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ABSTRACT 

A comparative biochemical and morphological study was made of calf aortic 
smooth muscle ceils found in situ and grown in vitro under various conditions. 
Striking alterations in enzyme contents, physical properties, and morphological 
appearances of lysosomes, endoplasmic reticulum, plasma membranes and, to a 
lesser extent, mitochondria were observed upon culturing of calf aortic smooth 
muscle cells. These changes first appeared in cells growing out of tissue explants. 
They developed further upon subculturing of the cells and depended greatly on 
the culture conditions used. The alterations included increases in specific activities 
of some 5- to 25-fold of four acid hydrolases, an average ninefold increase in 5'- 
nucleotidase, sevenfold increase in cytochrome oxidase, and fourfold increase in 
neutral a-glucosidase in subcultured smooth muscle cells compared to aortic cells 
in situ. Cell fractionation studies showed significant shifts in the equilibrium 
densities of plasma membranes, microsomes, and lysosomes, but not of mitochon- 
dria, in smooth muscle cells growing out from explants and in subcultured cells, 
compared to cells isolated from intact aortas. Although the cells grown in vitro 
exhibited typical phenotypic features of smooth muscle cells such as abundant 
myofilaments and surface vesicles, alterations in the morphological appearance of 
the endoplasmic reticulum, Golgi apparatus, and, especially, lysosomes were 
observed. These results demonstrate significant differences in specific cellular 
characteristics and functions of aortic smooth muscle cells grown in vitro corn- 
pared to aortic cells in situ. 
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An important recent focus of attention in athero- 
sclerosis research has been the biology of the arte- 

rial smooth musde cell. Among the techniques 
being used to study smooth muscle cells is the ex 
vivo culture of these cells. Popularization of this 
approach has followed upon the work of Jarmo- 
lych et al. (26) and of Ross (39), which convinc- 
ingly showed that cells phenotypically similar to 
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those found in the intact vessel could be main- 
mined for many generations in culture. Recently,  
research efforts have concentrated on elucidating 
the synthetic and proliferative capabilities of  these 
cells in vitro (40). The effects of hormonal  and 
other  environmental  manipulations on smooth 
muscle cell cultures have also been reported (1 ,8 ,  
14, 19, 4 1 , 4 6 )  and the uptake and degradation of 
lipoproteins by these cells have been described by 
several laboratories (1, 6, 22, 44, 48). 

Smooth muscle cell culture would appear  to be 
an excellent tool for many pathophysiologic stud- 
ies because the cells are easily subjected to various 
treatments under controlled conditions, and the 
interpretation of results is simplified by the pres- 
ence of only one cell type. We had hoped to use 
smooth muscle cell culture to test certain patho- 
logic mechanisms thought to be occurring in vas- 
cular disease by following the transformation of 
normal cultured smooth muscle cells to diseased 
cells. In the course of our investigations, however,  
it became apparent  that the properties of certain 
cell functions in culture were already different 
from those found in normal smooth muscle cells in 
situ. We therefore undertook to determine sys- 
tematically the extent to which specific cellular 
characteristics and functions present in vitro differ 
from those of  smooth muscle cells of the intact 
vessel wall. We have examined the properties of 
lysosomes, mitochondria,  endoplasmic reticulum, 
and plasma membranes  of aortic smooth muscle 
cells both by cell fractionation and by electron 
microscopy. These studies were carried out on 
cells isolated from intact vascular tissue, on cells 
growing out from primary culture explants, and on 
cells derived from subcultures. A preliminary 
communicat ion of these investigations has been 
given previously (20). 

M A T E R I A L S  A N D  M E T H O D S  

All aortic smooth muscle cell preparations were derived 
from aortas of young male calves ( -3 -6  mo old). 

Isolated Aortic Cells 

Aortic cells were isolated from thoracic aortic tissue 
by the method of Peters et al. (34), but incorporating the 
modifications proposed by Ires et al. (24). Thin strips of 
inner media (2.5 g) were removed and cut into 0.5-ram 
squares with a McIlwayne Tissue Chopper (Brinkman 
Instruments, Inc., Westbury, N. Y.). The tissue chunks 
were washed in Hanks' medium (23) supplemented with 
both essential and nonessential amino acids (25) and 
containing 0.2 mM calcium. The pieces were then incu- 
bated in 15 ml of the same medium containing 1,800 13/ 

ml purified collagenase, 230 U/nil purified elastase, and 
1 mg/ml soybean trypsin inhibitor, in a shaking water 
bath at 37~ The released cells (monitored by phase 
microscopy) were separated from tissue debris by filtra- 
tion through nylon gauze (150 /zm) and centrifuged at 
1,100 rpm for 8 rain in a desk-top International Clinical 
Centrifuge model CL (International Equipment Co., 
Boston, Mass.). Pooled cells were washed twice in sup- 
plemented Hanks' medium and then twice in cold 0.25 
M sucrose containing 1 mM EDTA and 0.1% ethanol 
(SVE medium). 1 This SVE medium has been used in all 
previous work from this laboratory on fractionation of 
arterial smooth muscle cells (33-35). The ethanol con- 
tained in it serves to prevent conversion of catalase to the 
inactive Compound II. 

Homogenates of calf aorta were used to determine the 
specific activity of enzymes of cells/n situ. Strips of the 
inner media of the thoracic aortas (2.0 g) were cut into 
0. l-ram squares with the McIlwayne Tissue Chopper and 
transferred to a large Duall homogenizer (Kontes Co., 
Vineland, N. J.). The chopped tissue was homogenized 
in 10 rrd of cold SVE medium and then quantitatively 
transferred to a graduated cylinder. Half the preparation 
was used for determination of DNA content and the 
remainder used for assay of various enzymes. 

Aortic Smooth Muscle Cell Cultures 

EXPLANT CELLS; Explants of calf aortic smooth 
muscle cells were grown as described by Coltoff-Schiller 
et al. (12). In summary, approximately 40 pieces of 
dissected inner media of the thoracic aorta, about 1 mm a 
in size, were placed in a 28-cm z plastic petri dish contain- 
ing 0.5 ml Dulbecco's modified essential medium (30) 
supplemented with 1% nonessential amino acids and 
10% fetal calf serum (FCS), and buffered with 40 mM 
Tris-acetate, pH 7.4. A mixture of penicillin (100 IU/ 
ml), streptomycin (100/zg/ml), and Fungizone (0.25 t~g/ 
ml) was routinely added to the culture media. The tissue 
explants were incubated at 37~ in 95% air-5% COz; 
the medium was changed every 2 days. After 3-4 wk, 
cells had grown to near confluence. These cells will be 
referred to as "explant cells." 

