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Abstract. Muscle-specific and nonmuscle contractile 
protein isoforms responded in opposite ways to 12-0- 
tetradecanoyl phorbol-13-acetate (TPA). Loss of 
Z band density was observed in day-4-5 cultured 
chick myotubes after 2 h ~n the phorbol ester, TPA. 
By 5-10 h, most I-Z-I complexes were selectively 
deleted from the myofibril, although the A bands re- 
mained intact and longitudinally aligned. The deletion 
of I-Z-I complexes was inversely related to the appear- 
ance of numerous cortical, ot-actinin containing bodies 
(CABs), transitory structures ,x,3.0 #m in diameter. 
Each CAB consisted of a filamentous core that co- 
stained with antibodies to ot-actin and sarcomeric 
ot-actinin. In turn each CAB was encaged by a discon- 
tinuous rim that costained with antibodies to vinculin 
and talin. Vimentin and desmin intermediate filaments 
and most cell organelles were excluded from the mem- 
brane-free CABs. These curious bodies disappeared 
over the next 10 h so that in 30-h myosacs all ot-actin 
and sarcomeric a-actinin structures had been elimi- 
nated. On the other hand vinculin and talin adhesion 
plaques remained prominent even in 72-h myosacs. 

Disruption of the A bands was first initiated after 
15-20 h in TPA (e.g., 15-20-h myosacs). Thick fila- 
ments of apparently normal length and structure were 

progressively released from A segments, and by 40 h 
all A bands had been broken down into enormous 
numbers of randomly dispersed, but still intact single 
thick filaments. This breakdown correlated with the 
formation of amorphous cytoplasmic aggregates which 
invariably colocalized antibodies to myosin heavy 
chain, MLC 1-3, myomesin, and C protein. Complete 
elimination of all immunoreactive thick filament pro- 
teins required 60-72 h of TPA exposure. The elimina- 
tion of the thick filament-associated proteins did not 
involve the participation of vinculin or talin. 

In contrast to its effects on myofibrils, TPA did not 
induce the disassembly of the contractile proteins in 
stress fibers and microfilaments either in myosacs or 
in fibroblastic cells. Similarly, TPA, which rapidly in- 
duces the translocation of vinculin and talin to ectopic 
sites in many types of  immortalized cells, had no 
gross effect on the adhesion plaques of myosacs, pri- 
mary fibroblastic cells, or presumptive myoblasts. 
Clearly, the response to TPA of contractile protein and 
some cytoskeletal isoforms not only varies among 
phenotypes, but even within the domains of a given 
myotube the myofibrils respond one way, the stress 
fibers/microfilaments another. 

M 
UCH is known of the rapid asssembly and disassem- 
bly of the nonmuscle contractile protein isoforms 
that, in nonmuscle cells, constitute the relatively 

unstable stress fibers and/or microfilaments (56). Much less 
is known of the conditions that control the assembly and dis- 
assembly of the muscle-specific contractile protein isoforms 
that constitute the relatively stable myofibrils (references in 
22). The reversible effects of 12-o-tetradecanoyl phorbol-13- 
acetate (TPA) on maturing day-4-5 myotubes is an excellent 
system for studying the very different fates of nonmuscle and 
muscle contractile protein isoforms in the same cell (1, 8-11, 
13, 17, 32, 40, 60). 

TPA promptly, but reversibly, blocks spontaneous contrac- 
tions in cultured myotubes and induces the disassembly of 
myofibrils, resulting in giant, isodiametric, multinucleated 
myosacs. The TPA-induced disassembly of striated myofibrils 
is a multistep process and follows a characteristic temporal 
and spatial sequence (40). The early selective deletion of 
I-Z-I complexes correlates with the emergence of numerous 
ot-actin and rhodamine-conjugated phalloidin (Rho-phalloi- 
din)-positive 3.0-#m cortical actin-containing bodies (CABs). 

!. Abbreviations used in this paper: CABs, 3-#m cortical actin-containing 
bodies; IFs, intermediate filaments; MHC, myosin heavy chains; Rho- 
phalloidin, rhodamine-conjugated phalloidin. 
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These bodies do not bind antibodies to myosin heavy chains 
(MHC). The CABs gradually disappear so that in most 30-h 
myosacs cytoimmunologically detectable ot-actin has been 
eliminated. A band resorption is first initiated in 15-20-h 
myosacs and is correlated with the emergence of a few large 
MHC-positive amorphous patches. The MHC-positive patches 
do not costain with either anti-tx-actin or Rho-phalloidin and 
are not cleared until 50-60 h in TPA. Isotope incorporation 
studies have demonstrated that the synthesis of many, per- 
haps all, myofibrillar protein isoforms is inhibited in 72-h 
myosacs. On the other hand, the synthesis of the nonsarco- 
meric MHC, MLC1 and 2,/~- and 3'-actins are up-regulated, 
whereas the synthesis of desmin, vimentin, c~-tubulin, and 
many household proteins appear to be unaffected. 72-h myo- 
sacs transferred to normal medium recover and, by 48 h, 
have assembled a population of myofibrils equivalent to those 
in day-5-6 controls (40). 

Molecular, structural, and functional similarities between 
myofibrils in muscle cells and stress fibers in n0nmuscle cells 
have long been recognized (see references in 18, 27). Evi- 
dence that transitory stress fiber-like structures play a nu- 
cleating and/or organizing role in the assembly of nascent 
myofibrils in cardiac and skeletal myogenic cells has been 
presented (2, 16). The termini of stress fibers in nonmuscle 
cells insert into vinculin/talin adhesion plaques (5, 6, 24, 
25, 59, 61). Recently we found that in muscle the adhesion 
plaques consist of a-actin/muscle ec-actinin/vinculin/talin, 
whereas in nonmuscle cells the complex consists of/5- and 
3,-actin/nonmuscle ct-actinin/vinculin/talin (Lin, Z., and H. 
Holtzer, unpublished observations). In brief, in ways still 
poorly understood, adhesion plaques and stress fibers proba- 
bly play determining roles in fixing the place and time of 
myofibrillar assembly. 

