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Abstract. The spatiotemporal relationships between vincu- 
lin and talin in developing chicken gizzard smooth muscle 
were investigated. Immunofluorescence and immunoelec- 
tron-microscopic labeling revealed that both proteins are 
associated with membrane-bound dense plaques in muscle 
cells; however, the most intense labeling for vinculin was 
located rather closer to the membrane than that for talin. 
The localization of vinculin and talin in embryonic chicken 
gizzards indicated that both are primarily cytoplasmic dur- 
ing the first 2 embryonic weeks. Only around days 16-18 
does talin apparently become associated with the plasma 
membrane, this being concomitant with the appearance of 
distinct myofilament-bound dense plaques. Vinculin, on the 
other hand, remains primarily cytoplasmic and appears in 
the plaques only 1-3 days after hatching. It is thus proposed 
that the interactions of the dense plaque with myofilaments 
or with the membrane do not depend on the presence of 
vinculin in the plaque. Electrophoretic analyses indicated 
that, during development, there is no major change in the 
differential expression of specific vincuhn isoforms. Quanti- 
tative immunoblotting analysis indicatcd that the vinculin 
content (relative to total extracted protein) is virtually con- 
stant during the last week of embryonic life. However, with- 
in 3 days of hatching, the vinculin concentration increases 
remarkably to over twice the embryonic level, and then 
slowly increases until it reaches the adult levels, which are 
three to four times higher than the embryonic level. The 
concentration of metavinculin (a 160-Kd vinculin-related 
protein) showed only a limited increase after hatching. We 
discuss the possible roles of vinculin and talin in the assem- 
bly of membrane-bound dense plaques during the different 
phases of smooth-muscle development. 

Introduction 

The major sites of actin-membrane interaction in smooth- 
muscle cells are the membrane-bound dense plaques [9, 10, 
30, 32, 331. These structures appear as electron-dense layers 
beneath the plasmalemma and have some structural similar- 
ity to cytoplasmic dense bodies. In previous studies, we 
have shown that, although both dense plaques and dense 
bodies contain actin filaments and a-actinin, only the 
former contain the adherens-junction proteins, vinculin and 
talin [18, 201. Vinculin has been shown to be present in 
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the junctional plaques of all adherens junctions studied SO 
far, including cell-cell contacts (i.e., zonula adhaerens, fas- 
cia adhaerens) and cell-matrix adhesions (i.e., focal con- 
tacts, dense plaque; see [13, 14, 16, 17, 18, 211). In several 
cell types, notably in smooth-muscle cells, a vinculin-related 
molecule called metavinculin with a molecular mass of 
about 160 kilodaltons (Kd) has been detected [31]. The 
other plaque protein, namely talin, is a 215-Kd protein iso- 
lated from chicken smooth muscle, Talin has been shown 
to coincide with vinculin in cell-substrate focal contacts of 
cultured cells [4, 51, and to be present in platelets [28] and 
in the dense plaques of smooth muscle. This protein is ap- 
parently absent from vinculin-rich cell-cell adherens junc- 
tions [20]. The specific and almost exclusive localization 
of vinculin and talin in junctional plaques has suggested 
that these proteins are involved in the attachment of actin 
filaments to the membrane at these sites [8, 141. To substan- 
tiate this idea, attempts have been made to characterize 
directly the interactions of these two proteins with each 
other and with actin. The results obtained in several labora- 
tories have shown that purified talin can bind vinculin as 
well as a few additional proteins, but that it has no apparent 
affinity for actin (i.e. [7, 29, 401). The results concerning 
actin-vinculin interaction have been more controversial. 
While studies from several groups have indicated that vin- 
culin binds to F-actin and reduces its apparent viscosity 
[6,24, 381, recent experiments have suggested that this effect 
is largely due to the presence of a minor contaminant in 
the vinculin preparations used [ l l ,  391. 

Another aspect of vinculin-talin relationships has re- 
cently been noted in studies dealing with the molecular het- 
erogeneity of adherens junctions. As already pointed out, 
we have shown that, while vinculin is present in essentially 
all adherens junctions, talin is only associated with cell- 
matrix contacts and is absent from the correspondmg inter- 
cellular junctions. In cultured lens cells, for example, talin 
is associated with the vinculin-rich focal contact but not 
with the junctional plaque of cell-cell contacts formed by 
the same cells [20]. To study the molecular interrelation- 
ships between vinculin and talin in membrane-bound junc- 
tional plaques, we examined in the present study the spatial 
and temporal relationships between the two proteins in de- 
veloping chicken gizzard smooth muscle. To approach the 
former aspect, we used high-resolution immunoelectron-mi- 
croscopic labeling of ultrathin frozen sections of smooth- 
muscle cells. while for the latter, we immunocytochemically 
localized the two proteins in smooth muscle at various 
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Fig. 1 A, B. Transmission electron micrographs showing adult chicken gizzard smooth muscle in longitudinal section (A) and cross-section 
(B). The major structural features which should be noted are the membrane-bound dense plaques (&), the cytoplasmic dense bodies 
(dh), the cavaeolar vesicles (c), and the intercellular connective tissue. Burs, 0.2 prn 

