at free thin filament pointed ends in the absence of Tmod exists as ADP.Pi. The 

rate of actin monomer addition to filament pointed ends also decreases with 

corresponding changes in actin nucleotide content (i.e., actin monomers bind most 

rapidly to ATP-actin-containing ends and slowest to ADP-actin-containing ends) (for 

reviews, see Pollard and Cooper, 1986; Carlier, M.-F., 1991; Weber, 1999). Importantly, 

Weber et al. (1999) demonstated that the effect of transient E-Tmod capping at thin 

filament ends is to increase the rate of ADP.Pi conversion to ADP (slowing the rate of 

elongation?) Thus, the added possibility that E-Tmod interacts less often with vascular 

smooth actin-containing pointed ends (vs. those composed of cardiac actin) during early 

stages of assembly could result in more rapid monomer addition/filament growth at this 

time. Progressive changes in the ratios of actin isoforms during subsequent stages (i.e., 

an increase in the levels of sarcomeric actins with a concomitant decrease in the vascular 

smooth isotype) would promote the interaction of E-Tmod with more filament ends, 

eventually resulting in the achievement of maximum reduction in filament growth rate 

during mature stages. Experiments designed to examine the potential effects of the 



various actin isoforms on E-Tmod binding and thin filament elongation are described 

Chapter 5. 
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Figure 3.7: Confocal images demonstrate tiiat a-vascular smooth muscle actin 
participates in the formation of thin filaments within sarcomeres during early and 
intermediate stages of assembly in explants. Explants were fixed at various times 
(from 12-24 hours) and stained with antibodies specific to a-vascular smooth actin (a,b) 
or antibodies specific to the cardiac actin isotype (c,d)- Arrows demonstrate the 
appearance of striated thin filaments during early and intermediate stages. Bar =10 (xm. 
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Figure 3.8: Proposed model of thin filament elongation. We predict that during the 
earliest stages of cardiac myofibril assembly, the majority of thin filaments within 
sarcomeres are composed of the vascular smooth muscle actin isotype (Fig. 3.7) Actin 
thin filament lengths at this time may be highly variable but do not exceed -~0.65 |Am 
(Figs. 3.1-3.4). The interaction of E-Tmod with filament pointed ends is either extremely 
brief or nonexistent (Figs. 2.3 and 3.S) due to low affinity binding with vascular smooth 
actin. This, in turn, allows for rapid, continual actin monomer addition to pointed ends 
(i.e., filament elongation). As cardiomyocytes mature, the ratio of vascular actin thin 
filaments (vs. those composed of cardiac actin) at thin filament ends decreases within 
sarcomeres (Figs. 2.3 and 3.7). Thin filaments become more uniform in length as E-
Tmod's capping activity becomes progressively less dynamic (Figs. 3.1-3.5). This is due 
to an increased stabilization of E-Tmod with cardiac actin. 
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CHAPTER 4 

I-Band Titin in Cardiac Muscle is Critical for Maintaining Thin Filament Structure 
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Preface 

The work presented in Chapter 4 was performed as part of a larger collaborative 

effort focused to investigate both the mechanical (i.e., elastic) and functional properties 

of a unique region within cardiac I-band titin known as N2B-titin (N2B). The 

experiments focused on investigating the elasticity of N2B were performed by Drs. 

Wolfgang Linke, UniversitSt Heidelberg, Heidelberg, Germany, and Siegfned Labeit, 

European Molecular Biology Laboratory, Heidelberg, Germany; and will not be 

presented as part of this dissertation (please refer to Linke et al., 1999 for a complete 

report and results therein). 

4.1 INTRODUCTION 

Titin is a giant sarcomeric protein of striated muscle with many diverse flmctions 

(Wang, 1996; Maruyama, 1997). For example, (1) the filamentous titin molecules of >1 

(im length provide binding sites for other myofibrillar proteins such as a-actinin and T-

cap in the Z-disk, actin and obscurin in the I-band, and myosin, myosin-binding protein C 

(MyBP-C), myosin-binding protein M (MyBP-M), and myomesin in the A-band (see 

reviews by Trinick, 1996; Gregorio et al., 1999; Gregorio and Antin, 2001; Clark et al., 

2002). Thus, titin is a structural polypeptide that may well contain a molecular blueprint 

for sarcomere assembly. (2) The I-band region of titin is elastic and responsible for 

passive tension generation upon stretch of non-activated striated muscle (Erickson, 1997; 
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Linke and Granzier, 1998). Titin can therefore be viewed as a molecular spring. (3) The 

polypeptide contains, near its COOH-terminal end at the M-line, a kinase domain (Labeit 

et al., 1992), which may be active during muscle development (Mayans et al., 1998). 

Hence titin may also be involved in intracellular signal transduction pathways (see Labeit 

et al., 1997). These important roles have made titin the target of an increasing number of 

biophysical and cell biological studies. 

