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Spatiall  and temporal expression of the plD integrin 
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piDpiD in mouse development 

Spatiall  and Temporal Expression of the p iD Integri n 
Durin gg Mouse Development 
ARJA NN VAN DER FLIER, 1 ANA C. GASPAR,2 SÓLVEI G THORSTEINSDÓTTIR, 2 CHRISTIA N BAUDOIN, 1 

EL SS GROENEVELD, 3 CHRISTIN E L . MUMMERY / AND ARNOUD SONNENBERG1* 
divisiondivision of Cell Biology, The Netherlands Cancer Institute, Amsterdam, The Netherlands 
departmentdepartment of Zoology, Faculty of Sciences, University of Lisbon, Lisbon, Portugal 
33TumorTumor Biology, The Netherlands Cancer Institute, Amsterdam, The Netherlands 
^Hubrecht^Hubrecht Laboratory, Netherlands Institute for Developmental Biology, Utrecht, The Netherlands 

ABSTRACTABSTRACT The piD protein is a recently char-
acterizedd isoform of the integri n pi subunit that is 
presentt  in cardiac and skeletal muscles. I n thi s 
study,, we have examined the expression of 01D in 
differentt  types of skeletal muscle and in cardiac 
musclee and studied it s distributio n durin g mouse 
development,, using new monoclonal antibodies 
specificc for  p iD . Immunoprecipitatio n studies 
revealedd that, whi l e pi A is strongly expressed in 
proliferatin gg C2C12 myoblasts, p i D is only ex-
pressedd after  their  differentiatio n to myotubes. I n 
thesee myotubes, p iD is associated wit h different a 
subunits,, namely ot3A, a5, a7A, or  a7B. Initially , 
durin gg embryogenesis, the plA subunit is the only 
pii  variant expressed in skeletal and cardiac muscle. 
Thee p i D subunit is first  detected in skeletal muscle 
att  E17.5, whereas in cardiac muscle i t s expression 
beginss around the t im e of birth . Later  the expres-
sionn of p lA in skeletal and cardiac muscle be-
comess restricted to capil lar y cells, whereas p i D 
eventuallyy becomes the only variant expressed in 
adultt  cardiac and skeletal muscle cells. The switch 
fro mm the p iA t o the p i D subunit in cardiac muscle 
cellss coincides wit h the expression of ot7. I n adults 
ther ee is a distinct concentrat ion of p i D at the 
myotendinouss junct ion s of muscle fibers and at 
costameress in both cardiac and skeletal muscle. 
I nn addition, p i D is present at intercalated discs 
i nn cardiac muscle and at neuromuscular  junc-
t ion ss in skeletal muscle cells. The amount of p I D in 
differentt  types of skeletal muscle (fast, slow, and 
mixed-type)) was similar , but cardiac muscle ex-
pressedd almost five t imes as much of thi s protein . 
Wee suggest that p i D plays a rol e in the mainte-
nancee of the cytoarchitecture of matur e muscle 
andd in the functional integrit y of the muscle cells. 
Dev.Dev. Dyn. 1997;210:472-486, © 1997 Wiley-Liss, Inc. 

Keyy words: p i D integrin ; mouse embryogenesis; 
musclee development; monoclonal an-
tibodies s 

INTRODUCTIO N N 

Adhesionn molecules play a role in many biological 
processes,, including morphogenesis and in the mainte-

nancee of tissue integrity. Various families of adhesion 
moleculess have been implicated in the development and 
biologicall  function of skeletal and cardiac muscle. It has 
beenn demonstrated that inhibition of cell adhesion by 
antibodiess directed against various cell adhesion mol-
eculess (N-CAM, N-cadherin, p i, or «4 integrins) dis-
turbedd the differentiation and/or fusion of myoblasts 
intoo myotubes in vitro. (Menko and Boettiger, 1987; 
Dicksonn et al., 1990; Knudsen, 1990; Rosen et al., 1992; 
Zeschnigkk et al., 1995; Fazeli et al., 1996). However, 
mostt null mutations of adhesion molecules in mice 
appearedd to have no effects on myoblast fusion, prob-
ablyy due to compensation by other such molecules 
(Cremerr et al., 1994; Fassler et al., 1996a; Hynes, 1996; 
Yangg et a l, 1996; Radice et al., 1997). 

Severall  studies have also implied a role for integrin 
subunitss in muscle integrity and maintenance. In Dro-
sophilasophila mutants, lacking the pPS integrin subunit, the 
architecturee of the sarcomere is altered, despite normal 
myoblastt differentiation and fusion (Volk et al., 1990). 
Inn addition, in these mutants the myotendinous junc-
tionss become detached after muscle contraction. Alter-
ationss of the sarcomeres have also been observed in 
cardiomyocytess differentiated in vitro from embryonic 
stemm cells, lacking pi (Fassler et al., 1996b). Finally, in 
thee mouse, null mutations of the a 7 subunit lead to a 
mildd type of muscular dystrophy (Mayer et al., 1997). 

Integrinss are a family of heterodimeric adhesion 
receptors,, which bind to extracellular components or 
cell-counterr receptors. The combination of a particular 
aa and P subunit determines ligand specificity. More 
thann 20 different combinations of the 8p and 16a chains 
subunitss have been reported (Hynes, 1992; Sonnen-
berg,, 1993). The diversity of the integrin family is 
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furtherr increased by the occurrence of alternative splic-
ingg of mRNAs. Four different variants of the human 31 
subunit,, named 31A-D, have been described (Argraves 
ett al., 1987; Altruda et al., 1990; Languino et a!., 1992; 
vann der Flier et al., 1995), which differ in their cyto-
plasmicc domains. 31A and |31D are the major forms 
andd their distribution in adult tissues is mutually 
exclusive.. fll A is present in all tissues, except cardiac 
andd skeletal muscle, which instead express the (3 ID 
variantt (van der Flier et al., 1995, Zhidkova et al., 1995, 
Belkinn et al., 1996). The p iD isoform has also been 
isolatedd from mouse, rat, and chicken (Zhidkova et al., 
1995).. The p iB and piC variants are minor forms 
andd are expressed in some human tissues and cells, but 
nott in mouse cells, due to loss by mutation of a 
polyadenylationn site and the absence of an Alu repeat 
sequence,, respectively (Baudoin et al., 1996). Expres-
sionn of the pIB variant in cultured cells decreases the 
abilityy of the cells to adhere and migrate on extracellu-
larr matrix components, by interfering with the func-
tionn of the 31A integrins (Balzac et al., 1993, 1994). 
Similarly,, it has been shown that expression of fil C 
inn CHO or C3H-10T1/2 fibroblasts inhibits DNA synthe-
siss and cell proliferation, whereas 31A does not inflic t 
suchh inhibition (Fornaro et al., 1995; Meredith et al., 
1995). . 

