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Premyofibrils in Spreading Adult
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for Myofibrillogenesis in Adult Cells
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Do adult cardiomyocytes use the same pathways hypothesized for the formation of
myofibrils in embryonic cardiomyocytes in tissue culture [Rhee, eCalll, Motil.
Cytoskeleton28:1-24, 1994]? Premyofibrils in embryonic cardiomyocytes are
composed of short sarcomeric units @factinin (Z-bodies) and actin filaments
held together by short nonmuscle myosin IIB filaments. Premyofibrils are believed
to be transformed into nascent myofibrils by their capture of muscle-specific
myosin Il filaments aligned in aperiodic arrays. Nascent myofibrils are thought to
transform into mature myofibrils by the loss of nonmuscle myosin 1B, the fusion
of the Z-bodies into Z-bands, and the periodic alignment of muscle myosin Il
filaments into A-bands. Freshly isolated cat and rat adult cardiomyocytes placed in
tissue culture lack premyofibrils and nascent myofibrils. Adult cardiomyocytes
spreading in culture reinitiate the synthesis of nonmuscle myosin IIB. Moreover,
patterns similar to the proposed embryonic myofibrillar program first detected in
spreading chick embryonic hearts were also detected in these spreading adult
mammalian cardiomyocytes. The isolated adult cardiomyocytes begin to spread
after 1 day in culture by sending out lamellipodia. When these cells are injected
with fluorescently labeledk-actinin, linear arrays of short spacings of beaded
«-actinin bodies are detected in the spreading edges of the adult cardiomyocytes.
These dense bodies (Z-bodies) stain positively for the same sarcomeric-specific
isoform of a-actinin that is in the Z-bands of mature sarcomeres. These linear
arrays ofa-actinin-containing Z-bodies have other characteristics of premyofibrils
and are detected only in the spreading regions of the cells. Thus, these
premyofibrils at the edges of the spreading adult cardiomyocytes stain positively
for nonmuscle myosin IIB but negatively for muscle-specific myosin Il. Initially,

no vinculin is associated with any parts of the premyofibrils in the spreading
regions of the early spreading cardiomyocytes. However, later, vinculin is found to
be associated with the ends of the premyofibrils. Fibers that stain solidly for
muscle-specific myosin Il (i.e., nascent myofibrils) are localized between the
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peripheral premyofibrils and the centrally positioned, mature myofibrils. It is
suggested that the puzzling ability of cardiomyocytes in hypertrophic hearts to
reinitiate the synthesis of fetal sarcomeric proteins may be related to the reinitiation
of the embryonic premyofibril program for myofibrillogenesis. Cell Motil.
Cytoskeleton 37:183-198, 1997 © 1997 Wiley-Liss, Inc.

Key words: hearts; myofibrillogenesis; actin; myosin; nonmuscle myosin 1I1B; premyofibrils; nascent
myofibrils; mature myofibrils

INTRODUCTION fibrils are characterized by the presence of two types
8f myosin Il: nonmuscle myosin 1IB, which is found
n a beaded pattern, and muscle-specific myosin I,
ich has a more continuous pattern of localization. The
Ature myofibril is then formed by the elimination of the