The structure of titin is highly modular. In the A-band, titin consists of two motif 

types, immunoglobulin-like (Ig) modules and fibronectin type-3 domains (Labeit et al., 

1992); both types are arranged in super-repeat patterns. M-line titin and Z-disk titin 

contain no fibronectin modules but are composed of Ig domains interspersed with unique 

sequences (see Gregorio et al., 1999). The main section of 1-band titin is made up of two 

structurally distinct regions (see Fig. 4.1), stretches of tandemly arranged Ig modules 

(Politou et al., 1995) separated by a unique sequence of elusive secondary structure, the 

PEVK domain (Labeit and Kolmerer, 1995). Both regions exist in tissue-specific length 

variants, and contribute to titin elasticity (Labeit and Kohnerer, 1995). In addition to the 

differentially expressed Ig-repeats and PEVK domains, skeletal muscle titin contains an 

elastic linker segment termed N2A, whereas cardiac-muscle titin coexpresses two 

different linker regions, N2A and N2B (see Fig. 4.1), at the sarcomere level (Linke et al., 

1996). Interestingly, the N2B region contains several Ig domains and sequence insertions 

unique to this isoform, the fiinction of which was the focus of this study. 

An important issue is whether or not cardiac titin filaments run along the I-band 

independently of one another and of other myofibrillar proteins. One report suggests that 
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titin is capable of binding to actin filaments only near the Z-discs of cardiac myofibrils 

(Linke et al., 1997; Trombitas and Granzier, 1997). Other reports, however, suggest that 

I-band titin may be laterally associated with thin filaments (Funatsu et al., 1993) and, in 

fact, it was recently demonstrated that the PEVK region of the N2B form of cardiac titin 

can interact with actin filaments and inhibit actin filament sliding in vitro (Kulke et al., 

2001a; Yamasaki et al., 2001). Finally, a newly discovered isoform of titin (called Novex 

3) has been found to interact with the giant protein obscurin in the I-band, an exciting 

finding which suggests that different thin filament components may interact with 

different titin isoforms. 

To investigate the potential function of the unique spring region of cardiac N2B-titin, 

which would by proximity bind to the sides of the thin filaments, we performed 

transfection experiments on primary cultures of chick cardiac cells. Overexpression of 

recombinant titin constructs comprising the entire N2B region or only its NH2-terminal 

region resulted in strong disruption of thin filament, but not thick filament, structure. Z-

lines were also affected in cells overexpressing N2B; however, this disruption was less 

severe and most likely a secondary effect. These results indicated that N2B-titin 

contributes either directly or indirectly to the stabilization of thin filaments within the 1-

band region. Future studies will be focused on identification of the putative I-band 

association with a thin filament component(s) and how this interaction may be involved 

in myofibril assembly. 
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4.2 MATERIALS AND METHODS 

Construct Preparation 

The GFP-N2B fusion constructs used in this study were generously provided by Dr. S. 

Labeit (European Molecular Biology Laboratory, D-69012 Heidelberg, Germany) and 

prepared as described in Linke et al., 1999. The positions of the four recombinant N2B-

titin constructs used are shown in Fig. 4.1. 

Cell Culture and Transfection Procedures 

Cardiac myocytes were prepared from day 6 embryonic chick hearts and cultured as 

described previously in Gregorio and Fowler, 1995. Isolated cells were plated in 35-mm 

tissue culture dishes containing 12-mm roimd coverslips (1x10^ cells/dish). 

Approximately 15% of the cells in most of our primary cultures are fibroblasts. 24 h 

after plating, cultured myocytes were washed two times in OptiMEM, placed in 800 ^l 

fresh OptiMEM and returned to the incubator while DNA liposome complexes were 

prepared. DNA liposome complexes were prepared by combining 1 ^g plasmid with 4 ^1 

LipofectAmine and 6 (il PLUS Reagent in 200 |a1 serum-free OptiMEM. After 15 min, 

the complexes were added dropwise to the culture dish. Three hours later, 1 ml of 

Minimal Essential Medium-10% FBS (Hyclone Laboratories, Inc., Logan, UT) was 

added to the dish. One to six days later, cells were gently washed with PBS and fixed 

with 2% formaldehyde in PBS for 10 min. Coverslips were washed and stored in PBS at 

4°C until staining. Over 300 transfected cells per construct were analyzed. All tissue 
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culture reagents (except where noted) were purchased from Life Technologies (Grand 

Island, NY). 

Indirect Immunofluorescence Microscopy 

Cardiac myocytes were essentially stained as described in Gregorio et al., 1998. In 

brief, coverslips were permeabilized in 0.1% Triton X-100 and PBS for 15 min. To 

minimize nonspecific binding of antibodies, the coverslips were preincubated in 2% 

donkey serum, 2% BSA and PBS for 30 min. Antibodies specific to various sarcomeric 

components (i.e., a-actinin, tropomyosin [CHI: Lin et al., 1985], myosin, MyBP-C and 

titin) and phalloidin (to stain for actin filaments) were used to analyze the transfected 

cells. Details on the staining protocols used in the micrographs presented are described. 

To analyze the distribution of titin in transfected cells, anti-titin T12 antibodies (1:200) 

(Furst et al., 1988) followed by Texas red-conjugated F(ab')2 fragments of donkey anti-

mouse antibodies (1:600) were used. To analyze the distribution of a-actinin, rabbit anti-

a-actinin antibodies (1:1000) (generously provided by Dr. S. Craig, John Hopkins 

University, Baltimore, MD) were used followed by Texas red-conjugated F(ab) 

fragments of donkey anti-rabbit antibodies (1:200). To analyze the distribution of 

MyBP-C, polyclonal anti-MyBP-C antibodies (1:50) (see below) were used followed by 

Texas red-conjugated F(ab) fragments of donkey anti-rabbit antibodies (1:200). For 

triple labeling, rabbit anti-GFP antibodies (1:100) (Clontech) were used, to visualize 

transfected cells before the apperance of GFP fluorescence, followed by Cascade blue-
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conjugated goat anti-rabbit IgG antibodies (1:100; Molecular Probes Inc.)- Monoclonal 

anti-striated muscle myosin antibodies (1:10) (F59, generously provided by Dr. F. 