Thee 3ID isoform is very homologous to 31A- Both 
variantss share the first 24 amino acids of their cytoplas-
micc domains and the two NPXY (cyto-2 and -3 domains) 
sitess in the C-terminus are also conserved. These cyto 
domainss have been shown to direct integrins to focal 
contactss (Reszka et al., 1992). 31A and 31D differ in 13 
aminoo acids, six of which are located between the cyto-2 
andd -3 domains and they replace a potential site for 
phosphorylation,, and an ILK binding site in 31A(Han-
nigann et al., 1996). 

Thee expression of splice variants is often tissue 
specificc and/or developmentally regulated. For ex-
ample,, during development of the mouse heart the a6A 
variantt is specifically expressed (Collo et al., 1995; 
Thorsteinsdóttirr et al., 1995), whereas in skeletal 
muscless a switch has been observed from the a7B 
subunitt to a7A(Colloet al., 1993; Ziober et al„  1993). To 
studyy the spatio-temporal expression of 3 ID during 
mousee embryogenesis we generated monoclonal antibod-
iess specific for the 3ID cytoplasmic variant. We con-
firmedfirmed that 31D is localized at the cell-matrix junctions 
inn skeletal muscle (myotendinous junction, MTJ)and at 
intercalatedd discs in cardiac muscle. In addition, 3 ID is 
localizedd in both types of muscle at the lateral cell 
matrixx contact sites (costameres). We show that 3ID 
expressionn is induced from embryonic day E17.5 on-
wardd in skeletal muscle and from around the time of 
birthh in cardiac muscle. In adult mice the levels of 3ID 
expressionn are similar in the various types of skeletal 
musclee (slow, mixed, and fast twitch), in contrast to a 
five-foldd stronger expression in cardiac muscle. 

RESULTS S 
Characterizationn of Monoclonal 
Antibodiess to [J I D 

Hybridomass were produced from spleen cells of mice 
immunizedd with a synthetic peptide based on the 
deducedd sequence of the carboxy-terminal part of the 
31DD cytoplasmic domain. Two monoclonal antibodies 
weree selected on the basis of a positive reaction in 
ELISAA with synthetic peptides corresponding to the 
cytoplasmicc domain of 3ID but not with that of 31A. 
Thesee two antibodies, 2B1 and 1G2, were classified as 
IgGll  and IgG2a, respectively. 

Too further characterize the antibodies against 3ID, 
immunoprecipitationn from lysates of surface-iodinated 
C2C122 cells was carried out. The 31A subunit is the 
onlyy 31 isoform present in proliferating C2C12 myo-
blasts;; i t is not recognized by the 3ID specific mAbs 2B1 
(Fig.. 1) or 1G2 (not shown). However, after differentia-
tionn to myotubes is induced, 31D, migrating at 116 kDa, 
wass precipitated by the mAbs 2B1 (Fig. 1) and 1G2 (not 
shown).. The a7A integrin subunit is co-induced with 
thee 3ID variant during differentiation, whereas the 
a7BB subunit is already expressed in undifferentiated 
myoblasts.. The antibodies against 31A and 31D both 
co-precipitatedd a number of different a subunits, i.e., 
a3A,, a5, a 7A, or a7B, which indicates that the two 31 
isoformss can associate with the same different a sub-
units. . 

Finally,, the reactivity of the anti-31D antibody, 2B1, 
wass assessed by immunoblotting using extracts from 
differentt tissues of adult mice. As shown in Figure 2, 
proteinss of approximately 116 kDa were recognized by 
thee anti-31D in extracts from heart, hind limb muscle, 
andd tongue. In addition, a faint band was seen in skin 
extracts,, but no reactivity was detected in extracts from 
lung,, kidney, liver, or spleen. Reprobingof the immuno-
blotss with an anti-31A antiserum revealed that all 
tissuess expressed 31A. The low reactivity of anti-31A 
withh muscle tissues is probably due to the fact that 31A 
inn expressed in the endothelium of blood vessels (see 
Fig.. 4). 

Glycosylationn of the p i D Integri n Subunit 

Sincee the 3ID variant from heart muscle migrates 
slightlyy more slowly in SDS-polyacrylamide gel electro-
phoresiss than 3ID from tongue and hind limb muscle, 
wee investigated whether this was due to differential 
glycosylation.. 3ID was immunoprecipitated from three 
typess of muscle and the N-glycosylated sugar moiety 
wass removed by PGNaseF treatment. As shown in 
Figuree 3, the deglycosylated 31D subunit from all three 
tissuess migrated at the same 86 kDa position which 
indicatess that 3ID from heart is more strongly glyco-
sylatedd than that of other muscles. Interestingly, all the 
PGNaseFF treated samples showed a doublet. The rea-
sonn for the doublet is not clear, but could be the result of 
otherr modifications in the protein. 
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Fig.. 1. Immunoprecipitation analysis of integrin expression in differen-
tiatedd and undifferentiated murine C2C12 myoblast cells. Lysates of 
surfacee iodinated undifferentiated (upper panel) and differentiated (lower 
panel)) mouse C2C12 myoblasts were immunoprecipitated with MB1.2 
(pi),, rabbit-anti-piA (piA), 2B1 (piD), 29A3 (ot3A), 54B3 (o>3B), rabbit-

^^ ^ <$*>  tf^rf*  d&  d* 8**  dJ*" dJ*  d* 

anti-a55 (a5), rabbit-anti-a6A(a6A), PB36 (a6B), a7CDA2 (a7A), a7CDB1 
(t»7B),, or rabbit-anti-aV (nV). The precipitates were analysed by 7% 
SDS-PAGEE under non reducing (NR) conditions (left panel) or by 10% 
SDS-PAGEE under reducing (R) conditions (right panel). 

(51D D 
<cPP «p*  4r sp & «< ? >t> 

2 0 0 0 

(31A A 

200 0 

Fig.. 2. Immunoblot analysis of p iD and p iA integrins in various 
mousee tissues. Fifty ug total protein of heart, tongue, skeletal muscle, 
lung,, skin, spleen, liver, and kidney were immunoblotted after separation 
byy 7% SDS-PAGE under reducing conditions (upper panel). Lower panel, 
identicall blot, but stripped and reprobed with rabbit-anti-61 A. 

Subcellularr  Distributio n of |J1D in Adul t Human 
Skeletall  and Cardiac Muscle 

Too analyse the subcellular distribution of p iD in 
adultt muscle tissues staining of both mouse (not shown) 
andd human skeletal (Fig. 4) and cardiac tissues (Fig. 5) 
weree performed. Similar staining patterns were ob-
servedd in the two species. In addition, the embryonic 
expressionn pattern of (3 ID in MTJs and neuromuscular 
junctionss (NMJs) was determined in E 18.5 mouse 
embryoss (see Fig. 8). 