The heart is the first organ to differentiate an
function in the embryo. The component cardiac musc|
cells synthesize sarcomeric proteins, which assemble i
myofibrils. The early myofibrils are responsible for the
first contractions and, later, for the continuous contrac-
tions of the growing heart. These embryonic cardiomyo
cytes are capable of undergoing mitosis and cytokines
[Chacko, 1973; Sanger, 1977]. When these cells enter c{
division, the myofibrils can disassemble into their compo
nent filaments and molecules, some of which are used
form the contractile cleavage furrow used in cytokinesis
[Sanger et al., 1994]. Rhee et al. [1994] have analyzed t
formation of myofibrils in the embryonic chick spreading
cardiomyocytes and have proposed a three-stage mo(
for the formation of myofibrils: premyofibrils to nascent
myofibrils to mature myofibrils. The premyofibrils, which
are found at the spreading edges of the cardiomyocytdg
are composed of minisarcomeres. The sarcomeric equi
lent of the Z-band in the premyofibril is a Z-body; both
the Z-band and the Z-body contai-actinin. These
beaded Z-bodies are attached to the cell surface and
responsible for the attachment of the short actin filamen
to the cell surfaces. Most importantly, these premyofibrils
contain nonmuscle myosin IIB, which is believed to be
responsible for the antipolar arrangement of the compd
nent actin filaments in these minisarcomeres. As th
spreading edges of the cell surface advance, the pre
ously formed premyofibrils are left in place, which would
permit other large molecules (e.g., muscle myosin Il an
titin) to gain access to the minisarcomeres. Rhee et &
[1994] presented evidence that the premyofibrils ar
transformed into nascent myofibrils with the capture o
muscle thick filaments by the component actin filament
and the newly added muscle titin molecules to the
Z-bodies. The fusion of adjacent premyofibrils to form
nascent myofibrils occurs at the level of the Z-bodies an
is marked by the association of titin and zeugmatin
Zeugmatin, which can be detected in the fused regions of
the Z-bodies in the nascent myofibrils [Rhee et al., 1994%:5 1. Freshly isolated adult cat cardiomyocyte fixed and stained

eral hours after attachment with a general arditinin antibody to
has recently been demonstrated by our group to be par eal the regular alignment of the Z-bands. Note the absence of any

the titin_ molecule that is embedded in the Z-bandgnall spacings af-actinin (i.e., evidence of premyofibrils and nascent
[Turnacioglu et al., 1996, 1997a,b]. The nascent myaewofibrils) in this cell. Scale bax 10 pm.
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Fig. 2. Phase-contrast micrographsh( of living cat cardiomyocytes that have been spreading in culture
for several days. Note the striated myofibrils in the shaft (arrows) of the cells. These mature myofibrils do
not appear to extend into the spreading ends of the cells. Scate bapm.

nonmuscle myosin IIB filaments, by an increase in lengthcreasing the number of myofibrils and assuming the
of actin filaments, and by the incorporation of overlapyork of the lost cardiomyocytes [Chien et al., 1991].
ping thick myosin filaments into A-bands. How do the numbers of myofibrils increase in these
Vertebrate adult cardiomyocytes, with the majdnypertrophic cardiomyocytes? Is the premyofibril model
exception of the adult amphibian hearts [Oberpriller armtoposed for the formation of myofibrils in embryonic
Oberpriller, 1971; Kaneko et al., 1984], have lost thehearts valid for these adult hypertrophic cardiomyocytes?
ability to undergo cell division and repopulate the damAdult cardiomyocytes in culture and in hypertrophic
aged heart with new cardiomyocytes. Nevertheless, thearts reexpress a panel of their fetal proteins [Izumo et
myofibrils in these adult cardiomyocytes are not permai., 1988; Nag and Cheng, 1988; Ruzicka and Schwartz,
nent and can undergo changes. The component myofibdi#88; Woodcock-Mitchell et al., 1989; Eppenberger-
in nondividing adult cardiomyocytes can renew thenkberhardt et al., 1990; Chien et al., 1991; van Bilsen and
selves by the incorporation of newly synthesized sarc@hien, 1993]. The explanation for these observations is
meric proteins [Zak et al., 1977]. Fluorescently labelednknown. Do cultured adult cardiomyocytes use the same
sarcomeric proteins microinjected into freshly isolatepathways that are hypothesized for the formation of
adult cardiomyocytes are readily incorporated into spatyofibrils in embryonic cardiomyocytes in tissue culture
cific parts of the sarcomeres [Danowski et al., 1992Rhee et al., 1994; Turnacioglu et al., 1997a]? In a first
LoRusso et al., 1992; Imanaka-Yoshida et al., 1993, 19%tep toward testing the premyofibril model on intact adult
1996]. Cardiomyocytes in situ can undergo hypertrophlgearts, we have isolated and grown adult vertebrate
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Fig. 3. a,b: These spreading cat adult cardiomyocytes were stained with fluorescent phalloidin. Note the
presence of mature sarcomeres in the shaft (arrows) of the cells. The mature sarcomeres have sarcomeric
spacings of about 2.0 um, and they terminate just before the spreading ends of the cardiomyocytes. Note
that, in the spreading edges of the cell, the fibers are aperiodic, i.e., they have actin filaments that overlap to
give a nonstriated pattern. Scale bad0 pm.