Stockdale, Stanford University, Stanford, CA) were used to visualize thick filaments, 

follwed by Texas red-conjugated F(ab')2 fragments of donkey anti-mouse antibodies 

(1:600; when costained with titin antibodies) or FITC-conjuaged donkey anti-mouse 

antibodies (1:200; when costained with phalloidin). Chicken anti-titin N2A antibodies 

were used to visualize titin (for sequence assigiunent, see Linke et al., 1996), followed by 

FITC-conjuaged donkey anti-chicken antibodies. Texas red-conjugated phalloidin 

(Molecular Probes Inc.) was used to visualize actin. Stained cells were analyzed on a 

Zeiss Axiovert microscope using 63x (NA 1.4) and lOOx (NA 1.3) objectives and 

micrographs were recorded as digital imageson a SenSys cooled HCCD camera 

(Photometries). Images were processed for presentationsing Adobe Photoshop and 

printed sing a Codonics NP1600 dye sublimation printer. All secondary antibodies were 

purchased from Jackson InmiunoResearch Laboratories, Inc., unless otherwise noted. 

For the cardiac MyBP-C antibodies, residues 268-375 of mouse cardiac cDNA 

(Kasahara et al., 1994) were amplified from total mouse heart cDNAs by PCR (Saiki et 

al., 1985), and fragments were expressed as described in Studier and Moffat, 1991. The 

antibodies were raised in rabbits by Eurogentec and their specific IgG fraction was 

isolated by affinity chromatography. Antibody specificity was confirmed by Western 

blot analysis of extracts of rat cardiac muscle (data not shown). 
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43 RESULTS 

Assembly of titin N2B fragments in cardiac muscle 

To determine the cellular location of newly synthesized N2B fragments, primary 

cultures of chick cardiac myocytes were transfected with a fusion construct of titin N2B 

and GFP for several hours. Transfected cells were then fixed and stained with 

monoclonal titin T12 antibodies, which stains an epitope of titin in close proximity to the 

Z-line, or with the polyclonal titin T114 antibodies which stains an epitope of titin within 

the P-zone of the A-band. Confocal analyses of titin N2B-GFP transfected cells revealed 

overlap of GFP and the titin T12 epitope (see Fig. 4.2) at the level of resolution of the 

light microscope. Confocal analyses of GFP and staining for the titin T114 epitope 

revealed an alternating pattern of GFP with respect to T114 (data not shown). These 

results suggest that newly synthesized N2B fragments are capable of targeting to their 

proper sarcomeric location within the I-band. Interestingly, similar results were obtained 

when the three GFP-subfragments of titin N2B (specific to the 25 kD N-terminal, 70 kD 

central region, and 25 kD C-terminal) were transfected and stained with the same titin 

antibodies. 

Effects of titin N2B fragment overexpression in cardiac myocytes 

To gain insight into the fimctional significance of the N2B region of cardiac titin in 

cells, we overexpressed this region in primary cultures of chick cardiac myocytes in the 

hope that the expressed fragment would compete with the endogenous titin domain to 
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generate dominant-negative effects on sarcomere structure. Initially, we transfected cells 

with a plasmid encoding the entire region of titin N2B. A GFP tag was used to 

distinguish the recombinant protein from endogenous protein. Although no significant 

disruption of actin filaments was observed in cells overexpressing GFP alone, substantial 

disruption of thin filament structure was observed in -70% of all transfected cells where 

N2B-titin was overexpressed, as seen by a marked loss in actin filaments [Fig. 4.3, 

compare cells transfected with GFP alone, which demonstrated a strong striated staining 

pattern of actin (b), with those transfected with N2B (f)]. Moreover, when the transfected 

cells overexpressing titin N2B were stained for tropomyosin (CH1; Lin et al., 1985), a 

similar disruption of thin filament structure was observed (data not shown). In contrast, 

preliminary data (not shown) suggested that overexpression of the entire N2A region of 

cardiac titin has no effect on sarcomere structure. 

To identify the specific domain(s) within titin N2B responsible for disruption of thin 

filaments, we also transfected cells with plasmids encoding GFP-tagged subdomains of 

N2B specific to the 25-kD NH2 termmus (N-N2B), a 70-kD middle region (M-N2B), and 

the 25-kD COOH terminus (C-N2B) (see Fig. 4.3). Cells overexpressing N-N2B 

revealed severe disruption of actin filaments in all transfected cells (Fig. 4.3j). In fact, 

the number of live myocytes that were transfected with N-N2B declined drastically as the 

levels of this fusion protein increased; the cells were observed to round up and detach 

firom the coverslips. This observation was unique to this construct. 

