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Mechanical forces related to pressure and flow are
mportant for the etiology of atherosclerosis and hy-
ertension. We hypothesized the presence of mech-
nosensors that were solely sensitive to pure atmo-
pheric pressure in the absence of shear and tensile
tresses. A pressure-loading apparatus was set up to
xamine the effects of atmospheric pressure on human
ortic smooth muscle cells (HASMC). Pressure appli-
ation of 140 to 180 mmHg produced DNA synthesis in
pressure-dependent manner. In contrast, pressure of
20 mmHg or less produced no significant change.
oth extracellular signal-regulated kinase and c-Jun
-terminal kinase activities, but not p38 activity, were

timulated by pressures of more than 160 mmHg. Per-
ussis toxin (PTx) completely inhibited the pressure-
nduced increase of DNA synthesis under the high
ressure of 200 mmHg. These data suggest that
ASMC have a mechanosensing cellular switch for
NA synthesis which is sensitive to pure atmospheric
ressure, and that the molecular switch is activated by
ressure of more than 140 mmHg. The activation
echanism consists of PTx-sensitive and -insensitive

athways, and the former is activated by high pure
ressure. © 1999 Academic Press

Abnormal growth and proliferation of vascular
mooth muscle cells have been implicated in the patho-
enesis of atherosclerosis and hypertension (1). Me-
hanical stresses are likely to be involved in this pro-
ess, since it has been demonstrated that they regulate
ell growth in many tissues (2). In arteries, for exam-
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rucial in promoting blood vessel wall remodeling.
uch vascular remodeling may have important clinical

mplications for the evolution of several vascular dis-
ases, may alter vascular compliance in hypertension
nd atherosclerosis, and may cause vascular fragility
nd compensatory changes in atherosclerosis (3).
Various stresses have been studied, including cyto-

ines, mitogens, ultraviolet light, oxidant stress, hy-
erosmolarity, heat stress and mechanical stress (4).
he vascular endothelial and vascular smooth muscle
ells covering the inner surface of blood vessels are
onstantly exposed to such stresses. The hemodynamic
orces affecting endothelial cells include shear stress
ue to the frictional force of blood flow, and circumfer-
ntial and pure pressure stresses due to transmural
ressure. Recently, a number of studies have shown
hat shear stress to the vessel wall, which is one of the
echanical stresses generated by blood flow, modu-

ates endothelial morphology and function (5). How-
ver, in an in vitro cell culture model, it has been
hown that intracellular signalings produced by tensile
nd shear stresses may be influenced not only by pres-
ure stress, but also by morphological and cytoskeletal
hanges of cells (6). Vascular smooth muscle cells make
p the outer layer of the endothelium in blood vessels
nd are thus indirectly exposed to blood flow. There-
ore, mechanosensing intracellular signal transduc-
ions in vascular smooth muscle cells are defined as a
ellular response to transmural pure pressure and ten-
ile stress in the absence of shear stress. In previous
tudies, tensile stress was reported to accelerate DNA
ynthesis and activate stretch-activated cation chan-
els in vascular smooth muscle cells (7, 8). However,
he molecular identities of these candidates for mech-
nosensitive receptors are currently unknown.
In this study, we hypothesized the presence of mech-

nosensors and intracellular signal transductions act-
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ng under pure atmospheric pressure in the absence of
ensile and shear stresses. Based on this hypothesis,
e evaluated the DNA synthesis and intracellular sig-
alings of human aortic smooth muscle cells using an
riginal pressure-loading apparatus that was capable
f directly applying various levels of pure pressure
maximum, 300 mmHg) on HASMC, in order to exam-
ne the effect of pure pressure stress on mechanosen-
ors without inducing morphological change of cells. In
his manner, we determined the threshold of pressure
or activating the mechanosensing cellular switch and
larified the differential intracellular signaling mech-
nisms involving PTx-sensitive and -insensitive het-
rotrimeric G-proteins.

ATERIALS AND METHODS

Cell culture. HASMC (Clonetics) were cultured in smooth muscle
ell basal medium (SmBM; Clonetics) which was modified MCDB
31 containing 5% fetal bovine serum, gentamicin (50 mg/ml), am-
hotericin (50 mg/ml) and several growth factors: human epidermal
rowth factor (10 ng/ml), human fibroblast growth factor (2.0 ng/ml),
nd insulin (5.0 mg/ml). The cells were incubated at 37°C in a hu-
idified, 5% CO2 atmosphere. The 4th through 8th passages of
ASMC were plated on 6-well plates for further investigation.