SUBCULTURED CELLS; Subcultures were pre- 
pared from explant cells as follows: after removal of 
adherent aortic tissue pieces, explant cells were har- 
vested with 0.05% trypsin-0.5 mM EDTA in Puck's 
saline (36). The cells were placed into 75-cm ~ plastic 
flasks (Falcon Plastics, Oxnard, Calif.) at a density of 
2.5 x 10 e cells per flask and grown in the supplemented 
medium described above. Seeding efficiency was >90% 

1 Abbreviations and symbols used in this paper: CS, 
calf serum; FCS, fetal calf serum; 2 CS, 2% calf serum; 
10 CS, 10% calf serum; 50 CS, 50% calf serum; 10 
FCS, 10% fetal calf serum; 50 FCS, 50% fetal calf 
serum; PNS, postnuclear supernate; RER, rough endo- 
plasmic reticulum; SVE medium, 0.25 M sucrose con- 
taining 1 mM EDTA and 0.1% ethanol. 
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and the cells grew to confluence in about 4 days. At this 
stage the cells are considered to be generation one. For 
further subculturing, splits of cells in a 1:4 ratio were 
used. For the experiments on effects of culture condi- 
tions, confluent cultures of 1st, 3rd, 5th, or 7th genera- 
tion were used. 2 Cells brought to confluence in 10% 
fetal calf serum (10 FCS) were rinsed twice with 15 ml of 
serum-free Dulbecco's medium supplemented as de- 
scribed above and then incubated for 1 wk in 15 ml of 
supplemented medium containing 10 FCS, 50% fetal 
calf serum (50 FCS), 2% calf serum (2 CS), 10% calf 
serum (10 CS), or 50% caif serum (50 CS). The medium 
was changed three times during this period. Before use, 
the calf serum (CS) was passed through a 0.45-~.m mem- 
brane filter (Nalge Co., Nalge Labware Div., Rochester, 
N. Y.). These preparations will be referred to as "sub- 
cultured cells." 

For harvesting of explant cells or subcultured cells, the 
medium was poured off and the cell layer rinsed three 
times in SVE medium. The culture was then incubated 
for 5-10 min at room temperature in 5.0 ml of SVE, 
during which time the cells began to detach. The cells 
were then removed with a rubber policeman when neces- 
sary, and washed twice in ice-cold SVE medium. The 
cells harvested in this manner were used in fraetionatlons 
and for enzyme and DNA determinations. When cell 
counts were made, the cells were detached by brief 
incubation with 0.05% trypsin-0.5 mM EDTA in Puck's 
saline. The cells were uniformly suspended in 50 ml of 
culture medium, and a small aliquot was placed in a 
hemocytometer for counting by phase microscopy. The 
remainder of the cells was concentrated (800 rpm for 10 
min) at 4~ washed three times in Puck's saline, and 
assayed for DNA content. 

Electron Microscopy 

A O R T I C  T I S S U E :  Morphologic studies were car- 
ried out both on aortic cells fixed/n situ and on cells 
isolated after enzymic digestion of the tissue. Thin rings 
of calf thoracic aorta were transported to the laboratory 
either in ice-cold Karnovsky's paraformaldehyde fixative 
(27) or in 2.5% glutaraldehyde in 100 mM cacodylate 
buffer, pH 7.4. Diced pieces of inner media were placed 
in fresh fixative for an additional 3-4 h followed by 
postfixation for 11/2 h in ice-cold 1% OsO4 in 100 mM 
cacodylate buffer, pH 7.4. Isolated aortic cells sus- 
pended in the supplemented Hanks' solution were 
mixed with an equal volume of ice-cold 5% glutaralde- 
hyde in 100 mM cacodylate buffer, pH 7.4, and further 
diluted with ice-cold 2.5% glutaraldehyde in the same 
buffer. After fixation for 3 h, the cells were concentrated 
at low speed on a table-top centrifuge and cell pellets 
prepared by centrifugation of the cells for 5 rain in a 
Beckman 152 Microfuge (Beckman Instruments, Inc., 

z All results are pooled since no consistent difference 
in any of the observations made was found between 
generations over this narrow range. 

Fullerton, Calif.). The pellets were diced into small 
pieces with a razor blade and postfixed in 1% OsO4 as 
above. All specimens were stained en bloc with uranyl 
acetate (17), then dehydrated in graded ethanol, treated 
with propylene oxide, and embedded in Epon 812. 

CELL CULTURE: Calf aortic smooth muscle cells 
cultured in plastic petri dishes were fixed for 5 h in situ 
with ice-cold 2.5% glutaraidehyde in 100 mM cacodyl- 
ate buffer, pH 7.4, treated with ice-cold 1% OsO4 in 100 
mM cacodylate buffer, pH 7.4 for 1 h and stained en 
bloc with uranyl acetate. The fixed cells, still in the 
plastic dish, were dehydrated, equilibrated with a mix- 
ture of Epon 812 and absolute ethanol (1:1, vol/vol), 
and subsequently, with pure Epon. Polymerization was 
done overnight at 60~ with only a thin layer of Epon 
left in the bottom of the dish. The resulting thin sheet of 
polymerized Epon, containing embedded cells, was care- 
fully separated from the petri dish and cut into small 
pieces. These pieces were then re-embedded in Epon in 
a manner to permit sectioning for perpendicular or tan- 
gential views of the cells (16). 

Cytochemical staining for acid phosphatase by the 
Gomori method (2) at pH 5.0 using fl-glycerophosphate 
as substrate was carried out on cultured cells after fixing 
in the culture dish with ice-cold 1% glutaraldehyde in 
100 mM cucodylate buffer, pH 7.4, for 3 h. Specimens 
incubated in medium without substrate served as con- 
trois. Incubation was carried out at 37~ for l ib  h on a 
shaker bath with constant agitation. After incubation, 
the cells were washed in cacodylate buffer, and then 
processed as above. 