stages of embryonic and post-hatching development. We 
showed that vinculin and talin are both associated with 
the dense plaques of adult smooth-muscle cells (as pre- 
viously shown for vinculin alone [lS]), there being only 
limited differences with respect to their fine topology. How- 
ever, examination of embryonic gizzard indicated that talin, 
which is initially located mainly in the cytoplasm, becomes 
associated with the membrane at embryonic days 16-18, 
while vinculin becomes associated with the membrane con- 
siderably later, i.e. around the first day post-hatching. The 
significance of these results and their relevance to the func- 
tional properties and molecular interactions of vinculin and 
talin are discussed. 

Methods 

Tissues 

Fertilized chcken eggs at various stages of development 
were purchased from a local supplier. Embryonic develop- 
ment was largely comparable to that described by Ham- 
burger and Hamilton [22] for embryos of similar ages. Giz- 
zard tissues of embryos, and newly hatched and adult chick- 
ens were removed and immediately processed for biochemi- 
cal or immunocytochemical analyses. 

Immunochemical reagents 

Vinculin was prepared from chicken gizzard according to 
the method of Feramisco and Burridge [12]. Antibodies 
to vinculin were prepared in rabbits (polyclonal) or in mice 
(monoclonal; Vin-11 S). Rabbit antibodies to talin were 
kindly provided by K. Burridge (University of North Caro- 
lina, Chapel Hill). As secondary-antibody reagents, we used 
affinity-purified goat anti-rabbit Ig. These antibodies were 
coupled to rhodamine-lissamine sulfonyl chloride [27]. As 
secondary antibodies for immunoblotting, we used iodin- 
ated ('''I) affinity-purified goat anti-mouse Ig antibodies. 
Goat anti-rabbit IgG coupled to 15-nm gold particles was 
purchased from Janssen Pharmaceutica (Beerse, Belgium). 

Electron microscopy 

Small blocks of chicken gizzard smooth muscle (1-2 mm) 
were dissected and fixed in 2% glutaraldehyde in 0.1 M 
cacodylate buffer, pH 7.2, containing 5 mM CaC1,. The tis- 
sues were rinsed, postfixed in 1 % osmium tetroxide, dehy- 
drated, and embedded in Epon (Polybed 812, Polysciences, 
USA). Sections were cut using a diamond knife (Diatome, 
Switzerland), stained with uranyl acetate and lead citrate, 
and examined using a Philips 410 electron microscope at 
an accelerating voltage of 80 kV. 

Immunocytochemical labeling 

Light microscopy. Gizzard tissues were fixed with 5% para- 
formaldehyde in 0.1 M cacodylate buffer, pH 7.3, contain- 
ing 5 mM CaCI, for 3 h, washed, and incubated for >1  h 
with 0.9 M sucrose. Sections (thickness, 0.5 pm) were cut 
at about -60" C in a Sorvall MT2B ultramicrotome 
equipped with a cryoattachment (Sorvall Ultramicrotome 
LTC2) according to the method of Tokuyasu ([34]; see 
also [18]). Indirect-immunofluorescence labeling was car- 
ried out as previously described [13], and the sections were 
examined using a Zeiss photomicroscope 111 equipped with 
filter sets for rhodamine and fluorescein fluorescence. 

Electron microscopy. Tissue blocks were fixed according to 
a three-stage method [35] including primary fixation with 
8% paraformaldehyde (1 h on a shaker), fixation with 
20 m M  ethylacetimidate (Aldrich Chemical, USA) in 8% 
paraformaldehyde ( 5  min on a shaker), and incubation with 
a mixture of 4% glutaraldehyde and 4% paraformaldehyde 
(1 h on a shaker). The fixed gizzard tissues were infiltrated 
with 2.3 M sucrose or with 5 M fructose, sectioned, and 
indirectly labeled as described elsewhere [IS, 34, 351. As 
the secondary reagent, used goat anti-rabbit IgG coupled 
to 15-nm gold particles. The stained sections were postfixed 
with glutaraldehyde and 0.05% osmium tetroxide, stained 
with uranyl acetate, and embedded in methyl cellulose. 
Quantitative evaluation of the immunoelectron-microscopic 
labeling was carried out by direct measurement of the dis- 
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Fig. 2A-F. Distribution of talin (A, C, E) and vinculin (B, D, F) in adult chicken giizard smooth muscle. A, B lmmunofluorescence 
labeling of cross-sections through smooth-muscle fibers showing dotted labeling along the membrane. C-F Immunogold labeling; note 
the association of label for both antigens with the membrane-bound dense plaques but not with the cytoplasmic dense bodies. The 
intercellular space is of variable width, and conncctive-tissue elements (notably collagen) can be dctected in it (coo. Arrowheads show 
the profile of the membrane bilayer. Bar in B, 20 pm (also for A); bars in C-F, 0.2 pm 
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Fig. 3. Immunogold label density as a function of distance from 
the plasma membrane. The number of gold particle was counted 
in 50-A-wide zones starting at the center of the bilayer. About 
600 gold particles were counted for each antigen over an 800-A- 
wide area. The low level of labeling within the cytoplasm (far away 
from the membranc), representing either specific labeling of a solu- 
ble pool or nonspecific labeling, is represented by asterisbs. Note 
the enrichment of vinculin labeling in the 100- to 150-A region 
compared to the labeling for talin 