The following experiments were not designed to analyze 
the mechanisms whereby TPA induces its pleiotropic effects. 
Before attempting to understand how a cascade of degrada-_ 
tive and biosynthetic events initiated by TPA might affect 
maturing myotubes at the level of transcription or transla- 
tion, its effects on known structures and known proteins must 
first be described. By using the phorbol ester to dismantle 
myofibrils reversibly we found a wholly unsuspected connec- 
tion between the rapid and selective elimination of the I-Z-I 
proteins, muscle-specific et-actinin and tx-actin, and the sub- 
membrane proteins, vinculin and talin. Nothing comparable 
to this involvement of vinculin and talin was observed in the 
temporally and spatially separated elimination of the A band- 
associated proteins, MHC, myomesin, MLC 1-3, and C pro- 
tein. We also emphasize that, though TPA rapidly induced 
the disassembly of myofibrils, it concurrently promoted the 
assembly of stress fibers in myosacs, whereas it had no per- 
ceptible effect on the integrity of stress fibers in replicating 
primary myoblasts or fibroblasts. 

Materials and Methods 

Cell Culture 
Primary cultures of mononucleated cells were prepared from breast muscles 
of ll-d chick embryos as described (7, 35). Cytosine arabinoside at a con- 
centration of 10 #M was added to the medium of day-3-5 cultures to depress 
cell replication (7, 11). TPA (Sigma Chemical Co., St. Louis, MO) at a con- 
centration of 75 ng/ml was added to the medium of day--4 cultures. Both con- 
trol and TPA-treated cultures were fed daily using fresh medium with or 

without TPA. After different times of exposure, the cultures were processed 
for immunofluorescence or electron microscopy. The inactive analogue, 4a- 
phorbol-12, 13-didecanoate had no obvious effect on these cultured cells (13, 
30, 31). Cycloheximide (Sigma Chemical Co.) at a concentration of 0.1 mM 
was used to inhibit protein synthesis >95 % without affecting total RNA syn- 
thesis (7). In selected experiments cells of day-4 cultures were permeabi- 
lized by incubation in either 50% glycerol in PBS or in 0.5% Triton X-100 
in PBS, at 4°C for 30-60 rain, and then shifted to TPA medium. To inhibit 
oxidative pbosphorylation 2, 4-dinitrophenol (Sigma Chemical Co.), at a 
final concentration of 0.1 mg/ml, was used in the presence of 1 mg/ml 
2-deoxy-~glucose in glucose-free medium (54). 

Antibodies 
The properties of the rabbit antisera and mouse monoclonal antibodies to 
sarcomeric myosin heavy chains (anti-MHC) have been described (2, 3, 29, 
40). Four monoclonal antibodies were used to stain thick filament-associ- 
ated proteins: (a) F4G3 against sarcomeric MHC, a gift from Dr. E Pepe, 
University of Pennsylvania, Philadelphia, PA; (b) MF-1 against C protein 
(48); (c) CP-13 against myomesin (53); and (d) 3H12.A5 against an epitope 
shared by MLCI and MLC3 (48). Antitalin antiserum and afffinity-purified 
antibodies were a generous gift of Dr. K. Burridge, University of North 
Carolina (Chapel Hill, NC). A mouse monoclonal antibody MAb B4, was 
used to detect the presence or absence of ot-actin. This antibody binds to 
all four known muscle-specific actins (a-skeletal, a-cardiac, a-vascular, 
3,-enteric) in immunoblot experiments and in immunofluorescence micros- 
copy using methanol-fixed cells, but does not react with cytoplasmic fl- or 
q/-actin from nonmuscle cells (40). This anti-c,-actin antibody was a kind 
gift of Dr. J. Lessard, University of Cincinnati. The antibody against 
chicken-gizzard vinculin, VIN-II-5, a mouse monoclonal antibody (ICN 
Immunobiological, Lisle, IL), reacts specifically with vinculin on irnmuno- 
blots and stains adhesion plaques of cultured cells briefly fixed in formalin 
(this antibody did not work well with methanol-fixed cells). Two kinds of 
antibodies were used to detect c¢-actinin in cultured myogenic cells. Rabbit 
antibodies against smooth muscle ~x-actinin (gift of Dr. S. Craig, Johns Hop- 
kins University, Baltimore, MD) binds to Z bands of myofibrils and stains, 
in a punctate pattern, the dense bodies associated with stress fibers in flbro- 
blastic and myogenic cells (2). In contrast, a mouse monoclonal and an 
affinity-purified rabbit polyclonal antibody against sareomeric ~-actinin, 
mAb CP4-10, stains Z bands of myofibrils in methanol-fixed cultures, but 
does not stain dense bodies associated with stress fibers in fibroblastic cells 
(19, 45). The properties of the antidesmin and antivimentin (from rabbit and 
guinea pig sera, respectively) have been described previously (3, 15). Tubu- 
lin antibodies were purchased from Miles Scientific (Elkhart, IN). 