Silver sections were cut on a Sorvall MT-2B ultrami- 
crotome with a Dupont diamond knife (DuPont Instru- 
ments, Sorvall Operations, Newtown, Conn.). Sections 
were doubly stained with uranyl acetate and lead citrate 
(37) before viewing in a Philips EM-300 electron micro- 
scope operated at 80 kV. For light microscope evalua- 
tion, l-/.tm thick Epon sections were cut with a glass 
knife, stained with azure II-methylene blue (38) and 
photographed with a Zeiss Universal Photomicroscope 
(Carl Zeiss, Inc., New York) on Kodak Panatomic-X 
film. 

Disruption and Subcellular Fractionation 

of  Smooth Muscle Cells 

The washed cells were suspended in 4 ml of cold SVE 
medium and disrupted with 15 strokes of a type B pestle 
in a small Dounce homogenizer (Kontes Co.). The ho- 
mogenate was transferred to a conical tube and centri- 
fuged at 750 rpm for 10 min at 4~ in an International 
PR-2 refrigerated centrifuge (International Equipment 
Co.) equipped with a no. 253 rotor. The supernate was 
removed with a Pasteur pipette and kept at 4~ The 
pellet was resuspended in 4 ml of SVE medium and 
homogenized again as described above. After centrifuga- 
tion, the postnuciear supernates (PNS) were pooled 
and brought to a vol of 10 nil. The pellet of nuclei and 
debris was suspended in 2.5 ml of SVE medium (N 
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fraction). Examination of these fractions by phase mi- 
croscopy indicated that nearly all the cells had been 
disrupted. Assay of latent N-acetyl-fl-glucosaminidase 
activity (34), a measure of lysosome integrity, revealed 
latencies of 70% or more for all PNS preparations except 
for the explant cell PNS which averaged only 61%. 

The PNS was subfractionated by density gradient cen- 
trifugation in a Beaufay automatic zonal rotor (3, 28). 
7.5 ml of PNS was layered onto a 24-ml sucrose gradient 
extending linearly with respect to volume from a density 
of 1.05-1.28, and resting on a 6-ml cushion of density 
1.32. All sucrose solutions contained 1 mM EDTA and 
0.1% ethanol. The rotor was run at 35,000 rpm for 35 
min at 4"C. Under these conditions, all but the smallest 
subcellular particles are brought to their equilibrium 
position. At  the end of the run, some 17 fractions were 
collected into tared tubes and weighed. The density of 
each fraction was determined with an Abb6 refractome- 
ter (Bausch & Lomb Inc., Analytical Systems Div., 
Rochester, N. Y.). 

Analytical Techniques 

Glycosidases and cathepsin C were assayed fluoro- 
metrically according to Peters et al. (34), except that the 
following incubation conditions were used: N-acctyl-fl- 
glucosaminidase, 0.25 mM 4-methyl umbelliferyl-2-acet- 
amido-2-deoxy-/3-o-glycopyranoside, 50 mM Na-citrate, 
pH 4.8, and 0.1% Triton X-100; fl-galactosidase, 0.25 
mM 4-methyl umbelliferyl-~o-galactopyranoside, 50 
mM Na-formate, pH 4.3, 5 mM MgC12, and 0.1% Tri- 
ton X-100; neutral a-glucosidase, 1 mM 4-methyl um- 
belliferyl-a-o-glucopyranoside, 50 mM Na-phosphate 
buffer, pH 7.1, and 0.1% Triton X-100; cathepsin C, 
0.5 mM glycyl-L-phenylalanyl-fl-naphthylamide, 50 mM 
Na-acetate, pH 4.2, 40 mM NaC1, 3 mM dithiothreitol, 
and 0.1% Triton X-100. Incubations were carried out 
for 15-60 rain at 37"C. Each enzyme assay was checked 
for linearity with time and enzyme concentration. Assays 
for cytochrome oxidase and 5'-nudeotidase were per- 
formed as described (34). Gradient fractions were di- 
luted with SVE medium before enzyme assay. 

Acid cholesteryl esterase was determined by a modifi- 
cation of the radioisotopic methods of Brecher et al. (7) 
and Takano et al. (47). Cholesteryl oleate, labeled in the 
fatty acid moiety (about 100/zCi aH//zmol), was incor- 
porated into egg lecithin liposomes (7). The final sub- 
strate solution, including liposomes, contained 2.54 mM 
egg lecithin, 25.4 /zM cholesteryl oleate, 1.0 mM Na 
taurocholate, and 50 mM Na-lactate-50 mM Na-acetate, 
pH 3.9. The reaction was begun by addition of 0.1 ml of 
this mixture to 0.1 ml of suitably diluted enzyme. Except 
for the 10 FCS studies in which detergent was omitted, 
all dilutions of the gradient fractions were made in SVE 
medium containing Triton X-100 adjusted in amount to 
give a concentration of 0.2%. The latter detergent was 
found necessary to prevent adsorption of the enzyme to 
test tubes, pipettes, etc. After incubation for up to 60 
rain at 37~ the reaction was stopped and the radioac- 

tive fatty acid released was extracted by the procedure of 
Belfrage and Vaughan (4). A 0.5-ml aliquot of the upper 
phase was added to 10 ml of scintillant (8 g of naphtha- 
lene, 600 ml of toluene, and 400 ml of 2-ethoxyethanol) 
and counted. Under these conditions, enzyme activity 
was observed to be linear with time and enzyme concen- 
tration. 

Protein was determined fluorometrically by the O- 
phthalaldehyde reaction (5). DNA was measured by the 
method of Burton (9). 

For all hydrolases, 1 U of activity corresponds to the 
hydrolysis of 1/zmol substrate/min at 37~ Cytochrome 
oxidase activity is expressed in the units of Cooperstein 
and Lazarow (13). 

Presentation o f  

Enzyme Distribution Results 

Results of gradient experiments are presented as nor- 
malized frequency histograms of the density distribution 
of the enzymes (15). The results of the top fractions, up 
to a density of 1.085 which relate mostly to soluble 
enzyme activities remaining in the starting layer, were 
pooled and plotted over a density interval of 1.035- 
1.085. The corresponding block is shaded in the histo- 
grams to indicate that it is not part of the density distribu- 
tion proper. The limit of 1.085 is somewhat arbitrary and 
is passed by sedimenting proteins of relatively large size. 
For these, the histograms are distorted on the low den- 
sity side by the presence of the soluble activity. 