tances between the gold particles and the center of the mem- 
brane bilayer. The sections and regions selected for these 
analyses were all cut perpendicular to the membrane. 

Electrophoretic and immunoblotting methods 

Gizzard tissues were cut into small blocks and extracted 
using Laemmli sample buffer [25]. Protein concentration 
was determined using a modification of the Lowry method 
[26], and fixed amounts of protein were subjected to 8% 
polyacrylamide gel electrophoresis. Two-dimensional gel 
separation was carried out according to the method of 
O'Farrell [27] using LKB (Sweden) ampholines (pH 3.5- 
10.0) boosted with ampholines of pH 4.0-7.0. Immunoblot- 
ting analysis was performed according to the procedure 
of Towbin et al. [36]. Electrotransfer was carried out for 
5 h. The nitrocellulose sheets were blocked with 3% bovine 
serum albumin (BSA) and were then labeled with the mono- 
clonal antibody to vinculin (clone Vin 11 -5 )  followed by 
'251-labeled goat anti-mouse immunoglobulin. 

Quantitative analysis of the vinculin in crude extracts 
was carried out by immunoblotting, using purified vinculin 
as a standard run on the same gels. The bands on the auto- 
radiograms (both pure vinculin standards and tested sam- 
ples) were scanned using a spectrophotometer DU-8 (Bek- 

man USA), and the relative content of vinculin in the sam- 
ples was determined. 

Results 

Immunoelectron-microscopic localization of vinculin and talin 
in adult chicken gizzard myocytes 

In the present study, we used immunofluorescence and im- 
munoelectron-microscopic approaches to localize the con- 
stituents of dense plaque in adult and developing smooth 
muscle. Dense plaques are abundant structures characteris- 
tic of mature smooth-muscle cells, as shown in Fig. 1. The 
dense plaques of chicken gizzard smooth muscle are elon- 
gated structures with a mean thickness of 500-700 A, mea- 
suring 0.5-2 pm in width, and of variable length. They often 
appear in a rather nonsymmetric fashion on the membranes 
of neighboring cells, and elements of connective tissue are 
often detected in the intercellular cleft (Fig. 2) associated 
with the cell surface. At their cytoplasmic aspects, dense 
plaques are often flanked by intermediate filaments (not 
shown; see [6]), and the submembrane areas between adja- 
cent plaques often contain arrays of cavaeolae. The rest 
of the cytoplasm of smooth-muscle cells contains tightly 
packed arrays of myofilaments and dense bodies, as well 
as some small, pericavaeolar areas. 

The localization of vinculin and talin in adult smooth 
muscle was carried out by immunolabeling at both the light- 
and electron-microscope levels. Indirect-fluorescence label- 
ing of thin (0.5 pm) frozen sections of chicken gizzard for 
talin and vinculin (Fig. 2A, B) revealed dense arrays of 
peripheral spots. Corresponding labeling of ultrathin frozen 
sections using the immunogold technique verified that the 
staining for talin and vinculin was specifically associated 
with membrane-bound dense plaques (Fig. 2C, F). Cyto- 
plasmic dense bodies were negative for both antigens. High- 
power electron photomicrographs, in which the section an- 
gle was nearly perpendicular to the plane of the membrane, 
were used to quantitate the labeling density as a function 
of distance from the membrane. The results, which are sum- 
marized in Fig. 3, indicate that talin is widely distributed 
throughout the dense oplaque, exhibiting a broad peak at 
distances of 150-500 A from the plasma membrane, with 
some enrichment being seen in the 200-250 A zone. Vincu- 
lin had a generally similar distribution, although most of 
the label was c9nfined to a narrower, partially overlapping 
area 100-400 A away from the membrane, there being a 
significant peak in the 100-1 50 zone (see Discussion). 