Remarkably, in cardiac myocytes in which M-N2B was overexpressed, no obvious 

disruption of thin filaments was observed (Fig. 4.3n). Similarly, thin filaments showed 
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no detectable disruption in cells expressing C-N2B (Fig. 4.3r). In this regard, it is 

important to note that the process of myofibril assembly in primary cultures of cardiac 

myocytes is temporarily irregular; thus, numerous structures representing different stages 

of assembly are observed within the same cell, as well as within different cells in a 

culture dish (Wang et al., 1988; Lin et al., 1989; Rhee et al., 1994; Gregorio and Fowler, 

1995). Thus, ~20% of nontransfected cells, cells transfected with GFP alone, M-N2B, or 

C-N2B demonstrate a disruption-like distribution actin filaments (data not shown). 

The striking thin filament disruption observed in cardiac myocytes as a result of the 

overexpression of titin N2B, and specifically, N-N2B, suggested that other sarcomeric 

components might also be disrupted. To study this, the distribution of the major Z-line 

component, a-actinin, and the thick filament-associated proteins, myosin and MyBP-C, 

were analyzed in the transfected myocytes. As demonstrated in Fig. 4.3d, mature 

myofibrils in cardiac myocytes probed with a-actinin antibodies exhibited a sharp 

repeating (~2 ^m apart) staining pattern. As found for actin filaments, overexpression of 

N2B or N-N2B resulted in disruption of Z-lines also (Fig. 4.3, h and 1, respectively), but 

to a somewhat lesser degree. That is, Z-disks could still be detected in the transfected 

cells, although they were frequently distributed in a less ordered fashion (Fig. 4.3, h and 1, 

short arrows). Again, consistent with the observations on thin filament disruption, 

overexpression of M-N2B, C-N2B or GFP alone did not significantly disrupt a-actinin 

staining patterns (Fig. 4.3, p, t, and d, respectively). On the other hand, when cells 

overexpressing N2B or N-N2B were stained for thick-filament proteins, including 

MyBP-C, no altered distribution was detected [Fig. 4.4, compare similar MyBP-C 
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staining patterns in cells overexpressing GFP alone (b), N2B (d), or N-N2B (£)]• Since it 

was difficult to imagine such well-formed sarcomeres visible by MyBP-C staining in the 

absence of thin filaments, we performed triple labeling experiments to visualize this 

phenomenon with identical myofibrils. Costaining cells overexpressing N2B for actin 

and myosin confirmed our results: thin filament structure was disrupted in the same 

myofibrils that demonstrated intact thick filaments [Fig. 4.5, compare actin and myosin 

staining patterns in N2B-tamsfected cells (e and f) with staining in control cells 

overexpressing GFP alone (b and c)]. Furthermore, analysis of identical cells 

overexpressing titin N2B stained for myosin and several epitopes of titin along the length 

of the molecule demonstrated that the titin filaments (data shown using anti-N2A 

antibodies) also remain intact (Fig. 4.5, compare the similarity in myosin and titin N2A 

staining in N2B overexpressing cells (k and 1) with staining in control cells 

overexpressing GFP alone [h and i]). Similarly, when cells overexpressing GFP-N2B 

were triple stained for GFP, actin, and N2A, the distribution patterns of titin looked 

unperturbed in the identical myofibrils that demonstrated a disrupted staining pattern for 

actin (data no shown). Finally, we note that overexpression of GFP alone, titin N2B, or 

any of the three N2B fragments resulted in no observable alteration to the actin-

containing stress fibers in the fibroblasts contaminating our cultures, and determined by 

phalloidin staining (data not shown). 

We conclude that the NHz-terminal region of chick cardiac N2B titin possesses 

structural properties necessary to maintain the integrity of the thin filaments. Similar 
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results were obtained in transfection experiments with primary cultures of neonatal rat 

cardiac myocytes (data not shown). 
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Figure 4.1: Schematic view of the domain architecture of the elastic I-band titin in 
heart (after Labeit and Kolmerer, 1995). Two different isoforms are expressed, N2A 
and N2B. In both isoforms a PEVK domain is flanked by stretches of tandemly arranged 
Ig-like modules. Unique to each isoform is the central I-band region (N2 region), which 
is made up of isoform-specific Ig domains and nonmodular sequences, notably a 511-
residue insertion in N2B. The positions of the four recombinant N2B-titin constructs 
prepared for transfection experiments: I, entire N2B region; 2, NHi-terminal N2B 
(region bounded by Ig domains 116/17); 3, middle N2B (imique sequence insertion); 4, 
COOH-terminal N2B (Ig domains 118/19). 

Meraed 

Figure 4.2: Newly synthesized N2B fragments are capable of targeting to their 
proper sarcomeric location within the I-band. Cardiomyocytes expressing GFP-titin 
N2B (green) were fixed and stained with monoclonal titin T12 antibodies (red) which 
stain an epitope of titin in close proximity^ to the Z-line. Confocal analyses of titin N2B-
GFP transfected cells revealed overlap of GFP and the titin T12 epitope (merged image). 