cardiomyocytes in tissue culture to detect any contractidATERIALS AND METHODS
protein patterns that resemble those previously detecigglation and Culturing of Adult Cardiomyocytes
in spreading embryonic cardiomyocytes in tissue culture

[Sanger et al. 1984a, 1986b; Rhee et al., 1994]. In this ro’“c‘ig'tr;ast Crzrqg”;?’ogé’tsecsr.g‘é%reﬁ;'asfg :tc;or%nggz_
paper, we report that freshly isolated adult cardiomyg- gnaka-iosh%a\gtalj 3{993 1|996 [Ad Il:cat card'lém 0_’
cytes do not have any signs of premyofibrils, i.e., nQ" : " ’ - Adu lomy

minisarcomeres containing Z-bodiescsfictinin or short cytes that were isolated from freshly excised feline hearts

bands of nonmuscle myosin 11B. However, as soon as ,[J]anver et al., 1983] were a generous gift of Dr. Steven

adult cardiomyocytes begin to spread in tissue cultu el9us§r. AIIIaduIt cardl?myocytezln_c#llture r_netlj_laRwere

nonmuscle myosin 1B molecules and minisarcomeré ated on glass coverslips coated with laminin [LoRusso
: ! . S al., 1992].

outlined by Z-bodies are detected in these spreading

regions. We detected further patterns of sarcomeric ==

proteins that suggest that the adult cardiomyocyte Microinjection and Immunofluorescence

culture can reinitiate the embryonic program for th&fthe Cells

assembly of myofibrils. We suggest the possibility that  Living cardiomyocytes were microinjected with

the widely reported ability of cardiomyocytes in hypertrorhodamine-labeled-actinin and vinculin by using proce-

phic hearts to reinitiate the synthesis of fetal sarcomeiiicires previously described (proteins isolated from chicken

proteins [van Bilsen and Chien, 1993] may be related tpzzards) [Sanger et al., 1986a,b; Danowski et al., 1992;

the reinitiation of the embryonic program for myofibrillo-imanaka-Yoshida et al., 1996]. The images of the injected

genesis, i.e., the premyofibril model [Rhee et al., 1994]living cells were obtained by using a low-light-level
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Fig. 4. These living cat cardiomyocytes (a,b) were microinjected witin both a and b). In the spreading edges, the labeleadtinin is located
rhodamine-labeledx-actinin. a: This cell has a small spreadingin small, dense bodies aligned in rows (arrowheads). These dense
lamellipodia. A small string ofx-actinin spacings has recently beerbodies are separated by distances varying from 0.5 um to 2.0 um. In b,
deposited along the spreading edge of the cell surface (arrowhead)there is a linear fiber [large arrow containing long (2.0 um) and short
This cell has been spreading one of its edges for a longer period. N¢@8 pm) spacings] ofx-actinin. Note that one of the Z-bands is
that the centrally located, mature sarcomeres are marked by tlenposed of two beads efactinin or Z-bodies (tip of large arrow).
incorporation of the probe into their solid, tight Z-bands (small arronScale bar= 10 pm.

