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ABSTRACT  Smooth muscle cells of the digestive, respiratory,
and urogenital tracts contain desmin as their major, if not exclu-
sive, intermediate-sized filament constituent and also show a pre-
dominance of y-type smooth muscle actin. We have now examined
smooth muscle tissue of different blood vessels (e.g., aorta, small
arteries, arterioles, venules, and vena cava) from various mam-
mals (man, cow, pig, rabbit, rat) by one- and two-dimensional gel
electrophoresis of cell proteins and by immunofluorescence mi-
croscopy using antibodies to different intermediate-sized filament
proteins. Intermediate-sized filaments of vascular smooth muscle
cells contain abundant amounts of vimentin and little, if any, des-
min. On gel electrophoresis, vascular smooth muscle vimentin
appears as two isoelectric variants of apparent pl values of 5.30
and 5.29, shows the characteristic series of proteolytic fragments,
and is one of the major cell proteins. Thus vimentin has been dem-
onstrated in a smooth muscle cell present in the body. Vascular
smooth muscle cells are also distinguished by the predominance
of a smooth muscle-specific a-type actin, whereas y-type smooth
muscle actin is present only as a minor component. It is proposed
that the intermediate filament and actin' composition of vascular
smooth muscle cells reflects a differentiation pathway separate
from that of other smooth muscle cells and may be related to spe-
cial functions and pathological disorders of blood vessels.

Different cell types-contain distinct species of contractile and
cytoskeletal proteins. This is especially evident in the class of
the intermediate-sized (7- to 11-nm) filaments (refs. 1-4, for
review see ref. 5). Thus, epithelial cells contain intermediate
filament proteins related to epidermal prekeratin (2, 6-9) and
mesenchymal cells contain filaments of the vimentin type (1,
2, 4). Vimentin has also been reported to exist in various cul-
tured cells, nonmesenchymal ones included (1, 2, 10, 11), and
in association with Z-disks of striated muscle (ref. 12; see, how-
ever, ref. 13). The major protein constituent of intermediate
filaments of chicken gizzard smooth muscle [“desmin”. (14)],
which is similar, if not identical, to the intermediate filament
protein predominant in smooth muscle of mammalian colon
[“skeletin” (15, 16)], has been shown to occur in differentiated
smooth muscle cells of the digestive and urogenital tracts of
chicken (1, 4, 14, 17-20) and mammals (20-22), in cultured car-
diac myocytes (18, 23), in filaments of skeletal myotubes (13,
18, 24), in Z-lines of mature skeletal and cardiac muscle of birds
and mammals (3, 13, 14, 17-19, 22, 24), and in intercalated disks
of heart muscle (14, 22).

To date, vimentin ‘has not been carefully demonstrated in
smooth muscle (refs. 14-17, 19, 20, and 25 for cultured smooth
muscle cells see, however, ref. 18), though antibodies to vi-
mentin have been shown to react strongly with the wall of small
arteries (2, 26)..
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It has recently been noted that the actin composition of
smooth muscle tissue of bovine aorta is unique in that it shows
a predominance of a smooth muscle a-type actin with the
amino-terminal sequence Glu-Glu-Glu-Asp-Ser, which is dif-
ferent in two amino acid positions from the y-type smooth mus-
cle actin predominant in bovine rumen and uterus and in
chicken gizzard (27, 28).

Here we report that vascular smooth muscle cells of various
species, humans included, profoundly differ from smooth mus-
cle cells of digestive, respiratory, and urogenital tract by the
presence of large amounts of vimentin filaments and of a-actin.

MATERIALS AND METHODS

Segments of the aorta were removed from male or female adult
rats, cows, pigs, and rabbits, and were directly frozen either at
—150°C (in isopentane) for immunofluorescence microscopy (8,
29) or at —20°C for protein analysis. In some experiments, ly-
ophilized tissue was used. Alternatively, aortic tissue was di-
rectly extracted in the sample buffer used for polyacrylamide
gel electrophoresis (see below). Cytoskeletons were prepared
by extraction with high-salt buffers and Triton X-100 as de-
scribed for chicken gizzard (2, 22, 30). Pieces of aorta were dis-
sected and stripped pure media was prepared. Parts of the in-
ferior vena cava were removed from rats and processed as
described for aortic tissue. Heart muscle tissue and smooth
muscle-rich tissues of uterus, trachea, stomach; small intestine,
and colon were removed and processed as described for aorta.