Stainingg for total pi showed it to be expressed in both 
skeletall  muscle cells and capillary cells (Fig. 4A). The 
capillaryy cells express the (31A integrin variant (Fig. 
4B)) whereas the sarcolemma of skeletal muscle cells 
containss p ID (Fig. 4C), exclusively. Although present at 
neuromuscularr junctions, the expression of the piD 
subunitt was not stronger at these sites, in contrast to 
thatt of the a7A variant (Fig. 4D, see also Fig. 8G,H), 
whichh is prominent at these junctional sites (Martin et 
al.,, 1996). As of piD, expression of a7B was detected on 
thee sarcolemma (Fig. 4C,E). Reaction with the 2B1 
mAbb showed prominent staining of the myotendi-
nouss junction (Fig. 4F), where it is colocalized with 
vinculinn (see Fig. 8A,B; Shear and Bloch, 1985; Bao et 
al.,, 1993). 
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Fig.. 3. Glycosylation of p i D in various mouse muscle types. f)1D was 
immunoprecipitatedd from 1 mg total protein of tongue, heart, or hind limb 
muscle.. Precipitates were divided in two and either not-treated (lanes 
1-3)) or subjected to digestion with PGNaseF (lanes 4-6). Samples were 
analysedd by 7% SDS-PAGE under reducing conditions and visualized by 
immunoblottingg with anti-p1 D. Arrows indicate mature and deglycosylated 
B1D,, arrowhead indicates precursor. 

Amplificationn of the p ID fluorescence in longitudinal 
cryostatt sections of both skeletal and cardiac muscle, 
usingg biotin-streptavidin (Fig. 5) or a third layer incuba-
tionn (not shown), produced a banded pattern. The 
cross-striationss were identified as costameres; i.e., spe-
cializedd structures at the sarcolemma overlapping the 
Z-liness (Pardo et al., 1983). Double immunostaining on 
humann cardiac sections showed that p iD is colocalized 
withh both vinculin (Fig. 5A-C) and'desmin (Fig. 5D-F), 
twoo markers used to identify costameres and Z-lines, 
respectively.. In cardiac cells, p iD is also located at the 
intercalatedd discs, but it is not particularly strongly 
expressedd at these cell-cell contact structures as shown 
byy the reaction of mAb 2B1 (Fig. 5G-I). However, 
antibodiess against total pi and against vinculin pro-
ducedd strong staining at the intercalated discs (Fig. 
5J-L),, in addition to the costameric localization (see 
Discussion). . 

Expressionn of p i D in Skeletal Muscle 
Dur in gg Mouse Embryogenesis 

Thee appearance and distribution of p iD protein 
duringg embryogenesis of the mouse was determined by 
immunofluorescencee on cryostat sections using the 
biotinylatedd 2B1 antibody. No immunoreactivity above 
thee nonspecific background level was detected on sec-
tionss of E16.5 embryos (Figs. 6A-C and 7A-C). Stain-
ingg for p iD was first detectable on the sarcolemma of 
musclee fibers in intercostal muscle (Fig. 6D), neck 
muscless (Fig. 7D), and tongue (Fig. 7E) in E17.5 
embryos,, and had intensified considerably by E 18.5 
(Figs.. 6G and 7G,H). Limb muscles were all negative in 
E17.55 embryos (Fig. 6E,F), while in E18.5 clear stain-
ingg for p iD was observed in proximal limb muscles 
(shownn for triceps brachii, Fig. 6H). Distal portions of 
bicepss brachii were only barely positive in E18.5 em-

bryoss (Fig. 61), indicating an onset of piD expression in 
middistall  areas of the forelimb at this stage. In PI mice, 
bothh proximal (Fig. 6K) and distal forelimb muscles 
(Fig.. 6L) reacted with the 2B1 antibody and so did all 
otherr skeletal muscles studied (Figs. 6J and 7J,K), 
exceptt the muscles of the snout which remained nega-
tivee at all stages studied (Fig. 7C,F,I,L). Apart from 
stainingg in skeletal muscles, we observed piD immuno-
reactivityy on the basal side of the epidermis of skin and 
off  the epithelial layer of the tongue (Fig. 7B,E,H,K). 

Patternn of p i D Expression in E18.5 
Myotendinouss and Neuromuscular  Junct ions 

I tt is evident from Figure 6D,G,J of intercostal muscles, 
thatt p iD is particularly enriched where muscle fibers 
attachh to the ribs. In order to determine whether fil D is 
presentt in myotendious junctions during embryogen-
esis,, we carried out double staining experiments for 
p iDD and a tendon marker, tenascin (Chiquet and 
Fambrough,, 1984) on the one hand, and piD and 
vinculin,, on the other. Double staining of sections of 
E18.55 embryos for p iD and tenascin shows that p iD is 
enrichedd adjacent to areas containing tenascin (Fig. 
8A,B).. Furthermore, double staining for piD and vincu-
li nn shows complete colocalization of these two proteins 
(Fig.. 8D,E), including an enrichment at the insertion of 
thee ribs, strongly suggesting that piD is present in 
MTJss already at this embryonic stage. To find out 
whetherr p iD is the only splice variant present in MTJs 
inn the embryo, we exposed a section of the same area to 
ann antibody against pi A, and found that p iAi s indeed 
presentt on the sarcolemma and enriched adjacent to 
thee rib, in a pattern similar to p iD (Fig. 8C). This shows 
that,, although piD has just been upregulated in the 
embryoo and is enriched at MTJs, plA is present in the 
samee pattern. It has been shown previously (Bao et al., 
1993;; Veiling et al., 1996) that the a7 integrin is 
enrichedd in MTJs and is thus a potential candidate for 
beingg the a subunit with which piD associates in the 
MTJs.. In order to determine whether this integrin 
subunitt is present at the same locations as piD, we 
stainedd alternate sections for piD and a7, and found 
thatt this integrin subunit has a distribution very 
similarr to that of the piD subunit, including being 
enrichedd at MTJs (compare Fig. 8D, F,G,I). 

I tt has been reported that piD is enriched at NMJs in 
adultt human skeletal muscle (Belkin et al., 1996). To 
determinee whether that is also the case during embryo-
genesis,, we performed double staining experiments for 
p iDD and a neuromuscular junction marker. Our results 
(Fig.. 8G,H) show that piD is present, but not enriched, 
att those junctions in the E 18.5 embryo. 