video camera (Dage-MTI SIT camera; Michigan, IN) angreviously by Imanaka [1988]. Sarcomeric-specific anti-
were digitally processed with an Image I/AT system-actinin was obtained from Sigma, Inc. (St. Louis, MO).
(Universal Imaging Corporation, West Chester, PAY-Actin was a generous gift of Dr. J.C. Bulinski and has
[Imanaka-Yoshida et al., 1996]. Some of the fluorescebeen described by Otey et al. [1986]. Specific fluores-
images of the living, injected cardiomyocytes wereently labeled secondary antibodies were obtained from
photographed directly by using a Zeiss Photomicrosco@appel Laboratories (West Grove, PA). With the excep-
[l and a x63 apochromatic objective. tion of thewy-actin antibody, all of these antibodies were
Antibodies against the nonmuscle myosin IIB proteithe same reagents that were used to detect the same
were from Chemicon (Temecula, CA). Antibodies diantigens in embryonic chick cardiomyocytes [Rhee et al.,
rected against the nonmuscle myosin A isoform werE994].
obtained from BTI (Stoughton, MA; antihuman platelet Cardiomyocytes were fixed by using 4% formalde-
myosin IIA). A monoclonal antibody to muscle-specifihyyde buffered with a phosphate-based solution [Rhee et
myosin Il was a generous gift of Dr. Frank A. Pepal., 1994]. The cells were permeabilzed by exposing them
and was described previously [Sanger et al., 1986&). a buffered saline solution containing 0.1% Nonidet-
An a-actinin antibody that reacted against both norR40 detergent. The unreactive formaldehyde groups were
muscle and musclex-actinin isoforms was describedremoved by washing with buffered saline solutions as
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Fig. 5. Note that, in this live cat cardiomyocyte previously microinjected with rhodamine-labeled
a-actinin, there are aligned arrays of Z-bodies in the spreading region of the cell. ScaledBam.

well as by exposing the washed cells to a saline soluti®ESULTS

containing 50 mM NHCI for 5 min. After washing out preshly Isolated and Nonspreading

the NH,Cl, the coverslips were removed from the CUItur%ardiomyocytes

dishes and placed in humid chambers for antibody ) _ )

staining. Forty microliters of primary antibodies (diluted ~ Cardiomyocytes isolated from intact adult cat hearts
1:100 from the commercial stocks) were placed on ifdtached to the Iamlnln-caned glass coverslips W|th|n_a
cells for 45 min at 37°C. The coverslips were washd§W hogrs. When the.s'e cardiomyocytes were treated with
several times with a buffered saline solution before tiffl! antibody recognizing both nonmuscle and muscle-
secondary fluorescent antibody was placed on the ceiRcific isoforms oé-actinin, only the Z-bands of mature
for 45 min and incubated at 37°C. The cells were thetfrcomeres were stained (Fig. 1), revealing 2-pum spac-
washed and were either stained with further antibodies9gs between the Z-bands. The sheractinin spacings
counterstained with a fluorescent-labeled phalloidifidicative of premyofibrils and nascent myofibrils, as
(Sigma). Some cardiomyocytes were counterstained wiKpected, were absent. Similarly, the presence of both
rhodamine or fluorescein-labeled phalloidin (Moleculdtonmuscle myosin IIA and 1IB was undetectable by
Probes, Inc., Eugene, OR). The stained and rinsgdmunostaining. In addition, these cardiomyocytes were
coverslips were mounted in Mowiol (Calbiochem, Lanot stained with &-actin antibody. However, in contrast,
Jolla, CA). The retention of the stained cardiomyocytdbe stress fibers of the adjacent fibroblasts were stained
on the coverslips indicated that the cells had firmlwith antibodies directed against nonmuscle myosin l1A
attached to the glass coverslips. and IIB as well agy-actin.
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Fig. 6. Spreading adult rat cardiomyocyte stained with a sarcometbe cell that contains the mature myofibrils. Note that, farther in, the
specifica-actinin antibody. Note that both the Z-bodies as well as thé-bodies or dense bodies are aligned to form the nascent Z-bands
Z-bands stain positively for this muscle-specific isofornuedictinin.  (arrowheads)o: This cell was spreading in a circular pattern. Note the
a: This cell is spreading at its leading edge (arrow). A wave of linegresence of premyofibrils in all regions of this spreading cell. Scale
fibers extends parallel from the leading edge inward toward the shafttdr= 10 pm.