Human tissues were collected as follows: aorta was obtained
at autopsy from 4 males and 4 females with a mean age of 57
years (47 to 73). The cross section of the whole wall was used for
immunofluorescent staining. For protein analysis intima and
adventitia were stripped off with a fine pair of forceps and the
integrity of the media was verified by light microscopy. Uterus
was obtained from a 40-year-old female hysterectomized for a
uterine myoma. The endometrium was carefully eliminated and
normal myometrium was used for immunofluorescence and
protein analysis. Human trachea and cardiac tissue were ob-
tained at autopsy from two females aged 76 and 50, respectively,
without macroscopically and microscopically visible respiratory
or cardiac pathology, with the exception of thickening of coro-
nary intima.

The preparation of guinea pig antisera and monospecific an-
tibodies against murine and human vimentin (2, 11), desmin
from chicken gizzard (22, 30), and bovine prekeratin (2, 6, 22) as
well as procedures used for immunofluorescence microscopy
on frozen sections (22, 29) were as previously described.

One-dimensional gel electrophoresis was essentially accord-
ing to Laemmli (31). In two-dimensional gel electrophoresis (32)
the modification of Kelly and Cotman (33) was used in some ex-
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periments in order to minimize proteolytic degradation of vi-
mentin in the 9.5 M urea buffer used for isoelectric focusing
(12, 34).

Actins were purified and used for isoelectric focusing analysis
and characterization of their amino-terminal tryptic peptides as
described (27, 28).

RESULTS

Gel Electrophoresis. Smooth muscle-rich tissue and cyto-
skeletal fractions from stomach, small intestine, colon, and
uterus all showed a prominent desmin band and comparatively
little protein in the position of vimentin (e.g., Fig. 1, lane a) as
shown by one-dimensional gel electrophoresis of total tissue
proteins and cytoskeletal fractions. At the same time, in all spe-
cies examined, aortic and venous tissues showed a prominent
polypeptide band comigrating with purified mammalian vimen-
tin (2, 11). In order to minimize the problem of contamination
with vimentin-containing cells of non-smooth-muscle origin,
we also analyzed stripped aortic media, because this tissue con-
tains only smooth muscle cells (35). Fig. 1, lane b shows an ex-
ample of protein from stripped aortic media. A faint band of
electrophoretic mobility slightly higher than that of vimentin
was noted only in some preparations of aortic tissue; comparison
and coelectrophoresis with desmin showed that this polypep-
tide band had significantly higher mobility than authentic mam-
malian desmin (2, 22).

Two-dimensional gel electrophoresis of aortic tissue or cyto-
skeletons showed the presence of relatively large proportions of
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Fic. 1. One-dimensional NaDodSO,/polyacrylamide gel electro-
phoresis of proteins of human uterus smooth muscle (lane a), stripped
pure media of human aorta (lane b), and reference proteins (lane c; from
top to bottom: phosphorylase, bovine serum albumin, skeletal actin,
and chymotrypsinogen A). Arrows indicate the positions of vimentin
and desmin.
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Fic. 2. Two-dimensional gel electrophoresis (orientation is indi-
cated in a: IEF, isoelectric focusing; M,, second electrophoresis in the
presence of NaDodSO, for estimation of M, values) of proteins of
stripped media of human aorta (a—¢) and human uterus tissue (d and
e). Brackets indicate the positions of actin (A; a-, 8-, and y-type actins
are separated in c; see also Fig. 3b), tropomyosin (T), vimentin (V), and
desmin (D in d and e). Proteolytic fragments of vimentin (some are de-
noted by arrows in b and e) are conspicuous in samples directly lysed in
9.5 M urea lysis buffer (32) but are reduced in samples denatured prior
to isoelectric focusing (c; ref. 33). Note absence of detectable amounts
of desmin in aortic media (a—c). A large part, if not all, of the vimentin
found in uterine tissue (d and e) is from blood vessels and connective
tissue cells such as fibroblasts (see text).