Figure 4.3: Overexpression of the NHs-terminal segment of titin N2B in cardiac 
myocytes results in marked duruption of actin (thin) filaments; also, Z-disk 
integrity b lost, but to a lesser degree. Cardiac myocytes expressing GFP alone (a 
and c), GFP-titin N2B (c and g), or GFP-tagged NHi-terminal (N; i and k), middle (M; m 
and o) and COOH-terminal (C; q and s) domains of titin N2B were fixed 3-5 d after 
transfection and stained with Texas red-conjugated phalloidin to visualize F-actin (b, f, j, 
n, and r). To study a-actinin distribution, cells were also labeled with antibodies to this 
protein followed by staining with Texas red-conjugated F(ab) fragments of donkey anti-
rabbit antibodies (d, h, 1, p, and t). Arrows point to the ^ical striated staining pattern 
observed in cardiac myocytes with Texas red phalloidin (b, n, and r) and with anti-a-
actinin antibodies (d, p, and t); arrowheads point to disrupted staining patterns in cardiac 
myocytes; short arrows point to slightly misaligned Z-lines. Note the strongly stained 
remnant of a myofibril in the top left comer of the micrograph in g. Bar = 10 ixm. 
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Figure 4.4: Tiiicic filament structure is unaffected in cardiomyocytes overexpressing 
titin N2B. Cells expressing GFP alone (a), GFP-titin N2B (c), or GFP-tagged NHi-
terminal N2B (e) were fixed 3-S d after transfection and stained with antibodies to 
MyBP-C (C-protein), as a marker for thick filaments, followed by Texas red-conjugated 
F(ab) fragments of donkey anti-rabbit antibodies (b, d, and f). Arrows point to the typical 
MyBP-C striated staining pattern observed in cardiac myocytes. Bar =10 ^m. 



97 

GFP actin myosin 

myosin 

^ ^ » I 
h 

Figure 4.5: Triple staining of cells overexpressing GFP-tagged titin N2B reveals a 
marked disruption of actin (thin) filaments while myosin and titin filaments remain 
intact within identical myofibrils. Cardiac myocytes expressing GFP alone (a-c) or 
GFP-tagged titin N2B (d-f) were fixed 1-3 d after transfection and triple stained with 
rabbit anti-GFP antibodies followed by Cascade blue-conjugated goat anti-rabbit 
antibodies (to identify transfected cells before the appearance of GFP fluorescence; a and 
d), Texas red-conjugated phalloidin (b and c), and monoclonal anti-striated muscle 
myosin antibodies followed by FITC-conjugated donkey anti-mouse antibodies (c and f). 
In addition, cardiac myocytes expressing GFP alone (g-i) or GFP-tagged titin N2B O'-l) 
were fixed 1-3 d after transfection and triple stained with rabbit anti-GFP antibodies 
followed by Cascade blue-conjugated goat anti-rabbit antibodies (f and j), avian anti-titin 
N2A antibodies followed by Texas red-conjugated donkey anti-mouse antibodies (i and 
1). Arrows point to the typical striated staining pattern observed in cardiac myocytes for 
actin (b), titin N2A (h and k), and muscle myosin (c, f, i, and 1); arrowheads point to the 
disrupted phalloidin staining patterns in cardiac myocytes (e). Note, staining of nuclei 
using Cascade blue in d and j, and enhanced Z-line staining commonly observed using 
phalloidin in cardiac myocytes (e.g., Gregorio and Fowler, 1995). Bar = 10 (im. 
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4.4 DISCUSSION 

In the present study, we have demonstrated that the unique region of cardiac I-band 

titin, called N2B, appears to have properties necessary to stabilize thin filament integrity. 

Although this is, to our knowledge, the first direct evidence for a structural role of I-band 

titin in cardiac muscle*, preliminary indirect evidence existed before. From the study of 

deep-etch replica electron micrographs prepared to analyze the filament network present 

in cardiac I-bands before and after selective removal of actin, it was proposed that the 

elastic titin could associate laterally with thin filaments (Funatsu et al., 1993). However, 

despite several reports that titin interacts with actin in vitro (e.g., Soteriou et al., 1993; 

Jin, 1995; Kellermayer and Granzier, 1996), potential actin-titin interaction sites could 

not be identified in intact sarcomeres, except within a region near the Z-disk (Linke et al., 

1997; Trombitas and Granzier, 1997). Thus, the nature of the interaction of I-band titin 

with the thin filaments suggested by Funatsu et al. (1993) remained elusive. 

Using transfection techniques, the central N2B-titin region, as well as distinct 

subfragments of it, were overexpressed in primary cultures of cardiac myocytes. 

Overexpression of the entire N2B region or its NH2-terminal segment resulted in severe 

thin filament disruption. In contrast, overexpression of the middle N2B region or the 

COOH domains resulted in more or less normal phenotypes. Interestingly, whereas the 

Z-lines were also affected in cells overexpressing the fiill N2B region or the NHi-

terminal segment of this region, the disruption appeared less severe. This observation 

suggests that the disruption of the Z-lines was a secondary effect of the thin filaments 
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being disrupted. Also, the integrity of N2B-titin appears to be a prerequisite specifically 

for thin filament structure, because overexpression of N2B-titin segments did not affect 

the thick filaments (Figs. 3.4 and 3.5). The latter fmding lends further support to the 

hypothesis that nucleation and assembly of I-Z-I bodies (containing several Z-line and 

thin filaments components and titin) occurs independently of the formation of sarcomeric 

thick filaments (Manasek, 1968; Antin et al., 1981; Schultheiss et al. 1990; Holtzer et al., 

1997). Moreover, the observation that the titin filaments (Fig. 3.5) were unaffected in 

cells overexpressing N2B is consistent with the idea that titin may be the structural 

element keeping the A-bands aligned, in the absence of thin filaments. 