The calculations and plots were done by computer, 
according to methods previously described (15, 28). 
Pooling and averaging of several distributiofis were per- 
formed as described by Leighton et ai. (28). The method 
requires conversion of all the histograms to the same 
preset density intervals and causes some loss in resolu- 
tion. To facilitate interpretation, the distribution for iso- 
lated calf cells is depicted on the figures as a dashed line. 
In addition, the number of experiments performed for 
each culture condition is given. 

Materials 

All chemicals were of analytical grade. Sucrose was 
purchased from Mallinckrodt Inc. (St. Louis, Mo.). The 
4-methyl umbelliferyl substrates were purchased from 
Koch-Light Laboratories Ltd., Colnbrook, Buckingham- 
shire, England. Glycyl-L-phenylalanyl-//-naphthylamide 
was prepared by Vega-Fox Biochemicals (Tuscon, 
Ariz.). Purified elastase, collagenase, and soybean tryp- 
sin inhibitor were purchased from Supelco, Inc. (Belle- 
fonte, Pa.), and most other biochemicais were obtained 
from Sigma Chemical Co. (St. Louis, Mo.). Purified O- 
phthalaldehyde was obtained from Durrum Chemical 
Corp., Palo Alto, Calif. Osmium tetroxide and 10% 
glutaraldehyde, sealed in ampules, were purchased from 
Electron Microscopy Sciences (Fort Washington, Pa.). 
Dulbecco's modified essential medium, Puck's saline, 
trypsin, penicillin, streptomycin, Fungizone, and culture 
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serums (non-heat-inactivated fetal calf and calf [up to 6 
mo old]) were obtained from Grand Island Biological 
Co. (Grand Island, N. Y.). 

R E S U L T S  

Growth Characteristics o f  the 

Smooth Muscle Cell Cultures 

Our investigations were carried out with smooth 
muscle cells grown under conditions typically used 
by others (Table I). Out-growths of cells from the 
explants appeared 10-14 days after initiation of ex 
vivo culture, and nearly confluent dishes of ex- 
plant ceils were obtained within 3-4  wk. After  
trypsinization and replating for subcultures, the 
cells grew rapidly with a population doubling time 
of - 4 8  h. Cells reached confluence in about 4 

days and cell numbers remained nearly constant 
for the next 3 days. Exposure of these confluent 
week-old cultures for 1 additional wk to 10 FCS or 
to 2 CS, 10 CS, or 50 CS had relatively little effect 
on cell number  (Table II),  but the apparent D N A  
content of the cells was increased 30-40% when 
FCS was replaced by CS in the medium. The 
reason for this increase is not evident,  but it might 
have been caused by: (a) underestimation of cell 
counts due to more abundant connective tissue 
fibers in cultures grown in CS, which tended to 
interfere with cell dispersion, (b) accumulation of 
D N A  derived from phagocytosis of dead cells, or 
(c) occurrence of polyploidy in the cultured cells. 
The latter was not investigated by us. It is a possi- 
bility, however,  in view of the results of Martin 
and Sprague (29) who found 10-14% tetraploid 

TABLE I 

Representative Examples of Culture Conditions Used for Studies of Smooth Muscle Cells 

Serum source and 
Cell source concentration Culture conditions* Reference 

Human aorta 10% Fetal calf serum Confluent subculture 3-4 wk after seeding (1) 
Human aorta 10% Fetal calf serum Nonconfluent subculture 6 days after seeding (22) 
Monkey aorta 10% Calf serum Explant grown 6-12 wk (19) 
Monkey aorta 1% Monkey serum Nonconfluent subculture maintained 7 days (41) 
Monkey aorta 10% Fetal calf serum Subculture, 80% confluent, <7 days after seeding (44) 
Swine aorta 1.5% Swine serum Nonconfluent subculture 4 days after seeding (8) 
Swine aorta 20% Swine serum Explant grown 4-9 days (14) 
Swine aorta 10% Fetal calf serum Subculture, 50-75% confluent 4-6 days after seeding (48) 
Rabbit aorta 10% Fetal calf serum Confluent subculture 7 days after seeding (32) 
Rat aorta 10% Fetal calf serum Confluent subculture 8-15 days after seeding (7) 
Calf aorta 10% Fetal calf serum Confluent subculture 1 wk after seeding; culture This 

continued additional week in various media study 

* Other variables include type of culture medium used, passage number of subculture, use of heat-inactivated serum, 
and method by which cell cultures were established before use. 

TABLE II 

Characterization of Subcultures Incubated in Various Media 

Total amount per confluent culture (75 cm z) 

Initial subculture 
(10 FCS) 10 FCS* 2 CS' 10 CS* 50 CS* 

Cell Count (• 106) 12,4 _ 2.3 16.8 • 2.9 10.3 -- 1.4 13.1 • 0.8 16.1 -- 2.5r 
(9) (6) (6) (6) (4) 

DNA (/~g) 76.7 • 17 104.4 • 18 91.6 • 19 106.9 • 16 170.7 • 64 
(9) (6) (6) (6) (6) 

pg DNA/cell 6.21 • 1.1 6,26 • 1.0 9.11 • 2.4 8.14 • 0,9 8.18 • 0.8 
(9) (6) (6) (6) (4) 

Values are given as means -- SD with number of experiments within parentheses. 
* Confluent initial cultures of first to seventh generations were incubated for 1 additional wk in the medium indicated. 
~: Probably underestimated due to high cell density. 
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ceils in confluent cultures of monkey aortic 
smooth muscle cells. Further aspects of cell pat- 
terns and morphology in vitro are described be- 
low. 

Biochemical  Studies 

ENZYME ACTIVITIES: As shown in Table 
III, in vitro growth of the calf aortic cells was 
associated with remarkable increases in the activ- 
ities of the assayed enzymes. These increases 
were already manifest in the explanted cells, 
ranging from less than twofold for cytochrome 
oxidase and cathepsin C to between three- and 
fivefold for 5'-nucleotidase and the three other 
acid hydrolases. Neutral a-glucosidase was the 
only enzyme measured that did not increase in 
the explanted cells. The activities recorded for 
the various enzymes were notably variable from 
one set of explants to another,  but with a high 
degree of internal correlation, i .e.,  all enzymes 
(with the single exception of cathepsin C) were 
either high or low in a given preparation. Con- 
ceivably, this variability is due to cell breakage 
and loss of cytoplasm (but not of nuclei) upon 
harvesting of explant cells, which were the most 
difficult to remove from the culture flask. 