vimentin (Figs. 2 a~c and 3 present examples for man and rat,
respectively). Characteristically, vascular vimentin appeared in
the form of two isoelectric variants (apparent pl values of 5.30
and 5.29), one of which probably represents phosphorylated vi-
mentin (for comparison see studies in cultured cells in refs. 25
and 37). In all vascular tissues vimentin was a major protein,
next to the three actin components separated on these gels
(Figs. 2-4) and the tropomyosins. The identity of the vimentin
was demonstrated by its enrichment in high-salt-extracted cy-
toskeletons, by coelectrophoresis with vimentin from purified
cytoskeletons of cultured cells of murine, bovine, and human
origin (refs. 2, 11, and 22; the major vimentin component comi-
grated with the less acidic variant present in aortic vimentin),
and by the typical “diagonal” series of proteolytic vimentin frag-
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FiG. 3. Two-dimensional gel electrophoresis of rat aorta proteins
(same orientation and symbols as in Fig. 2). Note the separation of the
three actin types (b). Note the occurrence in this tissue of a minor poly-
peptide (indicated by arrow in ¢) with an electrophoretic mobility sim-
ilar to that of desmin (compare Figs. 2 d and e and 4 a and b). The ver-
tical bar (a and c) denotes a protein component of similar size as actin
that is consistently observed in aortic and venous tissues; whether this
is artificially formed from actin or represents a phosphorylated actin
(36) remains to be determined.
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ments (Figs. 2 b and d and 3g; see also refs. 12 and 34) obtained
after extraction in the 9.5 M urea lysis buffer. As in cultured
cells and skeletal muscle (12, 34), this degradation by proteases
present in smooth muscle tissue was largely inhibited when the
sample was briefly denatured by boiling in 1% NaDodSO,
buffer (33), prior to extraction in 9.5 M urea (Fig. 2c). In aortic
tissue of human, bovine, and porcine origin no protein was de-
tected in the position of desmin (Fig. 2 a—c), which appeared in
two isoelectric variants of pl values of approximately 5.41 and
5.36 in smooth muscle tissue of uterus, colon, and stomach of all
mammalian species examined (Fig. 2 d and ¢; cf. Fig. 4). In rat
aorta only, we noted a minor component almost comigrating
with the less acidic variant of the two desmins (Fig. 3 a and ¢).
This component, however, occurred in somewhat variable
amounts and was not found in extracted cytoskeletons, unlike
the typical preparative behavior of desmin in nonvascular
smooth muscle (cf. refs. 1-5, 12-17, 19, 22, 24, 25, 34). We fur-
ther examined the possibility of a selective loss of desmin during
the preparation and extraction in sample buffer. However, ex-
amination of residual material after extraction of aortic and ve-
nous tissues in 9.5 M urea buffer by another one-dimensional
(31) or two-dimensional (32) gel electrophoresis did not show
desmin material in the nonextracted protein fraction (data not
shown). Likewise, cohomogenization and coextraction of cyto-
skeletal desmin from human or porcine uterus together with
aortic tissue showed good recovery of the uterine desmin (Fig.
4). Desmin was not seen on two-dimensional gel electrophore-
sis of rat vena cava tissue (data not shown).