Immunofluorescence and Electron Microscopy 
Cells were processed for immunofluorescence microscopy as follows. Cul- 
tures were rinsed with PBS and fixed for 3 minin 2% formaldehyde (freshly 
prepared from paraformaldehyde) in PBS. The cells were then permeabi- 
lized and soluble proteins extracted using 0.5% Triton X-100 in PBS. This 
PBS-Triton solution was also used for all subsequent antibody washing 
steps. For staining with mAb B4 and CP4-10, cells were fixed for 5 min in 
cold (-20°C) methanol. Various sequences of antibody and reagent incuba- 
tions were used in the double-label staining preparations. Anti-MHC~ mAb 
B4, anti-c~-actinin, antivinculin, and antivimentin were visualized by in- 
direct immunofluorescence microscopy, whereas FITC-labeled rabbit anti- 
MHC was visualized directly. To stain the same cells with anti-MHC and 
another rabbit antibody preparation, a previously described (3, 60) proce- 
dure was used. After the primary antibody incubation, cells were washed 
three times, incubated with secondary antibody (Rho-labeled goat anti- 
rabbit IgG; CooperBiomedical, Inc., Malvern, PAL and washed again. Be- 
fore anti-MHC was applied, the cells were incubated for 15-22 rain at room 
temperature in a 1:5 dilution of normal rabbit serum in PBS to saturate ex- 
posed goat anti-rabbit IgG sites. Cells were then incubated with anti-MHC, 
washed, and mounted using 60% glycerol in PBS. 

Rhodamine-labeled phalloidin, which binds specifically to F-actin, was 
used to visualized stress fibers and thin filaments within myofibrils (16, 32). 
Hoechst dye 33342 was used to stain nuclei. Cells were examined with a 
Zeiss epifluorescence microscope using excitation filters for either fluores- 
cein or rhodamine fluorescence, and a short-band pass barrier filter for 
fluorescein that eliminates most bleed-through between channels. 

The procedures used for electron microscopy were those described previ- 
ously (2, 23). 
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Figure 1. Day-4 myogenic cultures before exposure to TPA. a (fluorescein channel) illustrates the binding of mAb against sarcomeric 
c~-actinin to Z bands. The spacing between successive Z bands varies from 1.7-2.3 #m. This antibody, unlike the polyclonal to smooth 
muscle c~-actinin (40) does not stain the dense bodies in myotubes or fibroblasts, b (rhodamine channel) illustrates the binding of mAb 
against vinculin. Adhesion plaques are present along the ventral surface of the surrounding fibroblastic cells. Those on the ventral surface 
of the myotube are obscured by the pervasive vinculin-positive network of closely spaced dots. The elements of this system extend into 
the lamellipodia and are particularly prominent in the growth tips of the myotubes. Double staining with antitalin results in virtually identical 
fluorescence images, c and d are double-stained preparations revealing the localization of antibodies to sarcomeric tx-actinin (c, fluorescein 
channel) and antitalin (d, rhodamine channel). The adhesion plaques in myotubes tend to be narrower and longer than in fibroblastic cells. 
As the myofibrils mature, the association with adhesion plaques is lost. The focal plane of d is closer to the ventral surface than that in 
c, whereas that of the inset is in between. Arrows point to overlapping regions of several myofibril termini with talin positive adhesion 
plaques. Bar, 10 #m. 

Results 

C ytoimmunofluorescence 
Day-4-5 Control Myotubes. Each myotube contains large 
numbers of definitively striated myofibrils, modest numbers 
of nascent nonstriated myofibrils, and a dwindling number 
of transient stress fibers (for details see references 2, 32, 40). 
Antibodies to MHC, MLC 1-3, and C protein stain the A 
bands of the myofibrils (2, 14, 22, 40, 48), antimyomesin 
their M bands (20, 28), and mAb B4 against et-actin their I 
bands (40). The mAb to sarcomeric o~-actinin stains the Z 
bands (Fig. 1 a; reference 19). These antibodies to sarco- 
meric proteins do not stain stress fibers on their associated 
dense bodies. In contrast, our polyclonal anti--ct-actinin stains 
both Z bands and the dense bodies in all stress fibers (2, 16, 
32). Striated myofibrils stained with Rho-phalloidin reveal a 
complex sarcomeric periodicity of 1.7-2.3/an, but stain the 
~- and "r-actins and nonmuscle ct-aetinin stress fibers of myo- 
tubes uniformly. Rho-phalloidin also stains the microfila- 

ments in the ruffled membrane of the myotubes' massive 
growth tips (2, 15, 40). 

The distribution of vinculin and talin is more complicated 
than anticipated. Antibodies to vinculin and talin bind to 
transitory, elongated adhesion plaques along the length and 
particularly at the termini of nascent myofibrils (Fig. 1, c and 
d). In addition they stain a network of roughly 0.2-#m dots 
distributed throughout the myotube (Fig. 1 b). In older myo- 
tubes round, clear areas, which we call "lagoons; emerge 
within this network. This colocalization of antivinculin and 
antitalin is particularly evident at the plasma membrane- 
substrate interface. Vinculin- or talin-positive costameres 
(50, 55) have not been observed in these cultured skeletal 
myotubes, though they have been observed in cultured car- 
diac myocytes (Eshleman, J., and H. Holtzer, unpublished 
data). 

