and blood ascorbic acid in this group rep-
resents hepatic synthesis on a low intake
of vitamin A, with no liver storage.

In summary, depletion of liver vitamin
A will cause a decrease in the hepatic syn-
thesis of ascorbic acid, confirming pre-
viously reported work (8). Rogers (3/) has
suggested that this effect is due more to in-
anition than the vitamin A deficiency.
However, the fact that our vitamin A-de-
pleted groups did not show any significant
differences in their weight-growth curves
from the controls tends to rule out this pos-
sibility. In addition, if inanition was the
cause of the decrease in ascorbic acid syn-
thesis, then depletion studies with other vi-
tamins should have shown adrenocortical
effects. To our knowledge this is not the
case.

The result of the reduction in ascorbic
acid biosynthesis is a decrease in the activi-
ty of adrenal 38-HSD, and a series of his-
tological changes in the adrenal which re-
semble scurvy in the guinea pig (23, 24).
These changes have been attributed to the
vitamin A dependency of adrenocortical
function (/, 2). The use of an ascorbate
supplement in vitamin A-depleted rats
prevented all of the aforementioned symp-
toms.

The above data provide a possible ex-
planation for the conflicting reports con-
cerning the effects of hypovitaminosis A on
the adrenal cortex of the rat; that is, a lack
of vitamin C in their diet. Further work is
needed to ascertain whether the ““protec-
tive” effect of ascorbic acid is still present
in more extreme cases of vitamin A-defi-
ciency. However, our work shows the im-
portance of ascertaining that only one defi-
ciency exists when performing vitamin de-
pletion studies.
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Cyclic Stretching Stimulates Synthesis of Matrix Components

by Arterial Smooth Muscle Cells in vitro

Abstract. Rabbit aortic medial cells were grown on purified elastin membranes, which
were then subjected to repeated elongation and relaxation or to agitation without stretch-
ing. Cells remained attached to the membranes, and cyclic stretching resulted in a two- to
Sourfold increase in rates of collagen, hyaluronate, and chondroitin 6-sulfate synthesis
over those in agitated or stationary preparations. Synthesis of types I and I1I collagen
was increased to the same degree. Stretching did not increase rates of chondroitin 4-sul-
fate or dermatan sulfate synthesis. Differences were not attributable to differences in cell
number, for DN A synthetic rates were not increased by stretching. The model system de-
vised to demonstrate these effects provides a means for relating various modes of me-

chanical stimulation to cell metabolism.

Recent investigations have revealed con-
sistent qualitative and quantitative rela-
tionships between the composition of arte-
rial walls and estimates of medial stress (/,
2). These findings suggest that physical
forces related to pressure and flow direct
medial cell biosynthesis, thereby modu-
lating structural adaptations to hemo-
dynamic changes. Differential synthetic re-
sponse to mechanical stimuli would be ex-
pected to play a major role in the differ-
entiation, growth, and maintenance of
cardiovascular and other connective tis-
sues (3). The mechanisms regulating tissue
adaptations to physical stresses are poorly
understood, and quantitative data relating
mechanical forces directly to cellular bio-
synthesis are not available. Since informa-
tion of this kind could provide a basis for
understanding the limitations of blood ves-
sel wall adaptation in normal and diseased
states, we devised a model system in which

cultured aortic medial cells could be sub-
jected to a variety of mechanical stimuli
similar to those that prevail in the arterial
wall. The system consists of a purified elas-
tin membrane suspended in cell culture
medium and coupled to an apparatus de-
signed to stretch and relax the membranes
at various desired frequencies and ampli-
tudes. We report here that aortic medial
cells attached to such elastin membranes
and subjected to cyclic stretching consist-
ently synthesized collagen and certain acid
mucopolysaccharides much more rapidly
than did cells growing on stationary mem-
branes or on membranes subjected to agi-
tation without stretching. To our knowl-
edge this is the first demonstration of a di-
rect relationship between mechanical
forces and the synthesis of connective tis-
sue components by smooth muscle cells.
The elastin membranes were prepared
by slicing blocks of fresh bovine aortic me-
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Fig. 1. Diagrammatic
representation of the
apparatus used for
cyclic  stretching or
agitation  of  cells