Premyofibrils and Nascent Myofibrils a-actinin incorporated into the Z-bands of the mature
in Spreading Cardiomyocytes sarcomeres, but it also localized to what appeared to be

Adult cat cardiomyocytes spread in culture b;—bodies in the_spreading edge of the cell (Fig. 4). The
sending out lamellipodia at the ends of the cells that weY8"Y Shorta-actinin spacings that were detected at the
formerly parts of intercalated discs (Fig. 2), as previousKerY leading edge of the cell ranged in distances from 0.5
reported by Clark et al. [1991] and Decker et al. [1991¢m to 1 um (Fig. 4a). In sister cells that had spread
The mature myofibrils can easily be detected in the shatsther, linear arrays of different periodicities were ob-
of the spreading cardiomyocytes by using phase-contrasfved that ranged from 0.5 um to 2.0 pm (Fig. 4b).
microscopy, and they appear to terminate just before téthin the same injected cells, the spacings of these
spreading edge of the cells (Fig. 2a,b). This interpretationactinin fibers could vary widely even in closely ap-
was confirmed when sister cultures of the same age wé@sed fibers (Figs. 4b, 5). This observation was confirmed
fixed and stained with rhodamine-labeled phalloidirwith immunostaining by using muscle-specidieactinin
Whereas distinct sarcomeric actin filaments were pres@#ttibody, with which both short and long spacings were
in the shafts, unstriated actin fibers were also detecteddetectable (Fig. 6). The dense bodies of the premyofibrils
the spreading edges of these cells (Fig. 3a,b). A similag well as the aligned, fused dense bodies of the nascent
pattern of localization was observed when fluorescentigyofibrils scored positively for the sarcomeric isoform of
labeleda-actinin was injected into spreading cardiomyoe-actinin. These data are all indicative of the presence of
cytes (Figs. 4, 5) in tissue culture for the same time periguemyofibrils and nascent myofibrils at the leading edge
as the cells in Figures 2 and 3. The microinjecteadf the cells.
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Fig. 7. Spreading adult cat cardiomyocyte doubly stained with @ncentrated at the spreading edges of the cell (arrows). The sarco-
muscle-specific myosin Il antibody (a) and with an antibody againsteres containing only muscle-specific myosin Il (a), as described in
nonmuscle myosin IIB (b)a: The muscle-specific myosin is limited to the text, are the mature sarcomeres (a, arrow). The fibers containing
the areas containing mature sarcomeres (arrow) and to a few nongiath myosin Il isoforms are the nascent myofibrils (a, arrowheads). The
ated fibers (arrowheads) away from the spreading edges of fiileers at the edges of the spreading cell that possess only nonmuscle
cardiomyocytesb: Note that the nonmuscle myosin |IB staining ismyosin IIB are the premyofibrils. Scale barl0 pum.

Freshly isolated adult cardiomyocytes were nahyocytes, we noted the presence of nonmuscle myosin
stained by nonmuscle myosin IIA or 1IB antibodies a#iB only in premyofibrils and nascent myofibrils and not
expected from our previous observations [Rhee et ah, mature sarcomeric myofibrils [Rhee et al., 1994].
1994]. In our previous report on embryonic chick cardidNonmuscle myosin 1B, but not nonmuscle IlA, was
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Fig. 8. a: Spreading adult cat cardiomyocyte stained with antibodies directed against nonmuscle myosin
1I1B exhibits concentrations of the nonmuscle myosin at the edges of the cell. Note the presence of banded
fibers in this area of the celh: Cat fibroblast stained with the same nonmuscle 11B antibody reveals banded
stress fibers throughout the cell. Scale bas um.

detected in the spreading regions of these cells as soomlasot stain any fibers in the spreading cardiomyocytes
the adult cardiomyocytes began to spread (Fig. 7). TKig. 9a), the stress fibers of the neighboring fibroblasts
nonmuscle myosin [IB appears to be concentrated onlyéontain this isoform of actin (Fig. 9b).

the spreading regions of these cells. Double staining of
these same cells with an antibody directed again\é'f' ;
muscle-specific myosin Il indicates that, whereas tffgdrdiomyocytes