The assembly o j  dense plaques 
and their molecular constiluents during the development 
of chicken gizzard smooth muscle 

Gizzard tissues of 14- to 21-day-chick embryos as well as 
of 1- to 3-day chicks were examined using electron micros- 
copy and immunocytochemistry. At the earliest stages stud- 
ied (14-day embryos), muscle cells could be identified by 
the presence of conspicuous myofilament arrays as well as 
distinct cytoplasmic dense bodies. The myofilaments, which 
were mostly confined to the medullary cytoplasm, often 
exhibited a loosely packed organization and occupied only 
limited areas, while the more peripheral cytoplasm con- 
tained numerous ribosomes, microtubules, and intermedi- 
ate filaments. It is noteworthy that, at this stage, the myofi- 
lament arrays and the associated dense bodies were often 
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Fig. 4A-F. Transmission electron micrographs of developing embryonic gizzards (A, B 14 day: C, D 18 day; E 21 day) and the gizzard 
of a 3-day-old chick (Q. Note the presence of cytoplasmic dense bodies at all stages, and the absence of defined myofilament-bound 
dense plaques in the 14-day embryo. Defined dense plaques with filaments attached to their cytoplasmic aspects are visible in the 
18-day gizzards (arrow in C). Examination of the 21-day embryonic gizzard and the gizzard at  3 days post hatching shows an increase 
in the abundance of dense plaques and cytoplasmic myofilaments. Burs, 0.2 pm 
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Fig. 5. Immunofluorescence labeling of embryonic and post hatching chicken gizzards with antibodies to talin (TAL) and vinculin 
(VZN). The numbers in the upper-left corners represent the embryonic age or post hatching age (+ 1 and +3) in days. Note that 
vinculin ist mostly cytoplasmic until day + I  and is clearly associated with the membrane in the gizzard at 3 days post-hatching. 
Talin, on the other hand, is apparently assoaated with the membrane on the 18th embryonic day. Unlabeled areas occupied by connectivc 
tissue are marked with nsterisks. Bar, 10 pn 
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Fig. 6A-H. Immunoelectron-microscopic labeling of ultrathin frozen sections for talin (A, C, E, C) and vinculin (B, D, F, H). The 
tissues were obtained from 14-day (A, B), 18-day (C, D), and 21-day (E, F) embryos as well as from 3-day-old chicks (G, H). Note 
the presence of talin (C, E) and the absence of vinculin (D, F) along the membrane of 18- and 21-day embryonic smooth muscle. 
Significant vinculin labeling of dense plaques was only noted in 3-day-old chick gizzards (H). Bars, 0.2 pm 
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Table 1. Relative concentrations of vinculin and metavinculin in 
developing chicken gizzards as determined by quantitative imm u- 
noblotting analysis 

Relative concentrationsa Vinculin/ 

Vinculin Metavinculin ratio 
me tavinculin 

Embryo day 14 0.25 0.15 1.67 
Embryo day 18 0.31 0.18 1.72 

Chick day 3 0.67 0.30 2.23 
Adult chicken I b  0.31 3.22 

Embryo day 21 0.27 0.18 1 .so 

a Gizzard extracts containing 20 pg total protein were subjected 
to immunoblotting along with pure vinculin standards. The rela- 
tive concentrations were determined by densitometric scanning 
of the autoradiograms 
For comparison, the amount of vinculin in adult gizzard was 
taken to be 1 

surrounded by intermediate filaments. Examination of a 
large number of specimens indicated that, at this stage of 
development, distinct membrane-bound dense plaques are 
rarely recognizable; when submembrane density was ob- 
served, attachment to myofilaments was rarely detected. 
Only later, i.e., around the 16th-18th day of embryonic 
life, were distinct dense plaques noticed along the mem- 
brane (Fig. 4C, D). These plaques, when examined at high 
magnifications, exhibited many of the characteristics of 
‘mature’ dense plaques, including association with cyto- 
plasmic myofilaments. In 1 -day-old chicks, both the abun- 
dance and extent of the structural development of myofi- 
brils increased considerably, this being concomitant with 
the appearance of more dense plaques and dense bodies. 