Immunofluorescence Microscopy. All cells of aortic and ve-
nous tissues, including the entire media of arteries and the
aorta, were intensely stained with antibodies to vimentin (Fig.
5 a and d-g). Controls using various nonimmune sera (Fig. 5c)
or antibodies to prekeratin (not shown) were negative. Antibod-
ies to desmin, which strongly stained smooth muscle cells of
various organs in the digestive, respiratory, and urogenital tract
of avian and mammalian species (4, 21, 22), did not stain signif-
icantly the media of aorta and other arteries of man, cow, and
rabbit (Fig. 5b); however, some faint staining with desmin an-
tibodies was seen in aorta and arteries of rat (not shown) and
considered to be significant because it was diminished after ab-
sorption of antibodies on purified desmin and resisted the treat-
ment at 100 mM MgCl, (see ref. 22). This interspecies differ-
ence remains to be explained. Smooth muscle cells of diges-
tive (e.g., muscularis mucosae), respiratory (e.g., trachea), and
urogenital (e.g., myometrium) tract were not significantly
stained with antibodies to vimentin and were positive after
staining with antibodies to desmin (data not shown here; cf.
refs. 4 and 8).

Characterization of Actins. Two-dimensional gel electro-
phoresis of aorta and vena cava proteins revealed three actin
components (cf. Figs. 2 a—c and 3b), classified as a-, 8-, and -
actin (17, 27, 28, 38—41). Typical for all vascular smooth muscle
tissues was the predominance of a-actin. This a-actin, however,
was shown by amino acid sequence analysis to be different from
the a-actins of skeletal and cardiac muscle and to represent a
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Fi6. 4. Two-dimensional gel electrophoresis of proteins of ex-
tracted porcine uterus cytoskeleton alone (a) or added to rat aortic tis-
sue (as shown in Fig. 3a) before homogenization in lysis buffer (b). Note
the preservation of uterine desmin.
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FiG. 5. Indirect immunofluorescence microscopy on frozen sec-
tions from rabbit aorta (a—c), rat aorta (d), coronary arteriole of rat (e),
human coronary artery (f), and small artery of human uterus (g) after
staining with antibodies to vimentin (a, d—g), antibodies to desmin (b)
and preimmune serum (c). Strong staining with vimentin antibodies is
observed in all regions of arterial walls, primarily in the media, and in
connective tissue fibroblasts. (a~c xX120; d—g x240.)

distinct species of smooth muscle a-actin (cf. refs. 27 and 28).
By contrast, smooth muscle tissues of digestive tract and uterus
showed a large proportion of y-actin-like smooth muscle-spe-
cific actin, similar to the pattern in chicken gizzard (17, 27, 28).
We determined the relative amounts of the different actins
present in aortic tissues of three different species (man, cow,
and rat) and from isolated vena cava of rat, using the electropho-
retic separation of their amino-terminal tryptic peptides labeled
by [**C]carboxymethylation (for method and demonstration of
separation of tryptic peptides of bovine aorta actin see refs. 27
and 28). Table 1 shows that all vascular smooth muscle tissue
contained four different actins and that a-type smooth muscle
actin was the predominant actin, with B-actin-like nonmuscle

Table 1. Relative amounts of different actin types in various
vascular smooth muscle tissues

Human Rat

aorta Bovine Rat vena

Actin type (media) aorta aorta cava
a smooth muscle 62 66 68 38
<y smooth muscle 4 9 4 14
B nonmuscle 31 18 24 36
ynonmuscle 3 7 4 12

Results are given in percent of total actin and are based on the quan-
titation provided by the two-dimensional fingerprint system for sepa-
rating [*“Clcarboxymethylated tryptic peptides serving as marker pep-
tides for the different actins (for details see refs. 27 and 28). Greek
letters refer to the isoelectric classes (see text). Sarcomeric actins (a-
actins) typical for skeletal and cardiac muscles were absent.
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actin as the second most frequent actin present. While the rel-
atively high amount of nonmuscle actin in vena cava of rat might
simply reflect the lower proportion of smooth muscle cell mass
in venous tissues, the high ratio (0.37) of y-actin-like smooth
muscle actin to a-actin-like smooth muscle actin, compared to
aortic tissue (0.06), seems to indicate a true difference in actin
composition between the two types of blood vessels.