muscle isoform is concentrated in A-bands in the shaft of  Freshly isolated rat cardiomyocytes injected with
the cell, some fibers that were stained by muscle myodinorescently labeled vinculin exhibited localization to
antibody in a solid uninterrupted pattern (suggesting thiee Z-bands (Fig. 10). However, after 2 days in culture,
overlap of myosin thick filaments) were detected in thihese cardiomyocytes began to lose some vinculin from
spreading edges of theses cells (Fig. 7a). These sdle Z-bands. Double staining of these cardiomyocytes
fibers in the spreading edges of the cardiomyocytes staiith antibodies against-actinin and vinculin revealed
positively for both muscle and nonmuscle myosin isdhat, althougha-actinin was still within the Z-bands,
forms, suggesting the presence of nascent myofibrilsvinculin was no longer localized as tightly to the Z-bands
these areas [Rhee et al., 1994; Turnacioglu et al., 1997#&]ig. 11). Overlaying of the two different stained images
Nevertheless, there are also areas near the very edgindicates that the displaced vinculin is detected in irregu-
the spreading cardiomyocyte (Fig. 7b) in which only thiarly arranged fluorescent bars located between the Z-
nonmuscle myosin 1IB isoform was detected; these abands. In 2-day-old cultures, cardiomyocytes were ob-
the premyofibrils [Rhee et al., 1994]. Linear fibers oferved to have spread at one end of the cell. In these early
nonmuscle myosin IIB bands can be detected in thesgreading edges,-actinin was detected before any signs
leading edges (Fig. 8a). These nonmuscle myosin I8 vinculin deposits (Fig. 12). In older cultures (13 days),
fibers are similar to those detected in the feline fibroblastshere the tubular cell has assumed a flatter shape due to
in the same cultures (Fig. 8b). Whereaactin antibodies the peripheral spreading activity of the cell, the linear

culin in Freshly Isolated and Spreading Rat
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"

Fig. 9. Spreading cat cardiomyocyte (left cell) and fibroblast (right cell) stainedyaéittin antibody (a)
and rhodamine phalloidin (b). Note the absence yeéctin in the actin fibers of the spreading
cardiomyocyte and the presenceyeéctin in the stress fibers of the fibroblast (a,b). Scalesb&mm.

Fig. 10. This freshly isolated rat cardiomyocyte was microinjected with rhodamine-labeled vinculin as
soon as it was firmly attached to the substrate, about 3 h after removal from the heart. Note the
colocalization of the labeled vinculim) with the Z-bandsk) in the light microscopic image, which was
obtained by using a confocal microscope. The bright spot in the injected cell represents the injection site.

Scale bar= 10 pm.
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Fig. 11. Arat adult cardiomyocyte that was in culture for 2 days and was stained with antibodies directed
againsta-actinin (a) and vinculin (b). Thex-actinin is located in regular Z-bands. Some of the vinculin
antibody colocalizes in the Z-bands (b, arrowheads), whereas, in other places, the vinculin has lost some of
its precise Z-band localization. Scale a0 pm.

arrays of short periodicities af-actinin (dense bodies) the disassembly process detected in the same living rat
do not stain positively with vinculin antibodies at all (Figadult cardiomyocytes injected with fluorescently labeled
13). However, vinculin is detected at the ends of theseactinin [see Fig. 7 in Imanaka-Yoshida et al., 1996].
fibers. The fully formed, mature myofibrils adjacent to

these s_pregding regions o_f t_he cardiqmyo_cyt_es do exhiBiltSCUSSION

colocalization of thea-actinin and vinculin in the Z- )

bands (Fig. 13). The ends of these mature myofibrils al5geShly Isolated vs. Spreading Adult

exhibit strands of-actinin and vinculin, which, in some, Cardiomyocytes

terminate in clear attachment plaques (Fig. 13). Many of  Freshly isolated cat and rat adult cardiac muscle
the myofibrils in the center of these older spreadingells show no indications of premyofibrils or nascent
cardiomyocytes are of different lengths and are shortewyofibrils, which are characterized by short, linear
than those myofibrils of early spreading cells (Fig. 13spacings of-actinin, presence of nonmuscle myosin 1B,
These shorter myofibrils appear to be undergoing disas-overlapping specific myosin Il filaments. However, by
sembly from their ends; these static images are similarttee end of 1 or 2 days in culture, when lamellipodia form
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Fig. 12. An adult rat cardiomyocyte beginning to spread after 2 days in culture has been fixed and stained
with antibodies directed againatactinin (a) and vinculin (b). Note that-actinin appears in a periodic
pattern before vinculin in the spreading region of this cell. Scale=b&0 pm.