]
wal

cultured on elastin
membranes.  Culture
dishes containing the
stretched or agitated
membranes (A4) and

>

E
h

e e

the paired stationary
4

controls (B) are main-

tained in an airtight chamber (C). The dish containing a stretched or agitated membrane is equipped
with a plunger (D) passing through an airtight seal in the side of the dish. The plunger is connected
to a disk (G) mounted on the shaft of a variable speed motor (H) by means of an adjustable rod (E)
passing through an airtight seal in the wall of the airtight chamber, and a guide support (F). Further

details may be found in the text.

diums on a rotary meat slicer. Sections 400
um thick were autoclaved and subjected to
extraction with hot alkali to remove non-
elastin components (4). Amino acid analy-
sis as well as inspection by transmission
and scanning electron microscopy in-
dicated that such treatment yielded a sheet
composed entirely of a network of elastin
plates and interconnecting elastin fibers.
The smooth muscle cells were prepared by
culturing cells grown out of explants of
rabbit thoracic aorta in the manner de-
scribed by Ross (5). Cells were subcultured

once, plated onto the elastin membranes at
confluency, and allowed to grow for 3 days
before the start of each experiment.

In the series of experiments that forms
the basis of this report, rates of synthesis of
protein, collagen, mucopolysaccharide,
and DNA were determined under three
conditions: (i) when the cells were grown
on membranes that were stretched cy-
clically, (ii) when the cells were grown on
fixed elastin membranes that were dis-
placed linearly without stretching (that is,
agitated), and (iii) when the cells were

Table 1. Effects of cyclic stretching or agitation on protein, collagen, DNA, and mucopolysaccharide
synthesis. Data are from five typical experiments. For each experiment, cells from the same explant
were grown on a pair of identical unstretched elastin membranes for 3 days. One membrane of each
pair was then stretched cyclically or agitated for 2 days, while the other served as a simultaneous sta-
tionary control. Eight hours before harvest, cells were incubated in the presence of labeled pre-
cursors. Results for each experiment are expressed as counts per minute in cells and culture medium
per microgram of DNA. To study the effect of cyclic stretching or agitation on protein and DNA
synthesis, cells were incubated in the presence of ['“C]proline (0.2 uc/ml) and [*H]thymidine
(1 uc/ml). Stretching was associated with a 3-fold increase in ['*C]proline uptake into proline and a
3.7-fold increase of ['*C]proline uptake into hydroxyproline, while thymidine incorporation was un-
changed compared to the stationary paired membrane. Agitation without stretching was associated
with a 1.7-fold increase in ["*C]proline uptake into proline and a 1.25-fold increase in [**C]proline
uptake into hydroxyproline, while [*H] thymidine incorporation was increased 1.8-fold. To study the
effect of cyclic stretching on collagen-type synthesis, cells were incubated in the presence of ['*C]pro-
line (0.2 ¢/ml), ascorbate (50 pg/ml), and g-aminoproprionitrile (50 pg/ml). Type I and type 111 col-
lagen showed comparable increases in synthesis in stretched compared to stationary membranes,
2.75- and 3.45-fold, respectively. To study the effect of cyclic stretching or agitation on mucopolysac-
charide synthesis, cells were incubated in the presence of [*H]acetate (2 uc/ml). Incorporation of
[*H]acetate into hyaluronate, chondroitin 4-sulfate, chondroitin 6-sulfate, and dermatan sulfate was
determined as described in the text. Stretching was associated with a 3.8-fold increase in hyaluronate
and a 2.9-fold increase in chondroitin 6-sulfate synthesis, compared to stationary paired controls.
Dermatan sulfate synthesis showed only a 1.6-fold increase in the agitated preparation.