Subculturing led to further increases in levels 
of all enzymes. These increases were similar 
whether the final subculture was carried out in 10 
FCS or in 10 CS, and averaged (with respect to 
the aortic cells in situ) ninefold for 5'-nucleotid- 
ase, fourfold for neutral a-glucosidase, sevenfold 
for cytochrome oxidase, 21-fold for acid choles- 
teryl esterase, 26-fold for/3-galactosidase, 15.5- 
fold for N-acetyl-/3-glucosaminidase, but only 

4.5-fold for cathepsin C. Protein also increased 
severalfold. Part of this was extracellular, con- 
sisting of matrix proteins (collagen, elastin, etc.) 
secreted by the cultured cells. Decreasing the CS 
concentration to 2% (2 CS) for 1 wk caused the 
protein content and most enzyme levels to fall 
substantially, although they remained much 
higher than the values obtained in aortic homog- 
enates. Increasing the serum concentration to 
50% (50 CS) had relatively little effect, except 
for decreasing cytochrome oxidase and increas- 
ing cathepsin C. 

S U B C E L L U L A R  F R A C T I O N A T I O N  O F  

SMOOTH MUSCLE CELLS: Figs. 1 and 2 
show the results of subfractionation of the PNS of 
isolated calf aortic cells, explant cellL and sub- 
cultured smooth muscle cells. Enzyme recoveries 
for these and subsequent experiments are given 
in Table IV. Examining first the results of 
subfractionations of isolated aortic cells (far left 
panels, Figs. 1 and 2), we see several distinct 
enzyme distribution patterns. 5'-nucleotidase 
shows a single skewed peak with a modal density 
of 1.11. Neutral a-glucosidase is partly soluble 
and partly particulate (modal density 1.13). Cy- 
tochrome oxidase shows a single peak with a 
mean equilibrium density of 1.17. The four acid 
hydrolases are largely sedimentable, with modal 
densities ranging between 1.15 and 1.17. Much 
of the protein is soluble and remains with the 
original layer, although some is distributed 
throughout the gradient. In general, these results 
are similar to the gradient distribution patterns 
obtained for cells isolated from rabbit aorta (34) 
and hog carotid artery (45). Especially notable is 

TABLE III 

Enzyme Content ofCalfAor6cSmooth Muscle Cells 

SubculturedceHs 
Calf  aorta* Explant cells:~ 

Enzyme (3) (4) 10 FCS (4) 2 CS (4) 10 CS (4) 50 CS (4) 

specific ecavity 
5'-Nueleotidase 420 • 20 1,530 • 1,500 3.760 • 1,400 1,870 • 800 3,910 • 1,200 5,290 • 480 
Neutral ~glucosidase  25 • 1 19 -+ 7 105 • 10 77 -+ 20 124 • 20 107 • 10 

Cytoe~ome ofidase 130 -+ 10 190 • 150 1.020 • 380 810 -+ 290 1,240 • 310 590 • 200 
Acid cholesteryl esterase 1.3 • 1 6.3 • 4 28.2 - 2 21.5 -+ 4 36.6 • 4 28.2 • 5 

Cathepsin C 38 -+ 2 62 • 30 139 -+ 90 152 -- 100 105 -+ 10 290 • 110 
B-Galactosidase 22 -+ 1 110 • 70 590 • 90 450 • 130 699 • 150 568 • 90 
N-acetyb,~bglucosaminidasr 70 • 3 230 -+ 150 1,210 • 400 800 •  460 1,150 -+ 450 1,190 - 120 

Protein - 20 -+ 10 139 • 10 61 • 10 122 • 40 82 • 40 

Enzyme content expressed as m U  of activity/mg D N A ;  protein expressed as rag/rag D N A .  Data  are presented as means -+ SD with number  of experiments 
within parentheses. 
* Measured in aortic homogenates;  mean D N A  content: 0 .912 • 0 .04 mg/g aorta. 
:~ Each sample comisted of pooled near-confluent cells from eight 28-cm ~ petri dishes. 
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TABLE IV 

Complementary Data on Cell Fractionation Experiments 

Subcolturedcells 

10 CS 
Enzyme Aortic cells Explant cells* 10 FCS 50 FCS 2 CS 10 CS (3 wk) 50 CS 

Enzyme Recoveries in Gradi~ats'* 

5'-Nudeotidase 94.4 --- 25 (2) 89.4 -+ 11 (3) 91.5 • 3 (3) 89.2 (1) 95.4 • 3 (2) 82.2 • 17 (3) 127.8 (1) 
Neua'al t~-giu- 113.5 • 7 (3) 99.0 • 9 (3) 110.4 • 5 (4) 119.6(1) 98.8 • 1 (2) 100.5 ~ 2 (3) 103.5 (1) 

cosidase 
Cytochrome ox- 108.3 • 14 (3) 65.4 • 6 (3) 78.5 • 15 (4) 217.3 (1) 77.1 • 14 (2) 89.5 • 15 (3) 62.2 (1) 

idase 
Acid cholesteryl 87.2 -+ 9 (3) 119.6 • 27 (3) 89.1 • 21 (4) 85.1 (1) 73.2 • 2 (2) 70.4 • 9 (3) 72.2 (1) 

esterase 
Cathepsin C 132.1 (1) 103.1 • 13 (3) 98.6 • 11 (4) 99.2 (1) 93.6 • 2 (2) 90.2 • 2 (3) 89.2 (1) 
fl-Galactosidase 108.5 • 7 (3) 82.3 • 4 (3) 86.1 • 7 (4) 96.0 (1) 81.8 • 2 (2) 79.9 • 6 (3) 81.0 (1) 
N-acetyl-S-glu- 65.6 • 12 (2) 57.7 • 6 (3) 77.3 • 6 (4) 94.0 (1) 61.4 • 2 (2) 74.1 • 3 (3) 89.4 (1) 

cosaminidase 
Protein 118.5 • 13 (3) 124.5 • 17 (3) 93.0 • 13 (4) 102.1 (1) 103.7 • 30 (2) 91.4 • 16 (3) 100.6 (1) 

117.2 --. 32 (3) 
99.8 • 6 (3) 

110.8 - 15 (3) 

80.7 • 8 (3) 

88.1 • 6 (3) 
84.9 -+ 4 (3) 
78.O • 3 (3) 

90.0 • 4 (3) 

Values refer to experiments described in Figs. 1 and 2 and Table V. They give means • SD with number of experiments within parentheses. 
* Each experiment consisted of pooled near-confluent cells from eight 28 cm~-petri dishes. 
:~ Sum of activities of gradient fractions expressed as percentage of activity of PNS fraction. 

the finding in all three species that acid hydro- 
lases believed to be associated with lysosomes 
equilibrate around a density of 1.15-1.17. 