A possible explanation for the severe disruption of the thin filaments is that a 

dominant-negative interaction occurred. That Is, overexpressed titin N2B (or the NH2-

terminal domains of this region) competed for the interaction of endogenous N2B-titin 

with an intracellular ligand, thus preventing native titin from taking on its usual 

intracellular role. A speculative idea is that titin N2B may interact directly or indirectly 

with tropomyosin, a protein that assembles head-to-tail, forming two polymers along the 

sides of the actin filaments and stabilizes them (e.g., Wegner and Walsh, 1981; Broschat, 

1990). Alternatively, based on its sarcomeric location, titin N2B may interact directly or 

indirectly with nebulette in cardiac muscle. Nebulette is an ~100-kD protein of unknown 

function that is related to the giant protein nebulin in skeletal muscle, the predicted ruler 

of thin filament assembly (Moncman and Wang, 1995; Millevoi et al., 1998). Taken 

together, the interaction between N2B-titin domains and their ligand could be 

functionally relevant in several ways: (a) it may be critical for the maintenance of 
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sarcomeric structure and (b) may participate in the sequential assembly of I-Z-I bodies; 

and (c) it could also affect the relative sliding of thick and thin filaments past one another 

when the sarcomere changes in length. Future studies will focus on elucidating whether 

the NH2-terminal region of N2B-titin directly binds to tropomyosin, nebulette, actin, to 

other thin filament components, and/or to some still unidentified sarcomeric protein(s). 

*Note: Since the publication of this work, two independent studies by Kulke et al. (2001) 

and Yamasaki et al. (2001) have demonstrated that the PEVK region of I-band titin is 

also capable of interacting with actin filaments. 
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Cardiac Actin, Heart Disease and the Precardiac Expiant System 

Mutations in the sarcomeric genes implicated in cardiomyopathies such as HCM and 

DCM result in the reduction or failure of cardiomyocytes to either generate force within 

sarcomeres (HCM) or transmit force from one sarcomere to another (DCM). Mutations 

in the a-cardiac actin gene (ACTC), however, are capable of impacting one or both of 

these pathological processes. For example, in several cases of DCM, Olsen et al. (1998) 

described two missense mutations in regions of the actin monomer that harbor binding 

sites for a-actinin. This could likely lead to altered actin function at the Z-disc (i.e., force 

transmission). In cases of FHC, a mutation localized close to a myosin binding site has 

also been identified which supports the hypothesis that mutations in cardiac actin affect 

sarcomere contraction (Morgensen et al., 1999). Interestingly, analyses of an ACTC 

knockout mouse genetically modified to express y-enteric actin instead of a-cardiac actin 

in the heart revealed that these mice shared the features of HCM and DCM (Kumar et al., 

1997) which raised the issue of whether hypertrophic and dilated cardiomyopathies are 

inherently independent diseases. To address this, it is necessary that the precise 

mechanism(s) by which mutations in sarcomeric components alter cardiac fimction be 

elucidated. Issues to be addressed in this regard include an assessment as to whether 

mutated proteins incorporate into sarcomeres during myofibril assembly and disrupt 

sarcomeric structure directly, or whether the presence of a genetically modified protein 

indirectly disrupts fimction by altering the stoichiometry of this and/or other sarcomeric 

components. 
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The results of experiments performed in Chapters 2 and 3 of this study strongly 

suggest that the avian precardiac explant system may be well suited to investigate 

consequences of mutated protein expression, especially with regards mutations in ACTC. 

Furthermore, our observations of the early expression patterns of actin and myosin 

(Chapter2) combined with those of thin filament assembly (Chapter 3) have laid the 

groundv/ork for indepth comparisons of normal vs. abnormal actin assembly events, all of 

which can be correlated to the presence or absence of contractile activity. An important 

prerequisite to performing investigations of this nature, however, will require that 

precardiac cells be amendable to experiment manipulation. As such, a significant amount 

of effort has been devoted to exploring methods by which foreign cDNAs and/or proteins 

can be introduced into these differentiating heart cells (e.g., microinjection, plasmid 

transfection, adenoviral infection, and antisense strategies). A discussion of the outcome 

of these efforts follows. 

Gene Transfer into Precardiac Expiants 

Lipid-mediated plasmid transfection 

With the exception of embryonic myocyte cultures, liposome-based methods of gene 

transfer into cardiomyocytes have historically resulted in low transfection efficiency. 

Similarly, our attempts to transfect expiants (via liposome or calcium phosphate-

mediated transfection) with plasmid expression vectors carrying the cDNAs for GFP 

generally resulted in only a small percentage of non-muscle cells (localized to the 

periphery of expiants) expressing GFP after 24-48 hours (data not shown). Note, these 
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results did not improve by varying the ratios of lipid-DNA preparations, in the presence 

or absence of serum, or by initially suspending explants in liposome-containing media 

prior to plating. The three-dimensional nature of explants could ultimately limit the 

number of cells that are accessible for transfection during later stages of assembly. 