Approximately half the nuclei in day-4-5 myogenic cul- 
tures are in replicating presumptive myoblasts and fibro- 
blasts. As these cell types cannot be readily distinguished 
from each other they are grouped together as "fibroblastic" 
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Figure 2. Day-4 cultures treated with TPA for 5 h and then double stained to reveal the interrelationships between the rapid breakdown 
of the I-Z-I complexes, the dispersal of the talin/vinculin network, and the concurrent emergence of numerous 3.0-~,m CABs. The cultures 
illustrated in a and b have been decorated with antibodies to sarcomeric ~x-actinin (fluorescein channel) and antitalin (rhodamine channel), 
respectively. The rapid loss of ¢x-actinin in the Z bands and its rapid accumulation in the newly assembled CABs can be appreciated by 
comparing a with Fig. 1 a. The comparably rapid redistribution of talin from dots in the talin/vinculin network to the rings around emerging 
CABs is evident by comparing b with Fig. 1 b. Arrows in a and b point to a CAB that may be located just external or just internal to 
the sarcolemma. The small lagoons, or domains cleared of the talin/vinculin dots, are adjacent to many CABs and increase in area upon 
continued exposure to TPA. Note the talin-positive adhesion plaques of the surrounding fibroblastic cells are indistinguishable from those 
of untreated controls, c and d are micrographs of a myosac stained with Rho-phalloidin and antivinculin, respectively. In this 5-h myosac 
both I-Z-I complexes and 3.0-/~m CABs are present. Most vinculin rims surround a Rho-phaUoidin core; arrows point to exceptions. Neither 
vinculin rims nor F-actin cores are observed in the surrounding fibroblastic cells. The normal distribution of stress fibers in these fibroblastic 
cells is obscured owing to their being out of focus, e and f illustrate another 5-h myosac and surrounding fibroblastic cells stained with 
Rho-phalloidin and antivinculin. The I-Z-I complexes have largely disappeared. A region of overlap between myosac and fibroblastic cells 
is indicated by convergent arrows. By comparing the stress fibers in e with the vinculin-positive adhesion plaques in f, it is clear that TPA 
has not grossly altered either structure. The blurred spots at the upper left in e are out-of-focus, typical ruffled membranes. The lower 
arrows point to a vinculin rim that lacks an actin body; an actin body not surrounded by a distinct vinculin can be observed at the lower 
left. Bars, 10/~m. 
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cells (15, 29). Their stress fibers, adhesion plaques, and 
ruffled membranes are similar to those described in other 
cell types (4, 5, 24, 25, 60). 

TPA Induces the Translocation of Sarcomeric ~-Actin- 
in, Talin, and Vinculin into CABs. The assembly of the 
TPA-induced 3.0-#m CABs involves not only the recruitment 
of thin filament c~-actin, but of sarcomeric o~-actinin and of 
talin and vinculin as well. Only remnants of the Z band are 
evident in 5-h myosacs stained with mAb to sarcomeric 
oz-actinin (Fig. 2 a); this antibody, however, now stains the 
newly assembled CABs. Double staining with combinations 
of sarcomeric antibodies to ot-actin, and ot-actinin, along 
with Rho-phalloidin demonstrate that each 3.0-#m CAB con- 
sists of overlapping domains of polymerized oe-actin and sar- 
comeric ct-actinin. Changes in the distribution of the t~-acti- 
nin associated with Z bands can be detected slightly before 
changes are observed in the distribution of a-actin. 

Concurrent with the rapid breakdown of the I-Z-I com- 
plexes and the formation of numerous CABs, the talin/vincu- 
lin network undergoes a striking rearrangement (Fig. 2, b, 
d, and f ) .  Over 98 % of the emergent CABs are surrounded 
by a discontinuous rim that costains with antibodies to both 
talin and vinculin. In occasional CABs the talin/vinculin rim 
is incomplete. In such instances the "free" ends merge with 
the dots of the background network. In 5-h myosacs the talin/ 
vinculin rims occasionally are observed without a-actin/ 
ot-actinin cores (Fig. 2, c-f). The frequency of rims without 
cores increases in 10--20-h myosacs. Often it is impossible 
to determine whether a particular CAB is in or just outside 
of the myosac (Fig. 2 a, arrow). 

The CABs gradually disappear in 15-25-h myosaes. In 
most 30-h and older myosacs there are no structures positive 
for either ot-actin or sarcomeric t~-actinin. In contrast, such 
older myosacs exhibit a population of newly assembled stress 
fiber-like structures that bind antibodies to nonsarcomeric 
ot-actinin, brain MHC, and stain uniformly with Rho-phal- 
loidin (e.g., Fig. 4 e). In brief, though TPA induces the disas- 
sembly and eventual elimination of the myofibrillar ot-actin 
and ot-actinin it does not block the de novo assembly of stress 
fibers in 30-h and older myosacs. During this same period 
the widespread network of talin/vinculin dots collapses, 
leaving behind clear lagoons. The lagoons gradually enlarge 
so that in most 30-h and older myosacs the 0.2-#m dots are 
confined to the periphery. The distribution of the talin/vincu- 

lin positive adhesion plaques varies from myosac to myosac, 
but most often they form prominent structures at the periph- 
ery of the isodiametric myosacs. Overlapping of the termini 
of the newly assembled stress fibers and the adh~ion plaques 
of the older myosacs is evident when they are double stained 
with combinations of Rho-phalloidin and antibodies to talin, 
vinculin, and polyclonal ot-actinin (see below). 

The selective deletion of I-Z-I complexes and the resultant 
assembly of CABs do not appear to involve desmin or vimen- 
tin intermediate filaments (IFs). The shift from longitudinal 
distribution of desmin IFs to a more transverse, sarcomeric 
distribution (2, 4, 32) is prevented by TPA (Fig. 3, a and b). 
These micrographs also show that desmin IFs are excluded 
from the induced CABs. Similar experiments using antivi- 
mentin have demonstrated that CABs are invariably negative 
for this class of IF as well. 