Comparison of the distribution patterns ob- 
served on the cultured cells (remaining panels, 
Figs. 1 and 2) with those of isolated cells shows 
clearly that ex vivo growth was associated with 
marked increases in the equilibrium density of all 
enzymes except cytochrome oxidase (and acid 
hydrolases in the explant cells). For easier assess- 
ment of these increases, we have calculated for 
each experiment the median equilibrium density 
of sedimentable activity, the latter being defined 
somewhat arbitrarily as the activity recovered at 
densities higher than 1.085. This limit may trun- 
cate some distributions on the low density side to 
the extent that they contain particles of density 
lower than 1.085, or it may overload them on the 
same side if the enzyme measured is of suffi- 
ciently high molecular weight to sediment signifi- 
cantly in soluble form. A look at the distribution 
patterns shows that the resulting errors are likely 
to be small or negligible in most cases. 

The calculated median densities are shown in 
Table V. In this table, assumptions are made that 
5'-nucleotidase is associated with plasma mem- 
branes, neutral a-glucosidase with microsomes, 
cytochrome oxidase with mitochondria, and the 
four acid hydrolases with lysosomes. Besides 
conforming to the conclusions derived from pre- 
vious studies on rabbit aortic cells (33, 34) and to 
observations made on many other cell types, 
these assumptions are further supported by the 
differences observed between the distributions of 

enzymes believed to be located in different cell 
sites, as well as by the close similarities in the 
behavior of the acid hydrolases. The only uncer- 
tainty concerns neutral c~-glucosidase. We cannot 
exclude the possibility of the contribution of a 
lysosomal acid glucosidase to the measured activ- 
ities in the preparations where lysosomal enzyme 
activities have risen considerably (Table III). The 
same problem has been encountered with athero- 
matous rabbit aortic cells (33). 

Looking first at the explants, we observe large 
increases in the density of plasma membranes 
and of microsomes, but not of lysosomes (Table 
V and Figs. 1 and 2). Subculturing leads to fur- 
ther increases in plasma membrane and micro- 
some density, associated now with a marked rise 
in lysosome density. In all cultures, the density of 
mitochondria is either the same as, or lower than, 
the value observed on the freshly isolated cells. 
In general, density increases tended to be higher 
in 50% serum than in 10% or 2% serum for all 
three groups of affected particles. On the other 
hand, no consistent difference was found be- 
tween FCS and CS. In 10% serum, lysosome 
density was higher in CS than in FCS, but the 
opposite was true in 50% serum. Prolonging the 
time of culturing in 10 CS from 1-3 wk caused the 
microsomes to reach a particularly high density, 
without affecting the density of the other particles. 

Morphologic Studies 

The intact calf aorta contains typical smooth 
muscle cells with characteristic abundant myo- 
filaments, surface vesicles, and a prominent base- 
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TABLE V 

Centrifugal Properties o f  Smooth Muscle Cell Organelles 

Aortic cells 
(3) 

Subeulturcd ce/ls 

10CS 
Explant cells 10 FCS 50 FCS 2 CS 10 CS (3 wk) 50 CS 

(3) (4) (1) (2) (3) (1) (3) 

Plasma membranes 
5'Nudeotidase 1.114 - 0.001 1.130 - 0.007 

Microsomes 
Neutral ot-glucosi- 1.138 -+ 0.003 1.162 -+ 0.014 

dare 
Mitoclaondria 

Cytochrumeoxidase 1.172 .+ 0.005 1.165 -+ 0.003 
Lysosomes 

Acid cholesteryl es- 1.161 -+ 0.021 1.151 --- 0.010 
terase 

Cathepsin C 1.169 1.159 • 0.005 
,8-Galactosidase 1.155 .+ 0.008 1.155 -+ 0.016 
N-acetyl-~-glucosa- 1.158 .+ 0.002 1.156 • 0.002 

minidase 
Mean lysosome den- [1.159] [1.155] 

sity 

Median equilibrium density 

1.158 - 0.007 1.162 1.146 -+ 0.002 1.148 _+ 0.008 1.149 1.168 - 0.004 

1.173 --_ 0.016 1.173 1,179 • 0 .004 1.176 --- 0.017 1.203 1.184 • 0.004 

1.173 - 0.005 1.166 1.153 -+ 0.015 1.161 .+ 0.007 1.161 1.169 -+ 0,004 

1.172 .+ 0.014 1.223 1.189 -+ 0.004 1.188 -+ 0.013 1.202 1.204 .+ 0.006 

1.180 -+ 0.019 1.231 1.196 • 0 .009 1.197 - 0 .004 1.199 1.208 -+ 0.002 
1.173 -+ 0.021 1.230 1.191 .+ 0.004 1.191 .+ 0.008 1.192 1.212 .+ 0.007 
1.173 .+ 0.015 1.231 1.180 -+ 0.011 1.191 -+ 0.009 1.191 1.211 .+ 0.007 

[1.176] [1.229] [1.189] [1.192] [1.196] [1.209] 

Population median equilibrium density of sedimentable activity (defined as activity equilibrating at densities >1 .085) .  Values are expregscd as means .+ SD 
with number of experiments within parentheses. They are derived from experiments described in Figs. 1 and 2, and from two additional experiments (50 FCS 
and 10 CS, 3 wk) not reported in detail in the paper. 

ment membrane (Fig. 3A). Adjacent to the cen- 
trally located elongated nucleus are mitochon- 
dria, numerous ribosomes, and rough endoplas- 
mic reticulum (RER) sometimes dilated by the 
presence of intracisternal material. Glycogen de- 
posits are sometimes evident. A well-developed 
Golgi apparatus is often seen in the juxtanuclear 
region and membrane-bounded vesicles of varying 
size and appearance, some of which may be lyso- 
somes, are present. Aortic cells isolated from the 
intact tissue by enzymatic digestion (Fig. 3B)  
exhibit all of these features except that the cells 
are found in a highly contracted state, resulting in 
some disorganization of the cytoplasm, and lack 
a basement membrane. 