However, our initial application of lipid-DNA complexes was most often performed 

within a few hours following explantation at a time when explants still exist as an intact 

monolayer. Thus, liposome access to cell membranes should not play a significant role 

in our lack of success. The epithelial-like nature of freshly-isolated explants, however, 

could have an impact as these tissue types in general tend to be transfection resistant for 

unknown reasons (polarity issues? membrane properties?) (e.g., Widdicombe, et al., 

1996; Fasbender et al., 1998). Attempts to microinject explants were also equally 

disappointing due to the tight association and small size of cells. 

The ease with which transfection technology can be applied, in addition to the fact that 

relatively few safety issues are involved, make it necessary to develop protocols that 

overcome the current barriers intrinsic to the explant system and cardiomyocytes in 

general. With the continual introduction of new and improved transfection reagents, this 

challenge can hopefully be met within the very near future. 

Adenoviral-mediated gene transfer 

In contrast to the results of lipid-mediation plasmid transfection, reasonable levels of 

gene transfer into explants were accomplished using replicative-defective adenoviral 

expression vectors. Protocols for successful infection, however, were not straightforward 
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as initial attempts to infect explants (even at higher MOIs) often resulted in low infection 

efficiencies similar to those described above. To overcome low infection efficiency, it 

was necessary to recognize that the receptors utilized during this process are localized in 

cardiomyocytes to regions of intercalated disks (in mature cells, Noutsias et al., 2001) 

and within the basolateral membrane of cells in epithelial layers (Walters et al., 1999). A 

brief osmotic shock pretreatment of explants (which causes transient leakiness and 

associated loosening of intercellular contacts) improved the uptake of viral particles such 

that ~20% of cardiomyocytes expressed GFP-E-Tmod after ~18 hrs of incubation (Fig. 

3.5). These results were obtained using a tetracycline-regulated expression system which 

requires coinfection of two genetically distinct viral particles per cell to drive expression. 

When explanted precardiac cells were pretreated and infected with a single population of 

adenovirus containing the cDNAs for GPP, infection efficiency increased dramatically to 

-50% on a consistent basis (data not shown). (Unfortunately, osmotic pretreatment of 

explants had no effect on the efficiency of plasmid transfection.). As mentioned above, 

the efficiency of gene transfer into explanted cardiomyocytes also needs to be improved 

such that exogenous protein expression can be monitored from the onset of 

cardiomyocyte differentiation (i.e., the earliest assembly stages). Currently, the earliest 

timepoint at which the expression of epitope-tagged proteins can be visualized is ~ 17-18 

hrs. following mesoderm explantation and plating which is equivalent to an intermediate 

stage of assembly (see Chapter 3). To improve these results, it will be particularly 

important to test the effects of various transfection reagents as well as the promoters used 

to drive protein expression (for unknown reasons, the CMV promoter is often thought to 
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be silenced in undifTerentiated cells; D. Rudy, personal communications). The 

establishment of satisfactory protocols for viral infection in explants in the future will 

most certainly be rewarded with an unlimited ability to directly address the critical issues 

pertaining to cardiac myofibrillogenesis, cardiomyopathies and other heart muscle 

dysfunctions. 

Antisense technology 

As a complementary approach to overexpression studies, it may often be informative 

to examine the effects of reducing the levels of a particular sarcomeric component during 

various stages of myofibrillogenesis. For example, in Chapter 3 we propose that the 

expression of various actin isoforms during assembly may play a role in regulating thin 

filament elongation. One way to test this could involve the experimental manipulation of 

normal actin isoform expression patterns via antisense strategies with subsequent 

examination of the potential effects on thin filament organization. As such, preliminary 

investigations into the feasibility of an antisense approach in explants involved the 

application of partially modified antisense oligos directed against the 3'-untranslated 

region (ASUTl) and the NH2-terminus (ASCOl) of chick smooth muscle actin (Ronnov-

Jessen and Petersen, 1996; Nakajima et al., 1999). Results of these efforts revealed (via 

immuno-fluorescence microscopy) the complete loss of vascular smooth actin staining in 

ASUTl-treated explants during the earliest stages of assembly (Fig. 5.1, "Antisense 

ODN," green). This was in contrast to the intense staining observed for this actin iso^rpe 

in control explants (Fig. 5.1, "Control ODN," green). Phalloidin staining for F-actin also 
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suggested that, although total actin levels may not have been affected, the actin 

cytoarchitecture in antisense treated cells was completely disrupted (Fig. 5.1, compare 

staining patterns for F-actin in antisense- vs. control-treated explants). While these 

preliminary findings are indeed exciting and demonstrate the effectiveness of antisense 

technology in explants, they require extensive follow-up. For example, the possibility 

exists that a reduction in vascular smooth actin levels had negative effects on the process 

of cardiomyocyte differentiation. To this end, it will be important to examine cells (via 

immunostaining and confocal microscopy) for the presence or absence of early 

differentiation markers (i.e., desmin) as well as potential changes in assembly patterns of 

other thin filament-associated proteins (i.e., a-actinin and E-Tmod). At a minimum. 

Northern and Western blot analyses will also be required to confirm loss of mRNA and 

protein, respectively. 

Ongoing and Future Experiments 

The value of two cell culture systems 

This study has focused on the value of the avian precardiac explant system as a new 

tool to investigate the events of cardiac myofibril assembly. It is important at this point, 

however, to re-emphasize the continued worth of the primary culture system as a tool for 

investigating the functional significance of specific protein-protein interactions within 

sarcomeres. Due to their fiat, spread-out morphology, these cells are amendable to all of 

the gene transfer methods described above, including microinjection. Furthermore, the 

well-organized appearance of sarcomeres within mature myofibrils of primary 
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cardiomyocytes allows for rapid detection of even the slightest disruption in cytoskeletal 

organization using immunolocalization techniques. As such, this system will play an 

important role in our ongoing investigation to elicit the specific events involved in thin 

filament assembly (see below). 