Expressionn of p i D in Cardiac Muscle 
Durin gg Mouse Embryogenesis 

Stainingg above background (Fig. 9A) for piD was not 
observedd in cardiac muscle at the embryonic stages 
studied,, as shown for E18.5 in Figure 9B. Thus piD is 
expressedd earlier in skeletal muscle than in cardiac 
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Fig.4.. Immunostainingforpl (A),piA(B),piD(C),a7A(D),a7B(E), 
orr p1D (F) in human skeletal muscle. A: Immune-staining for total (31 
(TS2/16)) on the sarcolemma of skeletal muscle and in capillary cells. B: 
Stainingg for p lA in capillary cells. C: staining for p iD on the sarcolemma 

off skeletal muscle. D: Staining for a7A at NMJs. E: Staining for a7B on the 
sarcolemmaa of skeletal muscle. F: Strong immunostaining for p i D at the 
MTJs.. Scale bar = 25 urn. 

musclee (see above and positive thoracis muscle in Fig. 
9B).. In contrast, staining of plA was clearly evident in 
cardiacc muscle in both E16.5 (not shown) and E18.5 
(Fig.. 9C) embryos, suggesting that this is the only (31 
splicee variant present in cardiac muscle at these stages. 
Stainingg of (31A was also observed in skeletal muscles 
inn E16.5 (not shown) and E18.5 embryos (see thoracis 
musclee in Fig. 9C). Like (31D, a7 was absent from 
cardiacc muscle of E16.5 (not shown) and E18.5 embryos 
(Fig.. 9D). In hearts from PI mice, staining of p iD was 
clearlyy above background (compare Fig. 9E and F). 
Stainingg of plA was still evident on cardiomyocytes in 
PII  hearts (Fig. 9G), although somewhat weaker than in 
E18.55 embryos. Strong staining was, however, seen on 
endotheliall  cells of blood vessels. A clear membrane 
stainingg for al was observed on cardiomyocytes in 
newbornn hearts (Fig. 9H), suggesting that the upregula-
tionn of aï and piD occurs simultaneously or at least 
proximatelyy in time in the mouse. Staining of a 7 was 
alsoo strong in endothelial cells of blood vessels in E18.5 
embryoss (not shown) and PI mice (Fig. 9H), confirming 
thee observations of Velling et al. (1996). In adult cardiac 
muscle,, strong membrane staining for piD (Fig. 9J) 
wass observed. Sections incubated with the preabsorbed 
2B11 antibody showed only a faint staining (Fig. 91), 
whilee staining for plA was restricted to blood vessels 
(Fig.. 9K). As for piD, staining of a 7 was observed on 
cardiomyocytess throughout the heart (Fig. 9L), but 
bloodd vessels in the adult heart did not stain for a 7 (not 
shown).. These observations of the presence of p iD at 
highh levels and absence of plA on cardiomyocytes in 

adultt mouse hearts are in agreement with the observa-
tionss of Belkin et al. (1996). 

Expressionn Levels of p i D in Adul t 
Mousee Muscles 

Sincee expression of p iD could be correlated with 
musclee activity or shear stress, we studied the relation 
off  p iD expression levels to the type of skeletal muscle 
fiber,fiber, i.e., slow, mixed, or fast twitching. Muscles of 
variouss types were isolated and equal amounts of RNA 
andd protein were analyzed by Northern and immuno-
blot,, respectively. The samples included: dissected hind 
limbb muscles, consisting of slow "aerobic" twitch muscle; 
thee soleus (type I) and the gastrocnemus muscles 
composedd of a mixture of slow and fast fibers (types I, 
Ha,, lib), and two subtypes of fast "anaerobic" twitch 
muscles;; the plantaris (type Ha) and vastus lateralis 
(typee lib). In addition, we isolated diaphragm contain-
ingg a mixed fiber type I and II , and the fast twitch 
tonguee muscle. As shown in Figure 10, there are no 
significantt differences in the amounts of piD in the 
variouss types of skeletal muscle of different origin. 
However,, in adult cardiac muscle, piD is approxi-
matelyy five times more strongly expressed than in the 
skeletall  muscle types. 

DISCUSSION N 

Too study the expression patterns of piD during the 
developmentt of the mouse, we generated monoclonal 
antibodiess recognizing the muscle specific p iD integrin 
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Fig.. 5. Double immunostainings for (31D (A,D,G), f31 (J), vinculin 
(B,K),, desmin (E), and desmoplakin (H) in human cardiac muscle. 
Superimposedd double stainings (C.F.I.L), colocalization is detected as an 
yelloww signal after merging the green (FITC) and red (TRITC) labelings. 
A-C:: Double staining for (31D (A) and the costamere marker vinculin (B) 
showss colocalization (C). D-F: Double staining for (31D (D) and the Z-line 

marker,, desmin (E) shows colocalization (F). G-l: Double staining for (31D 
(G)) and intercalated disc marker desmoplakin (H) shows localization, but 
noo increased staining tor (31D at intercalated disk (I). J-L: Double staining 
forr (31 (J, 9EG7) and vinculin (K) shows colocalization (L). Note the strong 
staining,, at the intercalated discs, for 01 when compared to |31 D mAb 
stainingg (D,G,J). Scale bar = 10 urn. 

variant.. The specificity of the antibody was determined 
byy immunoprecipitation and immunoblotting. 

Wee showed, by immunoprecipitation in C2C12 cells, 
thatt 3 ID is associated with one of several a-subunits. 
Inn differentiated C2C12 cells (3 ID is associated with the 
samee summits as piA in undifferentiated cells, i.e., 
ct3A,, a5, or a7B. We confirmed this finding in trans-
fectedd cell lines (not shown). This indicates that the variant 

cytoplasmicc domains of (31 are irrelevant for the associa-
tionn with a subunits. In fact, heterodimerization is mainly 
determinedd only by extracellular and transmembrane do-
mainss of the integrin subunits (Hayashi et al., 1990; 
Marcantonioo et al., 1990; Solowska et al., 1991). Our 
findingg with C2C12 cells is essentially different to that 
reportedd previously for heart and skeletal muscle tissue, in 
whichh p iD was found exclusively associated with a 7 
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Fig.. 6. Immunostaining for S1D in E16.5 (A-C), E17.5 (D-F), E18.5 
(G-l)) embryos, and P1'(J-L) mice. Transverse sections showing intercos-
tall muscles adjacent to ribs (A,D,G,J), proximal area of triceps brachii 
musclee (B.E.H.K) and distal area of biceps brachii muscle (C,F,I,L). A-C: 
Noo specific staining is observed in E16.5 embryos. D: Immunostaining for 
(31DD is observed on the sarcolemma of intercostal muscle in E17.5 
embryos.. E,F: No specific staining is seen in limb muscles at E17.5. G: 
Immunostainingg for (31D is present on the sarcolemma of intercostal and 
pectorall muscle in E18.5 embryos. The staining is highly enriched at sites 
off insertion of the intercostal muscle fibers to the ribs (arrows). H: 
Immunostainingg for P1D is also observed on the sarcolemma of E18.5 
tricepss brachii muscle and is enriched where this muscle inserts into the 