TPA Does Not Induce the Disassembly of Stress bIbers, 
Microfilaments, or Adhesion Plaques in Pn'mary Presump- 
tive Myoblasts or Fibroblasts. Schliwa et al. (55) and Meigs 
and Wang (46) have shown that after exposure to TPA for 60 
min, many types of immortalized and partially transformed 
cells disassemble their t -  and -r-actin-containing stress fi- 
bers and shunt talin and vinculin from adhesion plaques into 
bizzare ruffled membranes and perinuclear structures. Given 
these findings, we were surprised to find that TPA did not in- 
duce comparable changes in the replicating mononucleated 
cells in primary myogenic cultures (Fig. 2, b, d, and f ) .  
Clearly, in spite of consisting of largely identical proteins, 
the stress fibers, microfilaments, and adhesion plaques in 
BSC-1, 3T3, and PtK2 cells respond very differently to TPA 
than do the same structures in replicating presumptive myo- 
blasts and fibroblasts. 

MHC-positive Patches Are Positive for Myomesin, MLC 
1-3, and C Protein, but Negative for Sarcomeric a-Actinin 
and ot-Actin. In contrast to the rapid deletion of I-Z-I com- 
plexes, tandem A bands first lose their linear alignment in 
15-20-h myosacs. In 30-h and older myosacs, MHC-positive 
material is confined to a few large amorphous patches, which 
first begin to be cleared in 48-h myosacs. At no stage in their 
assembly or disappearance do MHC-positive aggregates bind 
mAb to ot-actin or Rho-phalloidin (40). We have now related 
the formation and disappearance of MHC-positive patches to 
the relocation and disappearance of myomesin, MLC 1-3, C 
protein, and sarcomeric oe-actinin. 

Figure 3. Portion ofa 16-h isodiametric myosac double stained with mAb against ot-actin (a, rhodamine channel) and antidesmin (b, fluores- 
cein channel). The CABs have fragmented into granules of different sizes. Arrows indicate a single a-actin-positive CAB that can be recog- 
nized as a negative image after staining with antidesmin. Note the mAb to c~-actin no longer stains the I bands that are prominent in control 
day-4-5 myotubes (see Figures in reference 40). 
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Figure 4. Myosacs in TPA for different lengths of time and costained with a variety of fluorescent reagents to reveal the shifting distributions 
of myomesin, C protein, and nonsarcomeric F-actin. a and b are of 10-h myosacs. Rho-phaUoidin staining (a) reveals that the F-actin that 
bad been assembled into thin filaments in I bands has been largely redistributed into CABs. Irrespective of this loss of the I-Z-I complexes, 
the morphological integrity of the myofibrils does not appear compromised as revealed by the normal localization of antimyomesin to succes- 
sive M bands (b; fluorescein channel), c and d illustrate a 36-b myosac costained with anti-MHC (c; fluorescein channel) and antimyomesin 
(d, rhodamine channel). Note the codistribution of MHC and myomesin in the amorphous patches. A similar codistribution is revealed 
by double staining such myosacs with antibodies against MLC 1-3 and C protein, e-g illustrate a small 36-h myosac, triple stained with 
Rho-phalloidin to reveal the de novo assembly of stress fibers (e), anti-C protein to reveal the distribution of the thick filament-associated 
protein (f) ,  and Hoecbst to reveal the clustered nuclei (g). As these myosacs continue to flatten in TPA, the stress fibers in 50-70 h become 
even more prominent. All 3.0-#m CABs have disappeared at this stage and only a few a-actin/tx-actinin granules are present. Note the 
normal arrangement of the stress fibers in the surrounding fibroblastic cells in e. Bars, 10 #m. 
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A 10-h myosac double stained with Rho-phalloidin and 
antimyomesin is shown in Fig. 4, a and b. Although I-Z-I 
complexes are no longer evident and CABs are abundant, an- 
timyomesin stains M bands in what appear to be morpho- 
logically intact myofibrils (however, see below). Double- 
staining experiments with mAb antibodies to C protein and 
MLC 1-3 reveal normal appearing A bands although the I-Z-I 
complexes have been replaced by numerous CABs (data not 
shown). Clearly, the topological relationship between M and 
A bands in 10-20-h myosacs is not perturbed by the loss of 
the I-Z-I complexes. 

During the next 20 h in TPA there is a dramatic redistribu- 
tion of myomesin, MLC 1-3, and C protein. In effect, the M 
and A bands collapse into amorphous patches containing 
myomesin, C protein, MLC 1-3, and MHC (Fig. 4, c and d). 
This strict colocalization of all thick filament proteins exam- 
ined is maintained until all patches regardless of size are to- 
tally eliminated, usually by 72 h of TPA treatment. 

Myosacs of various stages up to 72 h in TPA have been 
double stained with antibodies to sarcomeric ot-actinin, sar- 
comeric ct-actinin, or ot-actin and antibodies to either MHC, 
myomesin, MLC 1-3, or C protein. At no stage in either their 
formation or elimination did the amorphous patches bind the 
antibodies to sarcomeric ot-actinin or ct-actin. Amorphous 
patches positive for a single thick filament protein are posi- 
tive for all thick filament-assoc.iated proteins. In summary, 
just as CABs do not at any stage in their assembly or elimina- 
tion bind antibodies to any of the thick filament-associated 
proteins, so the patches do not bind antibodies to either sar- 
cometic ot-actin (40) or ot-actinin. Preliminary experiments 
suggest that troponin I and tropomyosin associate with CABs, 
whereas titin is linked to the amorphous patches. 