Actin isoform expression and E-Tmod dynamics 

As discussed in Chapter 3, we propose that thin filament elongation is regulated, at 

least in part, by an increased stabilization of E-Tmod at the pointed ends of cardiac actin 

filaments. To examine whether this is tlie case, plasmid expression vectors containing 

the cDNAs specific to each of the actin isoforms expressed in heart muscle (a-vascular 

smooth, a-cardiac and a-skeletal) are currently being generated for subsequent 

transfection into primary cultured cardiomyocytes (R. Mudry, unpublished results). 

Similar to the antisense experiments described above, our goal will again be to alter actin 

isoform expression levels. In contrast, current efforts are focused on changing the levels 

of actin isoforms in mature sarcomeres where cardiac actin predominates and the 

majority of thin filament pointed ends are capped. Experiments previously performed by 

others (e.g., Chaponnier et al., 1995; von Arx et al., 1995; Mounier et al., 1997) have 

demonstrated that exogenously expressed actins such as the a-vascular smooth isotype 

will rapidly incorporate existing thin filaments and stress fiber-like structures. Thus, by 

triple-staining transfected ceils with phalloidin, and antibodies specific to the epitope tag 

of our expressed proteins (in this case, a VSV tag, see Chapter 3) and E-Tmod, it should 
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be relatively easy to compare and analyze the effects of actin isoform expression on thin 

filament length and organization. 

Of course, the possibility exists that exogenous expression of actin isoforms alone will 

not yield any obvious phenotype in primary culture. This would suggest that the 

dynamics of E-Tmod in vivo are regulated by additional factors, the identity of which will 

need to be explored. As mentioned in Chapter 3, the stability of E-Tmod at thin filament 

pointed ends in mature cardiomyocytes is strengthened by its interaction with Tm. In this 

regard, it Is interesting to note the observations of Schevzov et al. (1993) which strongly 

suggest that Tm isoform expression can indeed be influenced by the expression of 

various actin isotypes. It is also generally agreed that Tm isoforms can vary in their 

affinities for F-actin as well as their positions along the thin filament (Matsumura and 

Yamashiro-Matsumura, 1985; Novy et al., 1993; Pittinger et al., 1995; Gunning et al, 

1997; Chandy et al., 1999; Lehman et al., 2000). Together, these factors could have a 

major impact on E-Tmod capping activity. 

To begin testing these possibilities, the following experiments are proposed: 1) 

immunofluorescence microscopy, to compare E-Tmod localization/actin isoform 

expression patterns with respect to Tm isoform expression in explants at each stage of 

myofibril assembly; 2) Western blot analyses, to compare changes in Tm/actin isoform 

expression levels during assembly; 3) expression of exogenous Tm isoforms in both 

explants and primary cultures of cardiomyocytes, to examine the potential effects of Tm 

isoform expression on E-Tmod capping; and 4) in vitro binding assays, to compare the 

affinity of E-Tmod for each of the two Tm isoforms expressed during heart development 
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(i.e., a- and p-Tm). This last experiment is possible because the binding sites that 

promote E-Tmod-Tm interactions have been mapped to the N-terminal of each molecule 

(Babcock and Fowler, 1991; Greenfield and Fowler, 2002). 

It must also be considered that Tmod interacts with the giant protein, nebulin, at the 

pointed ends of thin filaments in skeletal muscle cells (McElhinny et al., 2001). Nebulin 

has been proposed to act as a molecular ruler to specify the characteristic thin filament 

lengths in skeletal muscle (see Trinick, 1994 and Fowler, 1996). Furthermore, the 

lengths of different nebulin isoforms correlate well with the different thin filament 

lengths present in a variety of muscle fibers (Kruger et al., 1991). Full-length nebulin 

mRNA transcripts have only recently been detected in heart muscle, but at lower levels 

than in skeletal muscle (S. Kazmierski, P. B. Antin, S. Labeit and C. C. Gregorio, 

unpublished data). Whether or not the presence of nebulin or a nebulin-like protein 

functions to regulate thin filament length during cardiac myofibrillogenesis awaits further 

study. 
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Figure 5.1: Confocal images demonstrate that a reduction in the levels of a-vascular 
smooth muscle actin during early stages of assembly in explants dramatically 
disrupts actin/thin filament organization. Precardiac explants were allowed to 
incubate in serum-containing media for ~4 hrs. prior to incubation in either 25 ^ 
antisense oligonucleotides (designed against the 3' UTR region of vascular actin) or 25 
[iM control oligonucleotides diluted in 200 ^l serum-free media. After -15 hrs., explants 
were fixed and double-stained with Texas red-conjugated phalloidin (red, F-actin) and 
antibodies to a-vascular smooth muscle actin (green). Control explants reveal the 
presence of intense staining for vascular smooth actin that is localized near the periphery 
of rounded cells. In antisense-treated explants, staining for the smooth actin isotype is 
greatly reduced and F-actin appears disorganized. 
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