Counts per minute per microgram of DNA

Precursor incorporation Paired membranes Paired membranes

Stretched Stationary Agitated Stationary
Effect of cyclic stretching or agitation on protein and DNA synthesis
["*C]Proline into proline 49,600 16,300 17,400 10,600
["*C]Proline into hydroxyproline 7,100 1,900 2,000 1,600
[*H]Thymidine into DNA 25,000 23,600 12,500 7,000
Effect of cyclic stretching on collagen-type synthesis
['“C]Proline into type I collagen 20,600 7,500
['“C]Proline into type 111 collagen 10,820 3,110
Effect of cyclic stretching or agitation on mucopolysaccharide synthesis

[’H]Acetate into hyaluronate 15,730 4,800 9,300 10,170
[*H]Acetate into chondroitin 4-sulfate 140 140 620 475
[*H]Acetate into chondroitin 6-sulfate 1,540 530 1,500 1,500
[*H]Acetate into dermatan sulfate 830 670 1,230 780
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grown on stationary elastin membranes.
For each of the stretching or agitation ex-
periments, the biosynthetic activity of cells
derived from the same explant and grown
under the same conditions but attached to
a stationary membrane was measured at
the same time to serve as a paired control.
Elastin membranes destined for cyclic
stretching were mounted on a frame, one
end of which could be displaced on tracks.
The frame was then fixed in a specially de-
signed rectangular culture dish equipped
with a plunger passing through one of its
sides by way of a watertight seal. The end
of the plunger within the dish was then at-
tached to the movable edge of the mem-
brane mounting frame, while the end of the
plunger extending outside the flask was
connected by means of an extensible rod to
a disk mounted on the shaft of a variable
speed motor. The entire assembly could be
adjusted to subject the elastin membranes
to different initial tensions and to stretch-
ing through different amplitudes over a
range of rates. Elastin membranes destined
to be agitated without stretching were
mounted on similar frames. The movable
edge was fixed with a setscrew after the de-
sired initial tension was established and
then attached to the plunger. The entire
frame could then be displaced linearly to
and fro within the flask at the desired fre-
quency and amplitude. During the experi-
ments, the cultures were maintained in an
airtight chamber gassed with a mixture of
10 percent CO, and 90 percent air at 37°C.
The rod connecting the culture dish plung-
er to the motor passed through an airtight
seal in a wall of the chamber. A diagram of
the apparatus is furnished in Fig. 1; de-
tailed specifications for its construction
will be provided elsewhere (6).

The effects of cyclic stretching or agita-
tion on protein, collagen, mucopolysaccha-
ride, and DNA synthesis were determined
by measuring the incorporation of radio-
active precursors into the respective mac-
romolecules. After 2 days of cyclic stretch-
ing or agitation, radioactive precursors
were added and stretching or agitation
was continued for 8 hours. Protein
and collagen synthesis was measured by
['*C]proline incorporation into non-
dialyzable proline and hydroxyproline, re-
spectively. Separation of hydroxyproline
and proline was carried out by the method
of Lukens (7). Mucopolysaccharide syn-
thesis was measured by incubating the cells
in the presence of [*H]acetate. Analysis
consisted of 0.5N NaOH treatment, tri-
chloroacetic acid precipitation to remove
contaminating protein, dialysis, and en-
zymic degradation by chondroitin ABC
lyase (E.C. 4.2.2.4) and chondroitin AC
lyase (E.C. 4.2.2.5). The mucopolysaccha-
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ride disaccharide units were separated ac-
cording to previously described methods
(8). For the study of DNA synthesis,
[*H]thymidine incorporation into material
precipitable with trichloroacetic acid was
determined. Total DNA was measured by
the method of Burton (9). The collagens
were isolated and characterized by labeling
the cells with ["“C]proline in the presence
of vitamin C and g-aminoproprionitrile,
extraction from cells or culture medium
with dilute acetic acid, and precipitation
with 5 percent NaCl in the presence of car-
rier collagen. This precipitate was dis-
solved and treated with pepsin, reprecipi-
tated with 15 percent KCI, and passed
through a Bio-Gel A-5m column. After
reduction and alkylation of disulfide
groups, the collagen type was identified by
carboxymethyl cellulose chromatography
(10).

In the series of experiments reported
here, the cyclically stretched membranes
were stretched 10 percent beyond their
resting length and returned to this position
52 times per minute; the agitated mem-
branes were displaced without stretching
for a similar distance and at the same fre-
quency. Transmission and scanning elec-
tron micrographs of cultures grown on
these elastin membranes showed that the
cells formed numerous attachments to the
elastin plates as well as to each other; such
attachments persisted after prolonged
stretching or agitation (/7). We have there-
fore presumed that when the elastin mem-
branes were stretched, cells anchored to
the membranes were likewise stretched or
deformed. The data reported here are
drawn from a total of 75 experiments per-
formed with the apparatus described
above. Each stretching or agitation experi-
ment was repeated at least three times.