at the edges of these culture cardiomyocytes, the spremd-<cultured adult cardiomyocytes, future work will be
ing cells begin to show thin, linear actin filamentneeded to determine whether this protein is induced in
containing structures that have the predicted propertieshyfpertrophic heart cells in situ.

premyofibrils (short spacings o&-actinin containing _

Z-bodies and nonmuscle myosin 11B) and nascent myoffoUrce of Proteins for the Assembly

brils (fusion of juxtaposed premyofibrils at the level oPf Premyofibrils and Nascent Myofibrils

the Z-bodies; solid linear arrays of overlapping muscld? SPreading Cardiomyocytes

specific myosin Il filaments). This is the first report of The isoform ofx-actinin molecules in the premyofi-
these sarcomeric protein patterns as well as the presehibs at the spreading edges of the adult cardiomyocytes is
of nonmuscle myosin IIB molecules in adult cardia@entical to the one in the Z-bands of the mature
muscle cells. Several other laboratories have reported tekatcomeres. When injected, fluorescently labeled chicken
adult cardiomyocytes in culture and in hypertrophigizzarda-actinin molecules readily incorporate into the
hearts reexpress a number of fetal proteins [Eppenbergigense bodies as well as the Z-bands of the various types
Eberhardt et al., 1990; Chien et al., 1991; van Bilsen awd myofibrils in the spreading adult cardiac muscle cells.
Chien, 1993]. Our results suggest that the contractN#e have previously demonstrated that the ends of the
proteins in embryonic cells may be reexpressed in adutiature myofibrils situated in the middle of spreading
cardiomyocytes for the formation of additional myofibriladult cardiomyocytes are capable of disassembly
via a premyofibril mode of assembly (Fig. 14). In ouflmanaka-Yoshida et al., 1996]. Therefore, it is possible
proposed models, nonmuscle myosin IIB plays an impdhat «-actinin and other proteins, such as actin and
tant role, because it is postulated to help align the thacttin-associated proteins in the I-bands of the mature
filaments into an antipolar arrangement. Although owarcomeres, are recycled to the leading edges of the cells
report is the first demonstration of nonmuscle myosin IIB be used in the assembly of the premyofibrils there.
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Fig. 13. This rat cardiomyocyte had been spreading in culture for 13 days before it was fixed and stained
with antibodies directed againatactinin (a) and vinculinlf). Note the colocalization ak-actinin and
vinculin in the center of these cells. The ends of these myofibrils containing the mature sarcomeres have
broad strips of vinculin. The precursors to the mature myofibrils near the spreading edges of this cell do not
show colocalization of the two proteins. Scale bat0 pm.

However, it is quite likely that the sarcomeric moleculemeric arrays ofx-actinin, actin, and nonmuscle myosin
are also newly synthesized to become localized in &lB must form first and is then followed by the addition of
three types of myofibrils in these cardiomyocytes, beinculin to the ends of the premyofibrils. Vinculin
cause the cells increase in size both in culture and gnadually regains its association witlractinin in the
hypertrophied hearts. Clearly, one protein that was nétbands of the mature sarcomeres in the middle of these
redistributed from the mature sarcomeres was the n@preading cardiomyocytes.
muscle myosin IIB. This protein was detected only when, )
the cardiomyocytes began to spregeActin, a marker vinculinand the Attachment
for stress fibers [Otey et al., 1986], was never detectedqh/Adult Cardiomyocytes
any of the different stages of myofibril formation, i.e., Adult rat cardiac myocytes adapt to the culture
premyofibril, nascent myofibril, or mature myofibril. environment by attachment to the substrate and spread-
Itis noteworthy that vinculin is readily disorganizedng. The rate of contraction of the cells initially decreases
in the freshly isolated cardiomyocytes, whereas thetil the cell is firmly attached [Schwartzfeld and Jacob-
sarcomeriex-actinin in most of the myofibrils remains inson, 1981]. We found that, during the first few days in
the Z-bands. This looser or released vinculin does natlture, vinculin lost most of its Z-band localization,
immediately become concentrated into attachment plaqadthough the myofibrils remained intact and beat intermit-
in the lamellipodia ahead of the-actinin containing tently (Fig. 9). Once a rat cardiomyocyte is firmly
dense bodies of the premyofibrils. It appears that saraitached, at about 7 days in culture, rapid and continuous
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Fig. 14. Adiagram summarizing the proposed formation of myofibrileo capture the much larger myosin thick filaments composed of
in the spreading edges of adult cardiomyocytes based on the resultsnoscle-specific myosin Il molecules. Initially, these thick filaments are
this paper and those reported by Rhee et al. [1994] and Turnaciogluretan overlapping position, resulting in a solid staining pattern of
al. [1996, 1997a].l: «a-Actinin-containing dense bodies (Z-bodies)muscle myosin Il antibodies,6: Fusion of the adjacent Z-bodies,
assembled at the spreading membrane tether the newly formed agtiowth of the component actin filaments, and the alignment of the
filaments. Small myosin filaments composed of nonmuscle myosin [Brmerly overlapping thick filaments (5) leads to the formation of the
molecules interact with oppositely polarized actin filaments to fornmature sarcomeres and myofibrils (6). The beaded appearance of the
minisarcomeres. These linear arrays of minisarcomeres form thAebands in the myofibrils as well as the nonmuscle myosin filaments
premyofibril.2: An older premyofibril that was left behind as the edgere lost in the mature myofibrils (6). Vinculin appears to associate
of the cell advanced to its new position indicated in314: Two mainly with the fully formed Z-bands of the mature sarcomeres (5,6,
previously formed premyofibrils align at the level of their Z-bodies antllack pyramids) and the attachment plaques (not indicated in this
use their actin filaments and their newly attached muscle titin filamerd&gram) of the forming myofibrils.