Electron Microscopic Analysis of  TPA Myosacs and 
Fibroblastic Cells 

Dissolution of I-Z-I Complexes. Electron microscopy has 
confirmed and refined many of the cytoimmunochemical ob- 
servations. Changes in electron density are noted in Z bands 
by 2 h, and by 5 h in TPA most Z bands have disappeared 
(Fig. 5). Fig. 5 also makes it clear why in 5-h myosacs mAbs 
to sarcomeric c~-actinin and ~x-actin do not reveal Z and I 
bands, respectively. The illusion of morphological integrity 
perceived in the fluorescence microscope (e.g., Fig. 4 b) 
reflects the persistence of the longitudinal alignment of the 
apparently disconnected A bands. The well-delineated M 
bands and pseudo-H bands in Fig. 5 confirms the suggestion 
that deletion of the I-Z-I complexes does not involve gross 
alterations in linkages between MHC, myomesin, and C 
protein. 

The thin filaments do not disassemble simultaneously along 
their entire length. In 10-h myosacs, though thin filaments 
are no longer present in I bands, they are still observed in 
the region of overlap with thick filaments (e.g., Fig. 6 a). 
Such remnants of thin filaments will disappear in 30-h myo- 
sacs, leaving behind intact ,'-l.6-#m-long thick filaments (see 
below). 

Ultrastrueture of CABs. Sections through CABs (Fig. 6, 
a and b) in 5-10-h myosacs exhibit the following features: (a) 
they invariably display a central, tight filamentous network 
that, following decoration with heavy meromyosin (34), form 
typical arrowheads (data not shown); (b) they are not bounded 
by a membrane but are bordered by a region rich in T-system 

cavaeolae, SR-elements, and coated vesicles; (c) IFs and 
thick filaments are excluded, as are cell organelles such as 
polysomes, glycogen granules, mitochondtia, and lysosomes; 
and (d) the center of many CABs, particularly those in 3-5-h 
myosacs, is occupied by a deep invagination of the cell mem- 
brane; this invagination more distally appears to be continu- 
ous with the proliferating T-tubules (21, 33). The exclusion 
of thick filaments and IFs from CABs, as observed in EM, 
accounts for the observation that in immunofluorescence mi- 
croscopy CABs do not bind antibodies to MHC, myomesin, 
C protein, desmin, and vimentin. 

Progressive Disassembly of A Bands into Scattered 
Thick Fffaments. Stages in the breakdown of A bands into 
individual but still intact thick filaments are illustrated in 
Figs. 7-9. The relatively unimpaired A bands in 10-20-h 
myosacs are displaced further and further from one another, 
lose their longitudinal alignment, and fragment into clusters 
of normal appearing thick filaments, many of which display 
clear M bands (Fig. 7). These clusters cleave longitudinally, 
liberating immense numbers of scattered, intact thick fila- 
ments, many still roughly 1.6 #m long. Such randomly ori- 
ented thick filaments form amorphous "pools7 Regions be- 
tween the pools of thick filaments are occupied by tangled 
IFs, intermingled with normal SE, T-tubules, coated vesi- 
cles, multivesicular bodies, and autophagosomes (60). The 
pools of thick filaments are not bounded by membranes 
(Figs. 8 and 9). Thick filaments disappear completely in 
roughly 70 % of the 72-h myosacs. In the remaining myosacs 
only rare small clusters of various lengths can be observed. 
What appears in EM as aggregates of scattered thick fila- 
ments are likely to be identified in the fluorescence micro- 
scope as patches that costain for MHC, myomesin, MLC 1-3, 
and C protein (compare Figs. 7-9 with Fig. 4, b, c, d, and f ) .  

Stress Fibers and Adhesion Plaques in Myosacs and 
l~broblastic Cells Are Not Disassembled by TPA. Stress 
fibers and adhesion plaques are numerous in the giant growth 
tips of normal myotubes, at the periphery of TPA myosacs 
at all stages, and in the replicating presumptive myoblasts 
and fibroblasts (Figs. 1 b, and 2, b-f). In all these cell types, 
stress fibers terminate in adhesion plaques that bind antibod- 
ies to talin and vinculin, as well as the broadly reactive poly- 
clonal o~-actinin. In EM sections, stress fibers appear as bun- 
dles of thin filaments alternating with irregularly shaped and 
variably sized electron-opaque dense bodies. That, contrary 
to its effects on myofibtils, TPA has little effect on either 
stress fibers or adhesion plaques in 72-h myosacs as ob- 
served in EM sections, is shown in Figs. 8 and 10. Similar 
EM evidence that TPA does not induce involution of stress 
fibers in primary fibroblastic cells is illustrated in Fig. 6, a 
and b. 

Taken together, these findings demonstrate that there are 
differences in the response to TPA between: (a) the 13- and 
-y-actins in stress fibers and the ot-actin in thin filaments of 
myofibrils; (b) the nonsarcometic cx-actinin in the dense bod- 
ies of stress fibers and the sarcometic oe-actinin in Z bands; 
and (c) the vinculin and talin in the adhesion plaques of 
BSC-1, PtK1, and 3T3 cells (46, 54) and the vinculin and talin 
in the adhesion plaques in multinucleated myosacs, presump- 
tive myoblasts, and fibroblasts. 