Electron microscope studies of explant cells 
and subcultured cells revealed that they exhibit 
characteristic features of smooth muscle ceils in- 
cluding numerous myofilaments with dense at- 
tachment plaques and arrays of surface vesicles; 
the basement membrane is less prominent (Fig. 
4). These cells differ from in situ cells in having 
more lysosomal structures, including multivesic- 
ular bodies, vacuoles containing myelin-like fig- 
ures, and, sometimes, autophagic vacuoles. An- 
other notable feature is the presence of a dilated 
RER filled with amorphous material. Examina- 
tion of explant ceils in particular shows them to 
differ little from subcultured cells except for their 
having fewer lysosomal structures (Fig. 5). Num- 

bers of organelles varied considerably from one 
explant culture to another. 

Under the culture conditions studied here, all 
subcultures of calf aortic ceils show the charac- 
teristic features of cultured smooth muscle cells 
described by others (8, 21, 29, 39, 42). These 
include, in part, growth in hills and valleys and 
the appearance of an extracellular matrix with 
prominent collagen fibers. Subcultured cells 
grown in 10 FCS (Fig. 4) have the abundant 
organelles typical of all ceils in culture but have 
increased numbers of lysosomes compared to ex- 
plant cells. Lysosomal structures containing 
membranous whorls and other debris are more 
prominent. These cells also accumulate cytoplas- 
mic glycogen and lipid droplets (not shown). 

Cultured aortic smooth muscle cells exposed to 
CS undergo further changes in appearance com- 
pared to cells grown in FCS. Prominent cytoplas- 
mic features of cells cultured in all concentrations 
of CS studied are an extensive RER and an 
extremely well developed Golgi apparatus. Ac- 
cumulations of cytoplasmic glycogen and lipid 
droplets are also greater in these cells than in 
cells grown in FCS and seem to increase in rela- 
tion to the CS concentration. Most notable gen- 
erally is the more complex appearance of the 
lysosomes. Specifically, in cells grown in 10 CS 
(Fig. 6), the matrix within lysosomes is denser 
than that of cells grown in 10 FCS. The lysosomal 
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FmURE 3 Appearances of calf aortic smooth muscle cells/n situ and in isolated form after enzymic 
digestion of extracellular matrix. These cells exhibit typical features of smooth muscle cells such as 
abundant myofilaments (mr) with associated attachment plaques or dense areas (da), and numerous 
surface pinocytic vesicles (pv). (A) Portions of an aortic cell in vessel wall. Located in the juxtanuclear 
region are Golgi apparatus (Ga), rough endoplasmic reticulum (RER), mitochondria (m), and multivesic- 
ular body (mvb). A prominent basement membrane (bin) is adjacent to the cell periphery and the cells are 
embedded in an extracellular matrix of collagen (co) and elastin fibers. N, nucleus; gl, glycogen, c, 
centriole. • 17,000. (B) Portion of an isolated aortic cell. Structures readily discerned are the nucleus, 
RER, numerous mitochondria, and membrane-bounded vesicles (v) of varying sizes, x 18,000. 



FIGURE 4 View of layers of calf aortic smooth muscle cells subcultured in 10 FCS. Sectioning is 
perpendicular to the culture dish bottom. Subcultured calf aortic smooth muscle cells have features typical 
of smooth muscle cells such as myofilaments (mJ0 with associated attachment plaques (da), surface 
pinocyiic vesicles (pv), and a basement membrane (bin). The basement membrane tends to be less evident 
in culture than those seen/n situ. The layers of cells are surrounded by extracellular matrix consisting 
mainly of collagen fibers (co) with little recognizable elastin. N, nucleus; m, mitochondria; Ga, Golgi 
apparatus; m vb, multivesicular body; ly, lysosomes; RER, rough endoplasmic reticulum; rot, microtubule. 
x 19,000. 

I77  



FmURE 5 Tangential view of portion of a calf aortic explant cell grown for 3 wk in 10 FCS. The 
appearance of the cytoplasm differs from that of in situ and freshly isolated aortic cells. Numerous 
lysosome-like structures of various sizes are seen. Some of these structures contain membranous whorls (*) 
and some appear as multivesicular bodies (mvb). The rough endoplasmic reticulum (RER) is extensive and 
contains amorphous material. N, nucleus; m, mitochondria; Ga, Golgi apparatus, mr, myofilament; da, 
dense area or attachment plaque, x 12,000. 
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F m u ~  6 Tangential view of portion of a calf aortic smooth muscle cell subcultured for 1 wk in 10 CS. A 
change in the appearance of the lysosomes is seen. The lysosomes (ly) are filled with myelin figures and 
their matrices contain moderately electron-dense material. Intracytoplasmic lipid droplets (L) and glyco- 
gen (not shown in this section) are more prevalent. N, nucleus; m, mitochondria; Ca, Golgl apparatus; 
RER, rough endoplasmic reticulum; mr, microtubule; mf, myofilaments; da, attachment plaque, pv, 
pinocytic vesicles; co, collagen, x 12,000. 
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matrix becomes even denser in cells cultured in 
50 CS (Fig. 7). The cytochemical reaction for 
acid phosphatase exhibited by these particles 
(Fig. 7C)  supports their identification as lyso- 
somes. These electron-dense lysosomes are - 1  
/~m in diam, which makes them large enough to 
be identified at the light microscope level. Many 
of the black dots seen in the light micrographs 
(Fig. 8C and D)  may well correspond to the 
same structures seen at the ultrastructural level. 

Considerable variation in the complexity of the 
cytoplasmic appearances of cells grown under 
different culture conditions can also be appreci- 
ated when seen over larger fields at the light 
microscope level (Fig. 8). 