Immunofluorescence labeling of thin frozen sections of 
embryonic chicken gizzards for talin and vinculin revealed 
distinct differences between the organization of the two pro- 
teins (Fig. 5). In gizzards of 14- to 15-day embryos, the 
staining for both talin and vinculin was mostly cytoplasmic, 
with only slight enrichment along the cell membrane. About 
3 days later, concomitant with the appearance of dense 
plaques, most of the cellular talin had apparently become 
confined to the cell periphery, and its relative abundance 
in the cytoplasm was markedly reduced. Patterns of talin 
distribution largely resembling those seen in adult chickens 
were detected in older embryos as well as in 1- and 3-day- 
old chicks (Fig. 5). Comparison of the organization of vin- 
culin and talin indicated that the former associates with 
the membrane much later: the vinculin found in gizzard 
smooth muscle was mostly cytoplasmic, and only after 
hatching did significant submembrane labeling become pre- 
dominant (Fig. 5). These results were further corroborated 
by immunoelectron-microscopic labeling of corresponding 
samples. Ultrathin frozen sections of chick gizzards from 
embryos and early post-hatching stages were labeled for 
both talin and vinculin using the immunogold technique. 
Figure 6 shows that, at embryonic day 15 (or earlier), talin 
and vinculin were detectable throughout the cytoplasm, 
both exhibiting a relatively low spatial density (Fig. 6A, 
B). It should be pointed out that the total amount of vincu- 
lin in cells at this stage was relatively low (see Table 1). 
At more advanced embryonic stages, defined membrane- 
bound dense plaques were labeled with antibodies against 
talin (Fig. 6C), while the vinculin labeling was still mostly 
sparse and not strictly confined to the subplasmalemmal 

area. Only after hatching was significant labeling for vincu- 
lin first noted along the dense plaques (Fig. 6 H). 

In conclusion, both the light- and electron-microscopic 
data indicate that talin becomes organized along the mem- 
brane concomitant with the assembly of distinct myofila- 
ment-associated dense plaques, while vinculin is largely ab- 
sent from these sites until the first day after hatching. 

Quantitative and qualitative analysis of vinculin isoforms and 
metavinculin in developing chick gizzard smooth muscle 

Chicken gizzards at the different stages of development 
were analyzed biochemically in order to determine whether 
the amount of vinculin or the expression of its various vari- 
ant forms change during smooth-muscle development. 
Chicken gizzard smooth muscle was extracted with SDS 
sample buffer or with O’Farrell’s lysis buffer, and the solu- 
bilized proteins were separated by one- or two-dimensional 
gel electrophoresis, respectively. The relative content of vin- 
culin and metavinculin per fixed amount of total protein 
was determined by quantitative immunoblotting analysis. 
The relative concentrations of immunoreactive vinculin 
(130-Kd band) and metavinculin (- 160-Kd band) present 
during different developmental stages are summarized in 
Table 1. The vinculin concentration as well as the ratio 
of vinculin to metavinculin remained almost constant 
throughout the last embryonic week. In the first few days 
after hatching (concomitant with vinculin incorporation 
into dense plaques), there was a marked increase in the 
total vinculin level accompanied by only a moderate in- 
crease in the metavinculin level; thus, the ratio between 
immunoreactive metavinculin and vinculin dropped from 
about 0.6 in 14-day embryonic gizzard to about 0.3 in 
adults. 

Vinculin isoform analysis was carried out by applying 
two-dimensional gel analyses to total gizzard proteins. As 
shown previously [15], five distinct isoforms are present 
in adult gizzard. Examination of the smooth muscle of day- 
14, -16, -18, and -21 embryos and that of 3-day-old and 
adult chicks showed the presence of all isoforms in roughly 
similar proportions in all specimens tested regardless of the 
developmental stage (results not shown). 

Discussion 

Adherens junctions are complex cellular structures com- 
posed of several molecular subdomains [l, 14, 19, 211. The 
outermost elements consist of specific ‘contact receptors’ 
whose nature is still poorly defined, while within the cyto- 
plasm, there are bundles of actin-rich microfilaments that 
are associated with the membrane at these sites via a mem- 
brane-bound plaque structure. It has been proposed that, 
upon contact formation, components of the membrane do- 
main become clustered and immobilized, leading to local 
assembly of the plaque which nucleates the assembly of 
the actin-filament bundles. 

Attempts to characterize the molecules involved in this 
process have focused on two junctional-plaque proteins, 
vinculin and talin. It has been shown that these two proteins 
largely coincide in focal contacts and may bind to each 
other in vitro [7$ 29, 401. However, despite their affinity 
to each other in vitro, the co-localization of vinculin and 
talin in cells is not complete: whereas vinculin is present 
in all adherens junctions tested for far, talin is only asso- 
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ciated with contacts formed with noncellular matrices, but 
not with cell-cell contacts [20]. This selective association 
suggests that additional factors, beside the presence of vin- 
culin, selectively determine the incorporation of talin into 
the junctional plaque. 

In order to gain some insight into the organization and 
specific roles of vinculin and talin, we examined the differ- 
ential assembly and spatial relationships of the two proteins 
during smooth-muscle development. Our study of vinculin 
and talin in embryonic gizzard provided some insight into 
the embryonic development of gizzard smooth muscle in 
general, as well as into the formation of the membrane- 
bound, myofilament-associated dense plaques. 