Discussion 

This study indicates that: (a) the ot-actin and sarcomeric 
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Figures 5 and 6. (Fig. 5) EM micrograph of a 5-h myosac illustrating the differential deletion of most Z band material. Those regions 
of the thin filaments that occupy the I band have also disappeared. Note the retention of the longitudinal alignment of the separated "floating 
A bands7 Arrows point to persisting M bands. The sarcomeric arrangement of the T-system is particularly evident, owing to the removal 
of the Z bands and elements of the I bands. It is interesting to speculate on how the I-Z-I complex can be extirpated with such minimal 
disturbance to the enveloping SR and T-system. Bar, 1.0 ~m. (Fig. 6) Sections through representative 3.0-/zm CABs in 5-h myosacs. The 
location of the tight meshwork of thin filaments is consistent with the localization of antibodies to o~-actin and tx-actinin and to the Rho- 
phalloidin-positive images in the fluorescence microscope. Note in a the still normal interdigitation of thin and thick filaments (broad arrow) 
although in 5-h myosac segments of the thin filaments in the I band proper have disappeared. The asterisk in a indicates a pitlike invagination 
of the cell membrane. Note in both a and b the numerous T-system canals and cavaelae at the cytoplasmic border of each CAB. The thin 
arrows in both a and b point to the unaffected stress fibers as observed in cross section in adjacent fibroblastic cells. Cell organelles have 
never been observed within a CAB. The CAB in b directly contacts the collagen substrate, probably by a focal contact, whereas the CAB 
in a lies atop the dorsal surface of a fibroblastic cell. Bars, 1 #m. 
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Figure 7. EM micrograph through a 24-h myosac illustrating the distribution of the now partially dispersed thick filaments. The arrow 
points to a persisting M band. Inspection at higher magnification, particularly of cross sections, reveals the absence of virtually all thin 
filaments. It is difficult to determine how much of the variation (if any) in length of the thick filaments might be due to partial digestion, 
and how much to their being out of the plane of section. The cell organelles, including the modest numbers of lysosomes, appear normal. 
This section probably would appear as an amorphous patch in the fluorescence microscope (e.g., Fig. 4, c, d, and f) .  

a-actinin assembled into myofibrils respond differently than 
do the B- and -y-actins and non-sarcomeric ct-actinin assem- 
bled into stress fibers when myotubes or fibroblasts are ex- 
posed to TPA; (b) the TPA-induced resorption of myofibrils 
can be resolved into a temporal and spatial sequence such 
that the tx-actin and muscle tx-actinin are processed separate- 
ly from the A band-associated proteins, MHC, MLC 1-3, 
myomesin, and C protein; and (c) the translocation of intra- 
cellular talin and vinculin to the rim of each CAB in response 
to TPA suggests that these two molecules participate in the 
rapid elimination of the I-Z-I complexes, but not in the slower 
elimination of the thick filament complexes. 

Meigs and Wang (46) found that the rapid TPA-induced in- 
volution of stress fibers in BSC-1 cells is initiated by the loss 
of the dense body tx-actinin, and that only subsequently 
did the rest of the stress fiber collapse. This suggests that 
whether complexed with B- or ,y-actins in stress fibers, or the 
tx-actin in myofibrils, TPA-induced changes in tx-actinin rap- 
idly destabilizes both structures. What is significantly differ- 
ent is that the TPA-induced disassembly of stress fibers in im- 
mortalized cells (46, 54) leads to aberrant ruffled membranes 
and atypical perinuclear accumulation of nonsarcomeric ac- 
tins, talin and vinculin, not to the formation of CAB-like 
bodies. 

How the I-Z-I proteins assemble into CABs, become sur- 
rounded with talin and vinculin, and how within the next 
10 h these 3.0-/~m bodies are cleared from the myosac is un- 
known. Nevertheless, the separate removal of the I-Z-I and 

thick filament proteins suggests catabolic controls specif- 
ically devoted to myofibrils, and that these do not affect the 
assembly or integrity of stress fibers within the same cell. 
Discrimination of this kind suggests (a) participation of hith- 
erto unrecognized proteases, or equally provocative, (b) a 
fixed distribution along the myofibril of broadly acting pro- 
teases. Possibly the Ca-activated neutral proteases present in 
Z bands (52) plays a role in the formation and elimination 
of CABs, whereas the delayed clearance of thick filament 
proteins involves the later participation of the lysosomal sys- 
tem. In either case, it is worth noting that to date we have 
not detected increases in the pools of"soluble" ct-actin or sar- 
comeric ct-actinin in 5-20-h myosacs, or of MHC in 40-50-h 
myosacs. These findings suggest that the I-Z-I proteins that 
are packaged into CABs, or the thick filament proteins that 
are packaged into amorphous patches, may not be available 
for reassembly, but are broken down into smaller molecules. 

There are precedents for the finding that I-Z-I complexes 
can be separated from A band complexes both during assem- 
bly and disassembly. Mononucleated, postmitotic, myoblasts 
and TPA-recovering myosacs reared in taxol assemble (a) 
scattered I-Z-I complexes and (b) tandem A band-like com- 
plexes of aligned thick filaments interdigitating with long 
microtubules. These A band-like structures lack tx-actin thin 
and sarcomeric tx-actinin Z bands (3, 60). In many patholog- 
ical conditions, including anoxia, the loss of I-Z-I complexes 
precedes changes in A bands. Similarly, I-Z-I complexes are 
selectively deleted in cardiac myofibrils during mitosis (36, 
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53) and resorption of the tail in metamorphosing tadpoles is 
also heralded by the selective extirpation of the I-Z-I com- 
plexes (62). These observations would be consistent with the 
notions that: (a) TPA does not induce novel, de novo cata- 
bolic pathways to eliminate myofibrils but merely accelerates 
those regulating normal myofibrillar turnover; and (b) a vari- 
ety of exogenous and endogenous molecules should mimic 
the effects of TPA on myofibrils. In this context it will be in- 
teresting to define the relationship of vinculin and talin to the 
invaginating T-system and the role of the latter in the disas- 
sembly of myofibrils (39, 42). 

TPA rapidly activates protein kinase C, initiating a cascade 
of phosphorylations that, depending on the cell's phenotype, 
modulate such activities as endocytosis and exocytosis, mem- 
brane ruffling, opening of chloride channels, and the expres- 
sion of specific genes (see, for example, references 37, 47, 
49, 57). These pleiotropic effects probably account for the 
seemingly contradictory observations that TPA can revers- 
ibly or irreversibly block or promote, expression of the re- 
sponding cell's differentiation program (7--11, 17, 31, 32, 41). 