humeruss (arrows). I: Distal area of biceps brachii muscle stains only very 
weaklyy (arrows) for [31D. J: Strong staining for (31D is observed on the 
sarcolemmaa of both intercostal and pectoral muscle in P1 mice and 
stainingg is enriched at insertions of intercostal muscle to the rib (arrows). 
K,L:: Strong immunostaining for (31D is also observed in both proximal and 
distall fore limb muscles. With the 2B1 antibody, nuclear staining of 
fibroblastss is frequently seen (e.g., H,K,L) but is also seen in controls at 
thee same stage (also see Experimental Procedures). Nonspecific autofluo-
resencee is seen in bone tissue. All figures are of the same magnification. 
Scalee bar (shown in A) = 75 mm. i, Intercostal muscle (external and 
internall layers), p, pectoralis profundus muscle, r, rib, h, humerus, t, 
tendonn bundle. 
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Fig.. 7. Immunostaining for B1D in E16.5 (A-C), E17.5 (D-F), E18.5 
(G-l)) embryos, and P1 (J-L) mice. Transverse sections showing trape-
ziuss muscle inserting into ligamentum nuchae at mid neck level (A,D,G,J), 
dorsall surface of tongue (B,E,H,K), and muscle masses (arrows) in the 
snoutt (C,F,I,L). A-C: No specific staining is observed in E16.5 embryos, 
exceptt at the basal side of the epithelial layer of the tongue mucosa (B). D: 
Immunostainingg for 81D is evident in trapezius muscle of E17.5 day 
embryos.. E: At this stage, the sarcolemma of the intrinsic muscle of the 
tonguee are also stained. F: Muscle masses in the snout are, however, 
negative.. G: At E18.5 B1D staining remains present on the sarcolemma of 
trapeziuss muscle and is enriched at sites of insertion in ligamentum 
nuchaee (arrows). H: Sarcolemma of intrinsic muscle of the tongue stain 

stronglyy for B1D in E18.5 embryos. I: Muscle masses in the snout are still 
negativee at E18.5. J: In P1 mice, B1D staining is very stong in trapezius 
musclee and slightly enriched along sites of tendon insertions (arrows). K: 
Instrinsicc muscle of the tongue continue staining strongly. L: Muscle 
massess in snout remain negative in P1 mice. With the 2B1 antibody, 
nuclearr staining of fibroblasts is frequently seen (e.g., D,G,I,J) but is also 
seenn in controls at the same stage (also see Experimental Procedures). 
Nonspecificc autofluorescence is seen in the epithelial layer of the tongue 
mucosa.. All figures are of the same magnification. Scale bar (shown in 
A)) = 75 mm. In, Ligamentum nuchae, e, epithelial layer of the tongue 
mucosa,, Ip, lamina propria of the tongue mucosa, m, muscle layer of 
tongue,, v, follicles of vibrissae. 
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Fig.. 8. Double immunostaining and/or staining of equivalent section of 
intercostall muscle in transversally sectioned E18.5 embryos. Immunostain-
ingg for 31D (A,D,G), tenascin (B), B1A (C), vinculin (E) a7 (F,l), and 
acetylcholinee receptor (H). A,B: Double staining for B1D (A) and tenascin 
(B)) showing that B1D staining is enriched adjacent to areas containing 
tenascin.. C: Same area on equivalent section labeled for B1A, showing 
stainingg present on the sarcolemma and enriched at insertions to rib. D,E: 
Doublee staining for B1D (D) and vinculin (E) showing a clear colocaliza-
tion,, including at the MTJ. F: Same area on a nearby section showing 
immunostainingg for a7 coinciding with B1D- and vinculin-positive areas, 

includingg an enrichment at the insertions to the ribs. G,H: Double labeling 
forr B1D (G) and acetylcholine receptor (H), showing that B1D is present, 
butt not enriched at neuromuscular junctions. Note that where intercostal 
musclee fibers insert into sternum, B1D staining is enriched (arrows). I: 
Nearbyy section showing staining for a7 on sarcolemma of intercostal 
muscle,, and highly enriched staining at the insertions of muscle fibers to 
thee sternum. Nonspecific autofluoresence is seen in bone tissue. All 
figuress are of same magnification. Scale bar (shown in A) = 75 mm. r, Rib, 
p,, pectoralis profundus muscle, s, sternum. 

(Belkinn et al., 1996). The concurrent switch of both a7B 
andd (31A to a7A and piD during differentiation of 
C2C122 myoblast cells is interesting because it implies a 
cooperativee effect of their two cytoplasmic domains. 

Att the protein level, plD is detected late in embryo-
genesis.. The earliest expression of the (31D subunit was 
inn skeletal muscles: i.e., intercostal muscles, neck 
muscles,, and the tongue of E17.5 embryos. In general, 
thee induction of piD expression follows the rostro-

caudall  temporal progression of the formation and matu-
rationn of muscles along the anterio-posterior axis. 
Withinn the limbs a proximo-distal temporal gradient is 
observedd (Hauschka, 1994). In cardiac muscle expres-
sionn of p iD was first detected perinatally. Velling et al. 
(1996)) also reported late expression of a 7 in this tissue, 
withh a 7 mRNA detectable on postnatal day 3 and strong 
stainingg of cardiomyocytes in postnatal week 4. We 
havee shown here that a7, and in fact the a7B variant 
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Fig.. 9. Cardiac muscle incubated with preabsorbed (11D antibody 
(control;; A,E,I), staining for p1D (B.F.J), B1A (C,G,K), and c,7 (D,H,L). 
Transversee sections of hearts in E18.5 embryos (A-D), frontal sections of 
heartss from P1 (E-H) and adult (l-L) mice. A,E,I: Sections exposed to 
preabsorbedd (41D antibody showed only a diffuse staining in cardiac 
muscle.. Note that thoracis (skeletal) muscle is also negative. B: No 
specificc staining for B1 D is observed in cardiac muscle in E18.5 embryos. 
Notee positive staining in thoracis muscle. C: At the same stage, strong 
B1AA immunoreactivity is observed in cardiac and as well as in thoracis 
muscle.. D: Immunostaining for ot7 is not observed in cardiac muscle at 
E18.5,, but is, however, clearly present in thoracis muscle. F: 81 D staining 

iss present on the sarcolemma of cardiomyocytes in P1 hearts. G: 
Immunostainingg for B1A is still present on cardiomyocytes in P1 hearts 
andd blood vessels are also positive (arrows). H: Cardiomyocytes of P1 
heartss are labeled for <*7, and blood vessels stain strongly for o7 (arrow). 
J:: B1D staining is present on cardiomyocyte sarcolemma in adult hearts. 
Bloodd vessels are negative (arrow). K: B1A staining is absent on 
cardiomyocytess at this stage, but present in blood vessels (arrows). L: As 
thee case for (31D. u7 labeling is strongly present on cardiomyocytes in 
adultt hearts. All figures are of the same magnification. Scale bar (shown in 
A)) - 75 mm. v, Ventricle, a, atrium, tm, transversus thoracis muscle, p 
pleuro-pericardiall membrane. 