The major morphological features of gizzard myocytes 
noted during various stages of development were generally 
in good agreement with those reported in the extensive 
study of Bennett and Cobb [2] and will therefore not be 
discussed in detail. It is, however, noteworthy that the med- 
ullary contractile system, which is composed of myofila- 
ment bundles with distinct cytoplasmic dense bodies, could 
be detected in the gizzard at embryonic day 9 [2] and had 
become quite prominent by embryonic day 14 (Fig. 4). 
Throughout these early stages of muscle development, most 
of the myofilaments were confined to the core of the muscle 
fibers, i.e., at a considerable distance from the plasma mem- 
brane. During the early stages (before day 14), most of the 
cell cortex contained ribosomes and some intermediate fila- 
ments which often extended to the cell periphery. Only later 
(at days 1618)  did myofilaments apparently approach the 
cell periphery and form visible associations with the mem- 
brane-bound dense plaques. 

Membrane-bound dense plaques have been reported to 
be present in the gizzards of day-10 embryos [12]. In our 
experience, however, these early submembrane dense areas 
are relatively rare, have a granular appearance and do not 
exhibit a clear association with the myofilament system. 
The absence of both vinculin and talin from these plaques 
suggests that the two proteins are not obligatory for initial 
dense-plaque formation. The results of immunocytochemi- 
cal labeling for vinculin and talin, combined with ultrastruc- 
tural data suggest that there are several molecular and 
structural stages of dense-plaque development. The initial 
phase is apparently induced by local contacts between the 
plasma membrane and extracellular-matrix filaments [39]. 
A similar process has been proposed for the initiation of 
cell-substrate focal contacts [14, 191. It is noteworthy that 
the myofilament bundles present in early (less than 16 days) 
embryos develop in the cell medulla independently of the 
newly formed plaques. Only later (embryonic age of about 
16-1 8 days) does extensive association between the dense 
plaques and the myofibrillar network occur, this being con- 
comitant with the appearance of talin in the plaque. The 
basis for the developmentally regulated changes in the com- 
position and organization of dense plaques, particularly the 
reason for the late incorporation of vinculin, is not yet 
clear. 

Immunoelectron-microscopic labeling indicated that the 
distribution of talin and vinculin in dense plaques is largely 
overlapping yet exhibits small but significant differences 
with regard to their fine localization within the plaque itself. 
This was shown by the apparent enrichment of vinculin 
immediately next to the plasmalemma, while the area with 
the most intense talin labeling was slightly further from 
the inner surface of the membrane. This suggests that the 

plaque does not contain a homogeneous mixture of the 
two proteins but rather has a distinct molecular substruc- 
ture. Given the intrinsic resolution of double immunogold 
labeling (20CL2.50 A) and assuming free accessibility to the 
epitope at the surface of the section, we propose that talin 
is in fact absent from the immediate vicinity of the mem- 
brane or is only present in relatively low concentrations. 

This finding should be considered vis-a-vis several recent 
studies concerning vinculin-talin-actin relationships. We 
have recently shown that the association of both vinculin 
and talin with focal contacts is largely actin independent; 
thus, extensive severing of actin filaments by fragmin has 
almost no effect on the association of the two proteins with 
focal contacts [l, 191. These observations have been inter- 
preted as suggesting that the two proteins interact with 
some membrane-bound junctional component other than 
actin. This suggestion did not indicate, however, which of 
the two (vinculin or talin) is primarily involved in this inter- 
action. Our attempts to selectively extract vinculin and talin 
from focal-contact membranes did not yield meaningful re- 
sults, since both proteins are comparably sensitive to the 
treatments we employed, including high- and low-ionic- 
strength buffers, deoxycholate, and urea [19]. A different 
approach reported by Herman and Pledger has suggested 
that talin may interact with the membrane in a vinculin- 
independent manner [23]. These investigators have shown 
that vinculin transiently dissociates from the focal contacts 
of 3T3 cells treated with platelet-derived growth factor, 
while talin remains associated with these structures. Our 
studies of the molecular heterogeneity of adherens junc- 
tions, on the other hand, have suggested that vinculin may 
interact with the junctional membrane in a talin-indepen- 
dent manner in cell-cell contacts which are devoid of talin 
[20]. This mutual independence is further corroborated by 
the present results, which demonstrate, on the one hand, 
closer association of vinculin to the membrane and, on the 
other hand the exclusive association of talin with the embry- 
onic plaque. This is especially interesting in view of the 
already mentioned finding that vinculin and talin can inter- 
act with each other in vitro [7, 29, 401. In an attempt to 
explain the differential distribution and assembly of vincu- 
lin and talin, we considered two possibilities; first, that the 
interactions of the two proteins with the plaque is indepen- 
dently regulated by additional, as yet undefined, proteins 
(see above), and second, that post-translational modifica- 
tion or selective isoform expression of the two may play 
a role in their selective incorporation into the plaque. In 
the absence of information about other plaque proteins, 
we examined the second possibility, which implies that the 
late incorporation of vinculin into pre-existing plaques is 
triggered by quantitative or qualitative changes in vinculin 
itself. Analysis of the total vinculin content at various devel- 
opmental stages indicated that, within 1 day after hatching, 
there is a significant increase in the overall vinculin concen- 
tration. There seemed, however, to be no apparent change 
in the specific vinculin isotypes expressed at this stage. 
Moreover, the relative content of metavinculin, which has 
been implicated in the process of vinculin-membrane inter- 
action [31], actually decreased. While we still do not know 
the molecular basis for the apparent post-hatching increase 
in the relative vinculin content, it may be relevant to point 
out that vinculin synthesis in cells may be regulated by 
cell-contact formation and affected by cell configuration. 
We have recently shown that changes in culture density 
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or substrate adhesiveness may significantly affect vinculin 
synthesis: cells seeded sparsely or on a poorly adhesive sub- 
strate may synthesize considerably less vinculin (relative to 
total protein) than densely plated cells which form extensive 
cell-substrate and cell-cell adhesions [37]. 