Cyclically stretched preparations incor-
porated ["*C]proline into protein 3 to 5
times more rapidly and into hydroxy-
proline 4 to 5 times more rapidly than did
stationary controls. There was, however,
no difference in [*H]thymidine incorpora-
tion between stretched or stationary cul-
tures. By contrast, cells subjected to agita-
tion without stretching incorporated
[*“C]proline into protein only 1.2 to 2 times
more rapidly and into hydroxyproline only
1.2 to 1.5 times more rapidly than did sta-
tionary cultures, but the stimulation was
accompanied by a nearly twofold increase
in rate of [*H]thymidine incorporation.
Protein, collagen, and DNA synthesis are
compared from two typical experiments
for cyclic stretching and for agitation with-
out stretching in Table 1. Characterization
of the collagens synthesized by cyclically
stretched cells indicated that stretching in-
creased the rate of synthesis of both type I
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and type III collagen to the same degree
(Table 1). The effects of cyclic stretching
and agitation on mucopolysaccharide syn-
thesis in typical experiments are also com-
pared in Table 1. After cells were stretched
for 2 days there was a threefold stimu-
lation of [*H]acetate incorporation into
hyaluronate and chondroitin 6-sulfate but
no significant increase in incorporation
into chondroitin 4-sulfate or dermatan sul-
fate over that in stationary cultures. In
contrast, agitation led to no significant
changes in mucopolysaccharide synthesis
over that in stationary cultures. Thus,
stretching and agitation had different ef-
fects on cell synthesis. Stretching resulted
in marked stimulation of peptide proline
(protein) and peptide hydroxyproline (col-
lagen) synthesis without stimulation of
DNA synthesis. Agitation resulted in par-
allel stimulation of protein, collagen, and
DNA synthesis, but the stimulation of syn-
thesis of both protein and collagen was
much lower than that induced by stretch-
ing. The effect of stretching on collagen
synthesis was consistently greater than the
effect of stretching on overall protein syn-
thesis. Stretching resulted in a differential
increase in rates of hyaluronate and
chondroitin 6-sulfate synthesis, while agi-
tation had no effect on rates of mucopoly-
saccharide synthesis.

It is theoretically possible that the me-
chanically induced differences in radio-
active precursor incorporation into protein
were due in part to alterations in size of in-
tracellular precursor pools or to altera-
tions in rates of reutilization of radioactive
amino acid (/2) rather than to increased
rates of synthesis. Although rates of equili-
bration between exogenous amino acids
and the several possible intracellular pools
are unknown, studies utilizing HeLa cells
(13) and skeletal muscle cells (/4) indicate
that [*H]leucine in the medium equili-
brates with the intracellular free pool with-
in 15 minutes. It is therefore probable that
our data, based on findings after a relative-
ly long labeling time of 8 hours, reflect syn-
thetic rate. Such considerations are not ap-
plicable to the data on mucopolysaccha-
ride precursor incorporation; in these ex-
periments, the differential incorporation of
a single precursor into different mucopoly-
saccharides should reflect differences in
synthetic rate.

Stimulation of macromolecular syn-
thesis by cyclic stretching of smooth
muscle cells in our in vitro model parallels
some of the changes in composition of ar-
tery walls that have been associated with
presumed increases in medial tensile stress.
For example, collagen accumulation dur-
ing growth is much more rapid in the as-
cending aorta than in the pulmonary

trunk, which is at lower pressure (/5); aor-
tic collagen production is greatly accelerat-
ed by experimental hypertension (2); and
sulfated mucopolysaccharides are selec-
tively increased in both aortas and pulmo-
nary arteries that have been subjected to
hypertension (/6). The model system de-
scribed in this report should permit de-
tailed characterization of the relative ef-
fects of variations in frequency, amplitude,
or pattern of stress on cell proliferation
and on the elaboration of specific matrix
components. Since in vivo findings are ap-
parently reproduced in this system, such
studies may also be expected to contribute
insights into the mechanisms by which tis-
sues normally subjected to mechanical
stress differentiate, grow, adapt, and in-
volute.
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