(Colloo et al., 1993, Ziober et al., 1993; Velling et al., 
1997),, is already clearly present in the heart on the day 
off  birth which suggests that the u7B(31D integrin is 
alreadyy present at that time. Since we find that (31A is 
alsoo present in the heart of newborn mice, we cannot 
excludee that a7B is also associated with (31A at this 

stage.. However, in the adult heart in which (11A is 
absentt from cardiomyocytes (see also Belkin et al., 
1996),, a7B(31D is likely to be the only a7(31 integrin. 

Inn skeletal muscle, the expression of a7A seems to 
precedee that of (31D. This however, may reflect techni-
call  problems such as limit s of detection depending on 
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Fig.. 10. Detection of p iD in various muscle types. A: Northern blot 
analysiss of 131D mRNA levels in heart, vastus lateralis, gastrocnemus, 
soleus,, plantaris, tongue, and diaphragm. Two ug total RNA was loaded in 
lanee 1, five-fold more total RNA (10 ug) was loaded in lanes 2-7. B: 
Immunoblott of 31D with mouse-anti-piD (2B1) on the same tissues as 
shownn in Figure 7A. Proteins (50 ug total protein/lane) were separated on 
aa 7% polyacrylamide gel under reducing conditions. 

thee affinity or the titer of the antibodies. The piD 
subunitt is strongly expressed at the MTJs of intercostal 
muscless as soon as it is first detected on the sarco-
lemma.. The timing of piD induction at the MTJ, which 
iss preceded by the expression of piA, is interesting 
becausee it is correlated with the first organization of the 
sarcomeress and the initial folding of membranes at the 
MTJ,, as has been reported for MTJ formation in 
chickenn (Tidball and Lin, 1989; Tidball, 1994). Simi-
larly,, the relatively late onset of p iD expression in 
cardiacc muscle, as compared to skeletal muscle, is 
correlatedd with the hypertrophic phase of cardiac matu-
rationn after birth, which follows the proliferative growth 
off  the heart (Tam et al., 1995). Hypertrophic growth of 
cardiacc muscle cells is associated with the development 
off  highly organized muscle fibers. Since in both muscle 
typess piD expression is correlated with sarcomere 
organization,, we suggest that piD has a role in the 
maintenancee and/or organization of the cytoarchitec-
turee of mature muscle cells. 

Too determine whether there is a relation between 
musclee activity (shear stress) and piD we analyzed its 
expressionn level in muscles with different ratios of fast, 
slow,, and intermediate muscle fibers. However, neither 
thee expression of RNA nor of the protein was signifi-
cantlyy different in the muscles analyzed. The expres-
sionn of piD in cardiac muscle is five times stronger than 
inn skeletal muscle, which could be due to a higher ratio 
betweenn the sarcolemma and the mass of the smaller 
cardiomyocytes. . 

Nott only is p iD the only pi integrin variant that is 
localizedd at adherens type of junctions: (i.e., MTJs and 
intercalatedd discs of adult skeletal and cardiac muscles, 
respectively),, it is also present in a banded pattern in 

bothh types of muscle. By double staining human cardiac 
muscless we confirmed that these striations represent 
costameress as has been previously shown with antibod-
iess against pi (Bozyczko et al., 1989; Terracio et al., 
1990;; Volk et al., 1990; Hilenski et al., 1992; McDonald 
ett al., 1995; Belkin et al., 1996). Costameres are rib-like 
structuress around the sarcolemma overlying the Z-
lines.. Proteins in these structures, i.e., integrins, vincu-
lin,, and talin, are generally believed to provide focal 
contact-likee connections between the Z-line and the 
sarcolemmaa (Pardo et al., 1983; Belkin et al., 1986). 
Interestingly,, the anti-piD mAb did not show a particu-
larlyy strong expression of p iD at the intercalated discs 
ass has been reported by Belkin et al. (1996). However, 
strongg staining at this site was observed by using 
antibodiess against the extracellular domains of pi. This 
differencee in staining intensity could be caused by 
differentt accessibility of the cytoplasmic domain and 
thee extracellular components at these junctions or to a 
differencee in the affinity of the two antibodies. 

Inn addition to the strong reactions of anti-plD with 
skeletall  and cardiac muscle, we observed a weak reac-
tionn on immunoblots of lysates of skin tissue and 
immunoreactivityy with the basal side of skin and the 
epitheliall  cell layer of the tongue. A similar reaction of 
anti-plDD polyclonal antibodies on skin immunoblots 
hass been reported by Belkin et al. (1996), who attrib-
utedd the signal to contamination of the sample with 
skeletall  muscle. The fact that we observed immunoreac-
tivit yy at the basal side of the epithelial layers of the 
skinn and tongue argues against this conclusion. How-
ever,, immunoblots of a keratinocyte cell lysate did not 
reveall  a band for p iD (data not shown). Thus, further 
studiess are needed to determine with certainly whether 
piDD is present in these stratified epithelia. 

Inn summary, we generated monoclonal antibodies 
specificspecific for the piD integrin variant and used these 
mAbss to analyse the spatio-temporal expression of p iD 
inn the mouse. We demonstrated that p iD associates 
withh one of various a-subunits and that it becomes 
expressedd relatively late during mouse embryogenesis: 
inn skeletal muscle at E17.5 and in cardiac muscle 
perinatally.. A functional explanation for the observed 
expressionn pattern and the cellular localization of the 
piDD variant could be that p iD provides a stronger link 
too the cytoskeleton than piA and hence more resistance 
too the strong shear stress to which muscles are sub-
jected. . 