In conclusion, it appears that further progress in the 
elucidation of adherens-junction formation in general, and 
the attachment of the contractile apparatus of smooth mus- 
cle to the membrane in particular, will be made by pursuing 
two major lines of study. The first involves extending our 
knowledge of additional constituents of these junctions, the 
exact timing of their expression during junction formation 
and ontogenesis, and their relationship to vinculin and talin. 
Thc other direction is related to the controlled differential 
expression of vinculin and talin in culture or in intact tissue. 
Investigations in both directions, currently in progress, will 
hopefully shed light on the molecular mechanism involved 
in the regulation of adherens-junction formation during 
smooth-muscle development. 

References 
1. Avnur Z, Small JV, Gciger B (1983) Actin-independent associa- 

tion of vinculin with the cytoplasmic aspect of the plasma mem- 
brane in cell contact areas. J Cell Biol96: 1622-1630 

2. Bennett T, Cobb JLS (1969) Studies on the avian gizzard: The 
development of gizzard and its innervation. Z Zellforsch 

3. Brandtzaeg P (1973) Conjugates of immunoglobulin G with 
different fluorochromes. I. Characterization by anionic ex- 
change chromatography. Scand J Immunol 2 : 273-290 

4. Burridge K, Connell L (1983) A new protcin of adhesion 
plaques and ruffling membranes. J Cell Biol 97: 359-367 

5. Burridge K, Connell L (1983) Talin: A cytoskelctal component 
concentrated in adhesion plaques and other sites of actin-mem- 
brane interaction. Cell Motil 3 : 405-41 7 

6. Burridge K, Feramisco JR (1982) a-Actinin and vinculin from 
nonmuscle cells: Calcium-sensitive interactions with actin. Cold 
Spring Harbor Symp Quant Biol46: 587-597 

7. Burridge K, Mangeal P (1 984) An interaction between vinculin 
and talin. Nature 308 : 744-745 

8. Burridge K, Kelly T, Connell L (1982) Proteins involved in 
the attachment of actin to the plasma membrane. Philos Trans 
R SOC Lond [Biol] 299:291-299 

9. Cooke P (1976) Vertebrate smooth muscle fibers. J Cell Biol 

10. Dewey MM, Barr L (1968) Structure of vertebrate intestinal 
muscle. In : Code CF, Heidel W (eds) Handbook of physiology, 
vol4. American Physiology Society, Washington, pp 1629-1654 

11.  Evans RR, Robson RM, Stromer MH (1984) Properties of 
smooth muscle vinculin. J Biol Chem 259: 39163924 

12. Feramisco JR, Burridge K (1980) A rapid purification of CI- 

actinin, filamin and a 130,000 dalton protein from smooth mus- 
cle. J Biol Chem 255: 1194-1 199 

13. Geiger B (1979) A 130K protein from chcken gizzard: Its local- 
lization at the termini of microfilament bundles in cultured 
chicken cells. Cell 18: 193-205 

14. Geigcr B (1981) Involvcmcnt of vinculin in contact-induced 
cytoskeletal interactions. Cold Spring Harbor Symp Quant Biol 

15. Geiger B (1982) Microheterogcneity of avian and mammalian 
vinculin : Distinctive subcellular distribution of different isovin- 
culins. J Mol Biol 159 : 685-701 

16. Geiger B (1 983) Membrane-cytoskeleton interactions. Biochim 
Biophys Acta 737:305-341 

17. Geiger B, Tokuyasu KT, Dutton AH, Singer SJ (1980) Vincu- 
lin, an intracellular protein localized at specialized sites where 
microfilament bundles terminatc at cell membranes. Proc Natl 
Acad Sci USA 77:4127-4131 