DISCUSSION 

Under the conditions used in this work, calf aor- 
tic smooth muscle cells undergo striking bio- 
chemical and morphological changes upon cul- 
turing in vitro. As they grow out of the original 
explant in a medium containing 10 FCS, their 
plasma membrane becomes denser as well as 
enriched severalfold in 5'-nucleotidase. Neutral 
t~-glucosidase activity, the marker used for mi- 
crosomes, remains unchanged, but the equilib- 
rium density of these particles in a sucrose gra- 
dient increases significantly. This change is asso- 
ciated with a morphologically observed dilation 
of the endoplasmic reticulum, which appears 
filled with amorphous material, presumably se- 
cretory protein. Cells from explants also show 
particularly striking changes affecting the lyso- 
somes, which are increased in number, diversi- 
fied in morphological appearance,  and enriched 
considerably in acid hydrolase activities, without, 
however, showing any change in equilibrium 
density. Least affected are the mitochondria 
which show only a moderate increase in cyto- 
chrome oxidase activity and little change in den- 
sity. 

The above modifications are exaggerated, and 
new ones appear,  when the smooth muscle cells 
are removed from the explant and subcultured. 
Plasma membrane density and 5'-nucleotidase 
activity increase even more, while evidence of a 
high pinocytic activity can be seen morphologi- 
cally. Further development and dilation of the 
endoplasmic reticulum is observed, in association 
with further increases in the density of micro- 
somes. In addition, the microsomal marker en- 
zyme neutral t~-glucosidase now rises severalfold 
in activity. Further marked changes also affect 

the lysosomes which become even more numer- 
ous and polymorphic. Their equilibrium density 
in a sucrose gradient increases also, sometimes 
very markedly. The acid hydrolase levels of the 
subcultured cells are now 5-25 times greater than 
in aortic cells in situ. Even the mitochondria 
change in the subcultured cells, displaying as 
much as a sevenfold increase in cytochrome oxi- 
dase activity, but their equilibrium density is not 
altered. 

The functional correlates of the observed 
changes are not easily identified, but seem to 
center around the main processes of protein im- 
port and export. The biochemical indication of 
plasma membrane proliferation, the morphologi- 
cal signs of active pinocytosis, the high develop- 
ment and enzymatic enrichment of the lysosome 
system, together with the physical and morpho- 
logical evidence of overloading of this system 
with dense material, all point toward enhanced 
uptake and processing of proteins. Since the 
changes tend to increase with increasing serum 
concentration, stimulation of pinocytosis and of 
lysosome development by a serum factor, such as 
found by Cohn and Benson (11) for monocytes, 
could be implicated. There are also signs that 
that the cells engage in enhanced protein synthe- 
sis and secretion, as evidenced by the develop- 
ment and dilation of the endoplasmic reticulum, 
and by the deposition of collagen. The increased 
activity and equilibrium density of the micro- 
somal marker neutral c~-glucosidase could be a 
reflection of this change. 

Summarizing the observed modifications, one 
might say that the calf aortic smooth muscle cells 
tend, upon in vitro cultivation, to become both 
more macrophage-like and more fibroblast-like. 
Such a modification is not uncommon. For in- 
stance, it is seen in cells undergoing transforma- 
tion to foam cells in atherosclerotic lesions due to 
lipid overloading (33). Two points must be 
stressed. First, the cells involved are the smooth 
muscle cells themselves. Even in the cultures 
showing the greatest changes, characteristic my- 
ofilaments and other typical features of smooth 
muscle cells can readily be recognized in all cells 
(Fig. 7 B).  Second, the altered cells do not seem 
to be in any special pathological state. They pro- 
liferate rapidly on subculture, oxidize glucose 
very actively (M. M. Daly and H. Wolinsky, 
unpublished observation), and show an abun- 
dance of cytoplasmic organelles. 

We do not know the nature of the factors that 
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FIGUSE 7 Tangential view of portion of a calf aortic smooth muscle cell subcultured for 1 wk in 50 CS. 
(A) The most striking change is the increase in electron density of the lysosomal matrix. Most lysosoraes 
(ly) still contain rayefin figures. The well-developed Golgi apparatus (Ga) is prominent. N, nucleus; ra, 
mitochondria; RER, rough endoplasmic reticulum; L, intraacytoplasraic lipid droplets; gl, glycogen, x 
12,000. (B) Abundant rayofilaraents and surface vesicles seen in the periphery of a cell from the same grid 
as in (A). x 23,000. (C) Acid phosphatase reaction product in two dense lysosoraes, x 20,000. Bars, I 
g,m. 
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FIGURE 8 Tangential view of smooth muscle cell cultures. 1-/zm thick Epon sections were stained with 
methylene blue-Azure II and viewed by light microscopy. (A) explant cells in culture; (B) subculmred cells 
in 10 FCS; (C) subcultured cells in the presence of 10 CS; (D) subcultured cells in the presence of 50 CS. 
The appearance of darkly stained granules in (C and D) may be correlated at the ultrastructural level with 
lysosomes having electron-dense matrices. Bar, 10/zm. x 1,000. 

cause the changes we have observed, nor 
whether similar alterations occur in the smooth 
muscle cell cultures developed by others, espe- 
cially under conditions which appear to return 
cells to a quiescent state comparable to that pre- 
vailing in vivo (43). However, our culture condi- 
tions are comparable to those employed by other 
investigators (Table I) and our morphological 
findings are not peculiar to the calf aortic smooth 
muscle cells described in this paper. Similar ob- 
servations have been made on cultured smooth 
muscle cells derived from swine (8, 26, 42), 
guinea pig (39), rat (6), monkey (18), and hu- 
man (21, 31) arteries. It is not unlikely, there- 
fore, that some of the biochemical changes we 
have found to be associated with the morphologi- 
cal alterations also occur upon subculturing in 
these other preparations. That important func- 
tional changes may take place upon culturing 
arterial cells is shown in a recent paper by Cham- 
ley et al. (10), who have found that cells isolated 

from humans, monkeys, and rabbits become un- 
responsive to angiotensin II and lose their ability 
to bind antimyosin antibodies after about 9 days 
in culture. By then, the cells are said to resem- 
ble fibroblasts morphologically. 

Cultured arterial smooth muscle cells have be- 
come a popular system for the testing of various 
factors suspected of playing a role in the develop- 
ment of arterial disease. Such a system clearly 
has powerful potentialities, provided its rele- 
vance to arterial pathophysiology can be estab- 
lished. The results described in the present paper 
indicate that a great deal of caution should be 
exercised in transposing from the in vitro to the 
in vivo situation, especially since some of the 
changes induced by culturing resemble altera- 
tions found in vascular disease. 
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