EXPERIMENTA LL  PROCEDURES 
Celll  Lines, Tissues, and Embryos 

Thee mouse myoblast cell line C2C12 (CRL 1772, 
Americann Type Culture Collection (ATCC), Rockville, 
MD;; Yaffe and Saxel, 1977) was grown in Dulbecco's 
modifiedd Eagle's medium (DMEM, Gibco, Paisley, UK) 
supplementedd with 20% fetal calf serum, high glucose 
(4.55 g/L), penicillin, and streptomycin. Terminal differ-
entiationn into multinuclear myotubes of confluent 
C2C122 monolayers was induced by changing the cul-
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turee medium to DMEM containing 27c horse serum. 
Adultt mouse hearts were collected from CD-I mice. 
Embryoss and newborns (postnatal day 1) were obtained 
fromm CD-I mice. Fertilization was assumed to have 
takenn place at the midpoint of the dark cycle before the 
copulationn plug was found. The indicated embryonic 
agess are days postcoitum, with the day of the plug 
designatedd EO.5. 

Antibodie s s 

Thee following antibodies were used in this study: 
rabbit-anti-vinculinn (Geiger, 1979), mouse-anti-desmo-
plakinn I and II (11-F5; Parrish et al., 1987), rabbit-anti-
desminn (Sigma Immunochemicals, St. Louis, MO), rat-
anti-musclee acetylcholine nicotinic receptors (mab35; 
Tzartoss et al., 1981, obtained from the Developmental 
Studiess Hybridoma Bank, The University of Iowa and 
Johnss Hopkins University School of Medicine ),rat-anti-
mouse-pii  (MB2.1, vonBallestrem et al., 1996), mouse-
anti-fil ,, (TS2/16, ATCC; Hemler et al., 1984), rat-
anti-(3ll  (9EG7, Lenter et al., 1993) rabbit-anti-plAcyto 
andd rabbit-anti-a5 (DeFilippi et al., 1991), rabbit-
anti-avv (Hirsch et al., 1994), mouse anti-a3A (29A3), 
mouse-anti-a3BB (54B3), and mouse-anti-a6B (PB36, 
deMelkerr et al., 1997), rabbit-anti-a6A (Delwel et al., 
1993),, rat-anti-mouse a 7 (CA5, Yao et al., 1996), rabbit-
anti-a7Acytoo (a7CDA2) and rabbit-anti-a7Bcyto 
(a7CDBl,, Martin et al., 1996). 

Thee mAb rat-anti-mouse-tenascin (LAT-2) was ob-
tainedd by immunizing a Sprague-Dawley rat with 
purifiedd mouse tenascin as described previously using 
mousee myeloma cells Sp2/0 (Hogervorst et al., 1993). 
Mouse-tenascinn was isolated from conditioned medium 
(serum-freee Dulbecco's modified Eagles medium/Ham 
F122 (1:1)) which was collected from RAC-11P cells 
(Sonnenbergett al., 1993). Proteins were precipitated by 
ammoniumm sulphate (50%), resuspended in buffer A 
(2.55 mM EDTA, 50 mM Tris-HCl, pH 7.5) and loaded on 
aa Sepharose CL6B sizing column (Pharmacia, Uppsala, 
Sweden).. The column was eluted with buffer A contain-
ingg 150 mM NaCl. Fractions that contained tenascin 
weree diluted to a NaCl concentration of 100 mM and 
appliedd to a monoQ HR 5/5 anion-exchange column 
(Pharmacia).. The column was eluted with a gradient of 
100-10000 mM NaCl in buffer B (2.5 mM EDTA, 20 mM 
Tris-HCl,, pH 7.5). Fractions containing tenascin were 
pooledd and dialysed against buffer B. 

Secondaryy antibodies used on murine sections were: 
mouse-anti-biotin-FITC,, goat-anti-rat-FITC or -TRITC, 
andd goat-anti-rabbit-FITC or -TRITC (all from Sigma 
Chemicall  Co.). Secondary antibodies used on human 
sectionss were goat-anti-mouse-FITC (Zymed, San Fran-
cisco,, CA, and Rockland Inc., Gilbertsville), streptavidin-
FITCC or -TRITC, swine-anti-rabbit-TRITC (Jackson 
ImmunoResearchh Laboratories Inc., West Grove, IL, 
andd Nordic, Tilburg, the Netherlands, respectively). 

Generationn of p l D Monoclonal Antibodies 

Too generate £1D specific antibodies, we immunized 
micee with a synthetic peptide corresponding to the most 
C-terminall  24 amino acids of plD (plus an appending 
N-terminall  cysteine): C-QENPIYKSPINNFKNPNYG-
RKAGL.. The synthetic peptide (7.5 mg) was coupled to 
keyholee limpet hemocyanin (KLH, 15 mg) using sulpho-
MBSS or glutaraldehyde (Harlow and Lane, 1988). Mice 
weree immunized with a mixture of 15 ug free peptide, 
155 ug KLH-sulfoMBS coupled peptide, and 15 ug 
KLH-glutaraldehydee coupled peptide. After four boosts, 
att 4 weeks intervals, the mice were immunized once 
withh 50 ug free peptide followed by two boosts with 100 
ugg of free peptide at two day intervals before fusion 
withh Sp2/0 mouse myeloma cells. Initial screening of 
antibodiess was by ELISAon plD and |31A(C-KLLMI1H-
DRREFAKFEKEKMNAKWDTGENPIYKSAVTTWN--
PKYEGKll  synthetic peptides. 

Immunoprecipitatio nn of Surface-Ionidated Cells 

Undifferentiatedd and differentiated (3 days) C2C12 
cellss were surface-labeled with 125I by the lactoperoxi-
dase/hydrogenn peroxidase method as previously de-
scribedd (Sonnenberg et al., 1988), washed, and solubi-
lizedd in lysis buffer containing 17c (v/v) Nonidet P-40, 4 
mMM EDTA, 100 mM NaCl, 20 mM Tris-HCl, pH 7.5, 1 
mMM phenylmethylsulfonylfluoride, 10 pg/ml soybean 
trypsinn inhibitor and 10 pg/ml leupeptin. Lysates were 
clarifiedd at 14,000 rpm. Cell lysates were then added to 
proteinn A-Sepharose that had previously been incu-
batedd with rabbit-anti-mouse IgG or rat-anti-rabbit 
IgGG and the precipitating antibody. After incubation for 
11 hr at room temperature, the beads carrying the 
immunee complexes were washed and treated with 
Laemmlii  sample buffer. Precipitated proteins were 
analyzedd on a 57c or 107c polyacrylamide gel under 
nonreducingg or reducing conditions, respectively. 