98:599-621 

68: 539-556 

46:671-682 

18. Geiger B, Dutton AH, Tokuyasu KT, Singer SJ (1981) Immun- 
oelectron microscope studies of membrane-microfilament inter- 
action. The distribution of a-actinin, tropomyosin and vinculin 
intestinal epithelial brush border and chicken gizzard smooth 
muscle cells. J Cell Biol 91 :614628 

19. Geiger B, Avnur Z, Rinnerthaler G, Hinssen H, Small JV (1984) 
Microfilament-organizing centers in areas of cell contact : Cy- 
toskeletal interactions during cell attachment and locomotion. 
J Cell Biol99:83~-91s 

20. Geiger B, Volk T, Volberg T (1985) Molecular heterogeneity 
of adherens junctions. J Cell Biol 101: 1523-1531 

21. Geiger B, Avnur Z, Volberg T, Volk T (1985) Molecular do- 
mains of adherens junctions. In: Edelman GM, Thiery J-P (eds) 
The cell in contact adhesions and junctions as morphogenetic 
determinants. John Wiley and Sons, New York, pp 461-489 

22. Hamburger V, Hamilton HL (1951) A series of normal stages 
in the development of the chick embryo. J Morphol 88:49-92 

23. Herman B, Pledger WJ (1985) Platelet-derived growth factor 
induced alterations in vinculin and actin distribution of BALBI 
c-3T3 cells. J Cell Biol 100: 1031-1040 

24. Isenberg G, Leonard K, Jockush BM (1982) Structural aspects 
of vinculin-actin interactions. J Mol Biol 158: 231-249 

25. Laemmli AK (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227: 680-685 

26. Markwell MAK, Haas SM, Biebcr LL, Tolbert NE (1978) A 
modification of the Lowry procedure to simplify protein dctcr- 
mination in membrane and lipoprotein samples. Anal Biochem 
87 1 20621 0 

27. O'Farrell PH (1975) High resolution two-dimensional electro- 
phoresis of proteins. J Biol Chem 250: 4007-4021 

28. O'Halloran T, Beckerlc MC, Burridge K (1985) Identification 
of talin as a major cytoplasmic protein implicated in platelet 
activation. Nature 317:449-451 

29. Otto JJ (1983) Detection of vinculin-binding proteins with an 
'251-vinculin gel overlay technique. J Cell Biol 97: 1283-1287 

30. Pease DC, Molinari S (1960) Electron microscopy of muscular 
arteries; Pial vessels of the cat and monkey. J Ultrastruct Res 
3 : 447168 

31. Siliciano JD, Craig SW (1982) Meta-vinculin, a vinculin-related 
protein with solubility properties of a membrane protein. Na- 
ture 300: 533-535 

32. Small JV, Sobieszek A (1980) The contractile apparatus of 
smooth muscle. Int Rev Cytol 64: 241-306 

33. Somlyo AV, Ashton FT, Lemanski LF, Vallieres J, Somlyo 
AP (1975) Filament organization and dense bodies in vertebrate 
smooth muscle. In: Stephens NL (ed) The biochemistry of 
smooth muscle. CRC Poles, Florjda, pp 445-471 

34. Tokuyasu KT (1980) Immunochemistry in ultrathin frozen sec- 
tions. Histochem J 12:381403 

35. Tokuyasu KT, Dutton AH, Geiger B, Singer SJ (1981) Ultra- 
structure of chicken cardiac muscle as studied by double im- 
munolabeling in electron microscopy. Proc Natl Acad Sci USA 

36. Towbin H, Staehelin T, Gordon J (1979) Electrophoretic 
transfer of proteins from acrylamide gels to nitrocellulose 
sheets: Procedure and some applications. Proc Natl Acad Sci 
USA 76:4350-4354 

37. Ungar F, Geiger B, Ben-Zeev A (1986) Cell contact- and shape- 
dependent regulation of vinculin synthesis in cultured fibro- 
blasts. Nature 319:787-791 

38. Wilkins JA, Lin S (1982) High-affinity interaction of vinculin 
with actin filaments in vitro. Cell 28 : 83-90 

39. Wilkins JA, Lin S (1985) Characterization ofcapping and bun- 
dling factors present in " conventional '' vinculin preparations. 
J Cell Biol 101 : 404a 

40. Wilkins JA, Chen KJ, Lin S (1983) Detection of high molecular 
weight vinculin binding proteins in muscle and nonmuscle tis- 
sues with an electroblot-overlay lechnique. Biochem Biophys 
Res Commun 116:1026-1032 

78: 7619-7623 

Received April 1986 / Accepted in revised form June 7, 1986 