beating resumes coincident with the reappearance of a Without surface attachments, there is complete
costameric network of vinculin in the cells [Danowski etlisorganization of the cytoskeleton in cultured rat cardiac
al., 1992]. The reassociation of vinculin with the Z-bandswuscle cells, both adult [Cooper et al., 1986] and
is often coupled with the ability of the cardiomyocytes tmeonatal [Marino et al., 1987]. These results were inter-
wrinkle a deformable substrate [Danowski et al., 1992preted to indicate that the myofibrils must be able to exert
In adult feline cardiomyocytes that are quiescent, vinca-load on the substrate adhesions to retain the order of
lin is localized in Z-bands for the first 7 days of culturetheir myofibrils [Cooper et al., 1986]. The importance of
after which time the myofibrils become disordered, arldad in vivo was demonstrated by Thompson et al.
vinculin no longer localizes to the Z-bands [Simpson ¢1984], who noted the complete disruption and atrophy of
al., 1993]. When these same cells were induced tioe myofibrillar apparatus when the chordae tendinae of a
contract continually, myofibrils reassembled, and vincyapillary muscle was severed, thereby unloading the
lin and a-actinin were again colocalized in the Z-bandmuscle. When the chordae tendinae were reattached,
[Simpson et al., 1993]. thereby reloading the muscle, the myofibrils reformed.
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CONCLUSIONS Imanaka-Yoshida, K., Danowski, B.A., Sanger, J.M., and Sanger, J.W.
(1996): Living adult rat cardiomyocytes in culture: Evidence for
We present evidence for the expression of non-  dissociation of costameric distribution of vinculin from costa-
muscle myosin 1IB in spreading adult cardiomyocytes_ meric distributions of attachments. Cell Motil. Cytoskeleton

We also present and review published data to support our 331263—(127%_ 4 4 Mandavi. V. (1988,
view that adult cardiomyocytes in culture and in hypertrg2!™®; S: Nadal-Ginard, B., and Mahdavi, V. (1988): Protooncogene
induction and reprogramming of cardiac gene expression pro-

phic hearts may be reexpressing an embryonic and fetal  g,ceq by pressure overload. Proc. Natl. Acad. Sci. USA
program for the assembly of myofibrils, i.e., premyofi- 85:339-343,
brils [Rhee et al., 1994; Turnacioglu et al., 1997a]. Kaneko, H., Okamoto, M., and Goshima, K. (1984): Structural changes
of myofibrils during mitosis of newt embryonic myocardial
cells in culture. Exp. Cell Res. 153:483-498.
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