There is additional evidence that the treated cell's ongoing 
differentiation program determines the response to TPA. TPA 
does not, for example, block spontaneous contraction, nor 
does it induce the resorption of myofibrils in cultured rat 
myotubes (unpublished observations). On the other hand, 
the earlier report (11) that cultured chick cardiac myocytes 
are refractory to TPA must be amended. More recently we 
have found that cardiac myocytes contract and their myo- 
fibrils remain intact for at least 3 d in 75.0 ng/ml of TPA, the 
concentration used with skeletal myotubes. Even at a con- 
centration of 200 ng/ml of TPA, cardiac cells contract for 
over 24 h. At this high concentration, however, cardiac cells 
form long neurite-like processes and myofibriUar breakdown 
is evident. Of considerable interest is the observation that 
this breakdown of cardiac myofibrils also involves the sepa- 
rate spatial and temporal processing of the I-Z-I and A band 
proteins. TPA-treated cardiac myocytes, however, do not 
form detectable 3.0-#m CABs, whereas they do form numer- 
ous small amorphous patches negative for the I-Z-I proteins, 
but positive for thick filament proteins (Lin, Z., and H. Holt- 
zer, unpublished data). 

The myofibrillar proteins constitute 20-30% of the myo- 
tube's total protein (8). The catabolic processes initiated by 
TPA to control this massive, selective, and rapid elimination 
ofmyofibrillar proteins must be tightly controlled. Currently 

we have no information on how these pathways are influ- 
enced by protein kinase C. However, the selective down- 
regulation in synthesis of myofibrillar proteins and the up- 
regulation in synthesis of stress fiber proteins, has now been 
extended to mRNA levels. There is over a 10-fold down- 
regulation of sarcomeric MHC, LC1, and LC2 and c~-actin 
transcripts after 24 h in TPA, whereas the level of fl-actin 
transcripts increases threefold (8). This is of interest with re- 
spect to the notion of a master-switch controlling transcrip- 
tion of most (all?) myofibrillar genes (13, 29). Normally the 
synthesis of most (all?) myofibrillar proteins is up-regulated 
in postmitotic, mononucleated myoblasts (3, 29-31). In pre- 
liminary experiments (8) it has been found that though TPA 
drastically reduces the levels of several muscle-specific 
mRNAs, it has little effect on the level of MyoD transcripts 
(58). Further analysis of the response of day-4-5 myotubes 
to TPA should be of interest not only with respect to myofi- 
brillogenesis, but with respect to how cells in general regu- 
late multigene families for both cell-specific and constitutive 
functions. 

Marchisio et al. (43, 44) described in normal spread os- 
teoclasts and macrophagcs structures corresponding to cell- 
substratum contact sites. These"podosomes; roughly L0/zm 
in diameter, display a topological arrangement of proteins 
similar to CABs: a core of constitutive F-actins and tx-actinin 
surrounded by a talin/vinculin rim (5, 6). Similar structures, 
termed "rosettes; have been described in Rous sarcoma vi- 
rus-transformed fibroblasts (5, 12). Our preliminary obser- 
vations with the interference-reflection microscope demon- 
strate that '~40% of the CABs satisfy the definition of focal 
contact (e.g., Fig. 6 b). The common topological arrange- 
ment of F-actin and c~-actinin isoforms surrounded by ta- 
lin/vinculin rims in CABs, podosomes, and rosettes may 
indicate a type of molecular sorting out and subsequent 
self-assembly. But the common physiological activity of 
transitory CABs in TPA myosacs, podosomes in normal os- 
teoclasts and monocytes, and rosettes in Rous sarcoma vi- 
rus-transformed fibroblasts is not immediately apparent. 
The high frequency of CABs at the extreme periphery of the 
cell (Fig. 2 b) and a similar location for the podosomes in 
monocytic cells, raises the possibility that somehow talin/ 
vinculin/a-actin/F-actin complexes are involved in exocyto- 
sis. In this connection it will be interesting to determine 
whether the half-life of a given CABs is of the order of 
minutes or hours. 

Figures 8-10. (Fig. 8) A grazing EM section through the periphery of a 72-h myosac. It illustrates the concentration in this region of the 
elongated, electron-dense adhesion plaques that correspond to the fluorescent images after staining with antibodies to talin and vinculin 
and nonsarcomeric ot-actinin. The termini of the stress fiber thin filaments insert into each plaque. Antibodies to sarcomeric a-actinin 
do not stain these structures. Large numbers of invaginating T-system tubules and cavaolae, as well as coated vesicles and/or pits, are also 
present. Arrow points to a cluster of three thick filaments. Bar, I #m. (Fig. 9) A section through a 56-h myosac. The only persisting 
myofibriUar structures are the scattered, but still remarkably normal appearing, thick filaments (arrows). All thin filaments have been 
resorbed and the dominant structural elements consist of intertwining desmin IFs (3, 13, 32). Skeins of SR are common and membrane- 
bound bodies containing electron-dense material, probably secondary lysosomes have increased in number. Bar, 1 #m. (Fig. 10) A section 
through the periphery of a 72-h myosac illustrating a typical, long stress fiber. The arrangement of the thin/3- and ,g-actin filaments and 
the associated constitutive ot-actinin dense bodies is very similar to that found in normal myotubes (34). It is to be emphasized that in 
conventional EM sections it is impossible to distinguish between this type of stress fiber and early forming Z bands and their inserted 
thin filaments (2, 38). Bar, 1 #m. 
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