DISCUSSION

Electron microscopy has shown that vascular smooth muscle
cells, like other smooth muscle cells, contain abundant inter-
mediate-sized filaments (42, 43). The results of this study using
both gel electrophoresis and immunofluorescence microscopy
show that the major intermediate filament protein present in
vascular smooth muscle cells is vimentin—in contrast to smooth
muscle cells of the digestive, respiratory, and urogenital tract,
in which intermediate filaments of the desmin type are predom-
inant if not exclusive (4, 5, 14-22). The presence of cytoskeletal
filaments of the vimentin type in a muscle cell present in vivo
has not been demonstrated previously, to our knowledge (the
existence of some vimentin at the periphery of Z-disks of skele-
tal muscle as reported in ref. 12 has not been shown to be asso-
ciated with intermediate filaments). Our data on vein and arte-
rial smooth muscle of some species, including humans, do not
provide any evidence for the existence of desmin in these cells.
However, in view of the limitations of the methods used and of
some immunologically desmin-related protein detected in ar-
terial wall of the rat, we cannot exclude the presence of low lev-
els of desmin in vascular tissue.

The abundance of vimentin allows one to distinguish vascular
smooth muscle cells from the desmin-rich smooth muscle cells
associated with the digestive, respiratory, and urogenital tracts
and suggests a closer relationship to other mesenchymal cells
such as fibroblasts that are also characterized by vimentin as the
predominant, if not exclusive, intermediate filament protein
(1-5). It has been shown that, when stimulated to move and
contract under conditions of tissue remodeling, fibroblasts ac-
quire morphological and functional characteristics of smooth
muscle cells (myofibroblasts, ref. 44). Moreover, it has been
shown that vimentin filaments appear in nonmesenchymal cells
(epithelial and myogenic cells included) when grown in culture
(2, 11). These observations may be related to the known prolif-
erative and motile potential of vascular smooth muscle cells as
observed in blood vessel differentiation and pathologic situa-
tions such as atherosclerotic plaque formation (45).

The biological functions of intermediate filaments are not
known (for some hypotheses see ref. 5). The appearance, how-
ever, of two different types of predominating intermediate fil-
aments in two groups of structurally and functionally closely
similar types of cells—i.e., vascular and nonvascular smooth
muscle cells—suggest that: (i) the presence of an extended sys-
tem of vimentin filaments is compatible with the contractile
functions of a smooth muscle cell, and (i) the cytoskeletal func-
tions that involve desmin filaments in smooth muscle of the
digestive and urogenital tracts are served by vimentin filaments
in vascular smooth muscle. This situation is reminiscent of that
in myoepithelial cells, which are contractile and contain large
amounts of intermediate filaments of the prekeratin type but no
detectable desmin (9, 22).

Our data confirm and extend previous observations that two
different muscle-type actins occur in smooth muscle cells (28):
an a-type actin that is predominant in vascular smooth muscle
(this study) and a y-type that is the predominant form of actin in
smooth muscle of digestive tract and uterus (28). As in other
cases of demonstrated actin heterogeneity and specificity of
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gene expression in diverse types of muscle differentiations (27,
28, 38-41, 46), the functional meaning of the presence of dif-
ferent types of actin in different cell types remains unknown.
The two forms of actin characteristic for the two types of smooth
muscle cells, however, clearly distinguish smooth muscle dif-
ferentiation from other myogenic differentiations (skeletal and
cardiac muscle) as well as from those of other mesenchyme-de-
rived nonmuscle cells. Furthermore, the great difference in the
ratio of these two smooth muscle actins (a-type to y-type) pro-
vides another means for distinguishing vascular and nonvascu-

lar smooth muscle cells.

The difference between vascular and nonvascular smooth
muscle cells shown in this study are in concert with other obser-
vations of physiological and pharmacological differences be-
tween these two types of smooth muscle. We are hopeful that
the demonstration of the conspicuous compositional differences
in major cell proteins between vascular and nonvascular smooth
muscle cells will help in understanding the biological functions
of these tissues and the development of the pathological disor-
ders of vascular smooth muscle cells.
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