Immunoblottin g g 

Tissuess for immunoblotting were isolated from mice. 
Approximately,, 70 mg of tissue was frozen, crushed and 
thenn lysed in 1 ml RIPAlysis buffer (10 mM Tris, pH 7.4, 
1500 mM NaCl, \7c Triton X-100, 17c Na-deoxycholate, 
0.17c0.17c SDS, ImM EDTA, and protease inhibitors). Subse-
quently,, 50 pg of total protein was separated on 17c 
SDS-PAGEE gels under reduced conditions. Proteins 
weree transferred to Immobilon-P transfer membranes 
(Millipore,, Bedford, MA). The membrane was blocked 
forr 1 hr room temperature with TBST 27c nonfat dry 
milk,, and incubated with 2B1 supernatant (1:2), washed 
threee times with TBST 0.2% nonfat dry milk and 
incubatedd with goat-anti-mouse-HRPO (1:5,000) (Amer-
shamm Int., Buckinghamshire, UK). Alternatively, incu-
bationn were with rabbit-anti-(31A(l:2,000) and donkey-
anti-rabbit-HRPOO (1:5,000; Amersham). Proteins were 
visualizedd by ECL (Amersham). 

Forr the analysis of p lD glycosylation, 1 mg of total 
proteinn was immunoprecipitated. Tissue lysates, pre-
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clearedd with protein A beads, were incubated with 
rabbit-anti-mousee and plD precipitating antibody (2B1). 
Afterr subsequent washes the precipitate was split in 
twoo parts; one half was treated with PNGaseF, which 
removess high mannose and complex-type N-linked oli-
gosacharidess from glycoproteins, according to instruc-
tionss of the manufacturer (New England Biolabs Inc., 
Beverly,, MA). The other halfwas not treated. Samples 
weree analyzed on 7% SDS-PAGE under reducing condi-
tions.. Protein was detected as described above for the 
2B11 antibody. 

Norther nn Blott in g 

Totall  RNA was isolated from various dissected mouse 
muscless using the Ultraspec™ RNA kit (Biotecx Labo-
ratoriess Inc., Houston, TX). Two ug of cardiac RNA and 
100 ug of various types of skeletal muscle RNA was 
electrophoresedd on 1% agarose gels containing formal-
dehydee and transferred to Nytran (Schleicher & Schuell, 
Dassel,, Germany) by standard procedures (Sambrook 
ett al., 1989). Blotted RNAs were hybridized with an 
antisensee (3 ID oligonucleotide 5'GAGACCAGCTTTAC-
GTCCATAGTTGGGATTCTTGG AAATT3', which was la-
belledd with [7-32P1-ATP using T4-polynucleotide ki-
nase.. The filter was hybridized at 55°C overnight in 
hybridizationn buffer (5x SSC, 0.5% SDS, 5x Denhardt's, 
1000 pg/ml salmon DNA) and subsequently washed once 
forr 15 min in 2x SSC, 0.5% SDS at room temperature 
andd once 15 min in 2x SSC, 0.1% SDS at 55°C. The film 
wass exposed overnight. 

Purificatio nn and Biotinylatio n of p i D 
Monoclonall  Antibodies 

Forr double staining with mouse antibodies and immu-
nohistochemistryy on mouse tissue, anti-fïlD monoclo-
nall  antibodies were purified by affinity chromatogra-
phyy and subsequently biotinylated. Briefly, 1 mg 
syntheticc peptide was coupled to 1 g CNBr-Sepharose. 
Hybridomaa supernatant was applied to a 1.5 ml affinity 
columnn containing the peptide coupled to CNBr-
Sepharose.. Bound antibodies were eluted with 100 mM 
glycine,, pH 2.5, neutralized with 1 M Tris, pH 8 and 
concentratedd in PBS (centricon-30 concentrator, Ami-
conn Inc.). The purity of the antibodies was analyzed by 
SDS-PAGEE and the specificity was monitored in an 
ELISA.. Two mg of purified antibody was coupled for 
twoo hours to 40 pi of NHS-biotin (Biorad Laboratories, 
Richmond,, VA) at room temperature, after it had been 
dialysedd against borate coupling buffer (0.035M boric 
acid,, 0.08M NaCl, pH 9.2). Biotinylated antibody was 
dialysedd against PBS. 

Immunohistochemistry y 

Fifteenn um cryosections were obtained from in liquid 
nitrogen-chilledd isopentane snap frozen mouse tissues 
andd embryos. The sections were allowed to dry for 5-10 
minn and then immersed in cold PBS for 10 min. 
Sectionss were blocked for 15 min in PBS/10% normal 
goatt serum (NGS). All incubations and washes were at 

4°CC and antibody dilutions were in PBS with 1% BSA. 
Sectionss were incubated with primary antibodies for 1 
hr.. After 3 x 10 min washes in PBS, sections were 
stainedd with a second layer for 1 hr. As a control for 2B1 
staining,, the antibody was incubated with the immuniz-
ingg peptide at a concentration of 100 pg/ml of diluted 
antibodyy for 30 min on ice before applying it to sections; 
thesee were then processed as those exposed to the 2B1 
antibody.. Some nonspecific staining was observed with 
thee preabsorbed antibody (e.g., nuclear staining of cells 
inn mesenchyme and cartilage), but the surface of muscle 
fibersfibers and cardiomyocytes was always negative. Con-
trolss for the remaining antibodies were PBS + 1% BSA, 
followedd by secondary antibodies. These were always 
completelyy negative. Subsequently, sections were 
washedd in PBS, postfixed for 10 min in 2% paraformal-
dehyde/PBS,, washed in PBS and mounted in 2.5% 
1,4-diazabicycloo 2,2,2 octane (DABCO, Sigma) + 0.1% 
sodiumm azide in a 9:1 mixture of glycerol:PBS. Murine 
sectionss were observed and photographed in an Olym-
puss BHT microscope equipped with epifluorescence and 
phasee contrast optics. 

Humann cryosections of 4-7 pm from both cardiac and 
skeletall  muscle were obtained, optionally fixed in ac-
etonee for 2 min, and stored at -80°C until used. Sections 
weree airdried, immersed for 5 min in PBS, and subse-
quentlyy blocked for 30 min in PBS/10% NGS at 37°C. 
Al ll  antibody incubations were in PBS. First antibody 
incubationss were for 2 hr at room temperature. After 3x 
PBSS washes second layers were incubated for 1 hr at 
roomm temperature. Double stainings with first layer of 
mousee and rabbit antibodies were incubated as a 
mixture.. Double stainings with a mouse mAb and 
biotinylated-2Bll  mAb were performed in four layer 
incubationss with biotinylated-2Bl and streptavidin-
FITCC or -TRITC as third (2 hr) and fourth layer (1 hr), 
respectively.. After rinsing with PBS the coverslips were 
mountedd in Vectashield (Vector Laboratories Inc., Burl-
ingame,, VT) and viewed under a Biorad MRC-600 a 
confocall  scanning laser microscope (Biorad). 
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