Pure pressure-loading apparatus. An original pure pressure-
oading apparatus was designed to expose HASMC under pure at-

ospheric pressure stress (Fig. 1). The chamber allows for pumping
n air or nitrogen gas to raise the internal pressure (maximum at 300

mHg), and can be sealed tightly by placing several clamps at the

FIG. 1. Diagrammatic representation of the apparatus used in
his study.
213
id barometer during the experiments. The compression chamber
as established in the incubator and kept at 37°C, and a digital

hermometer was mounted in the incubator to monitor the exact
nternal temperature. In the following series of experiments, the
hamber was kept at 37°C, and the partial pressures of pO2 and
CO2 were theoretically preserved as constants according to the
oyle-Gay-Lussac’s law. The potential of hydrogen (pH) in the cul-

ure medium was supported at a constant level (7.41 6 0.02) during
he experiments. It was not possible to monitor the actual morpho-
ogical changes of pressurized cells in our system set-up. However,
ight microscopic investigations failed to find any changes in cell size
r morphology during and after pressurization.
HASMC were cultured on 6-well plates for 48 hours (hrs). In 3
ells of each plate, the medium was changed to a starving medium

Dulbecco’s modified Eagle’s medium without serum). In the other 3
ells, the medium was changed to the same starving medium but

ontaining PTx (0.1 mg/ml; Seikagaku, Japan). After 8 hrs of incu-
ation, the plates were placed in the pure pressure-loading appara-
us in the medium containing 10 mM HEPES (N-2-hydroxyethyl-
iperazine-N9-2-ethane sulfonic acid, pH 7.4), exposed to various
evels of atmospheric pressure (0 through 240 mmHg), and then
ncubated in an incubator for 1 or 3 hrs at 37°C.

DNA synthesis. [3H]-Thymidine (TdR) incorporation into DNA
as studied as a marker for DNA synthesis acceleration by pure
tmospheric pressure. [3H]-TdR (2 mCi/ml; Amersham) was added to
he medium in all 6 wells of a 6-well plate. After pressure-loading
rocedures, the plate was incubated in a 37°C CO2-incubator under
ormal pressure for 4 hrs. The cells were rinsed two times in ice-cold
hosphate-buffered saline (PBS) followed by precipitation three
imes with ice-cold 10% trichloroacetic acid, and were lysed in 0.5N
aOH at 37°C by shaking for 30 min. The incorporation of [3H]-TdR

nto DNA was quantified by pipetting the DNA hydrolysate into
ounting vials containing 4 ml of liquid scintillation cocktail (Ready
el; Beckman). The protein concentration of HASMC was normal-

zed by Lowry’s method with bovine serum albumin as a standard
9). The counting results were expressed as disintegrations per pro-
ein and were expressed as a percent-increase compared to controls
t the basal level (0 mmHg) for 1 and 3 hrs. All the experiments for
ach pressure were performed in triplicate, and were repeated 2 to 3
imes.

Immunoblotting. HASMC were incubated on 100-mm dishes un-
il 80% confluent. The medium was replaced with a starving me-
ium. After 8 hrs of incubation, the dishes were placed in the pure
ressure-loading apparatus in the medium containing 10 mM
EPES, and exposed to various levels of atmospheric pressure (0
mHg, 120 through 180 mmHg, and 240 mmHg) for 3 hrs at 37°C.
he cells were washed twice with ice-cold PBS, and harvested in a
uffer containing 25 mM Tris-HCl (pH 6.8), 1% Triton X-100, 150
M sodium chloride and protease inhibitors: benzamidine (100 m M),

eupeptin (2 mM), aprotinin (0.15 mM), pepstatin A (1.5 mM), and
henylmethylsulfonyl fluoride (100 mM). The protein content of each
ample was measured by Lowry’s method. Samples (15 mg) were
nalyzed by SDS (sodium dodecyl sulfate)-polyacrylamide gel elec-
rophoresis in a 12% gel using the Mini Gel Electrophoresis System
Marysol). Proteins were transferred to a nitrocellulose membrane
Hybond ECL; Amersham) by a Western Blotting apparatus (Semi-
ry type; Marysol) with a buffer containing 20% methanol, 48 mM
ris-base, 78 mM glycine, and 0.0375% SDS for 2 hrs. The mem-
ranes were submerged for 1 hour in 4% non fat dry milk in TTBS
0.05% Tween-20, Tris-buffered saline, pH 7.4), followed by an incu-
ation for 2 hrs in TTBS containing the appropriate primary anti-
odies (anti-active extracellular signal-regulated kinase (ERK),
active c-Jun N-terminal kinase (JNK), and -active p38 anti-rabbit
olyclonal antibodies; Promega) in concentrations recommended by
he manufacturer. The membranes were incubated in TTBS contain-
ng horseradish peroxidase-labeled donkey anti-rabbit Ig’s (1:2500;
mersham), followed by washing three times in TTBS. The detection
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f the proteins was performed using a chemiluminescence method
ECL; Amersham). Active phosphorylated forms of ERK, JNK and
38 were scanned with a digital image analyzing system and quan-
ified as NIH images.

Data analysis. All the results were expressed as means 6 SEM,
nd statistical significance was assessed by Student’s t test. Values
f p , 0.05 were considered statistically significant.

ESULTS

Pure pressure-dependent acceleration of DNA synthe-
is in HASMC. With the pure pressure-loading appa-
atus, an atmospheric pressure of 240 mmHg was ap-
lied on cultured HASMC. DNA synthesis was
easured as [3H]-TdR incorporation into DNA. After

ne hour of pressure application, the pure pressure of
40 mmHg induced an approximately 20% increase in

3H]-TdR incorporation compared to the control
ASMC (Fig. 2). After more than 3 hrs, the degree of
cceleration of DNA synthesis was similar.

Threshold of pure atmospheric pressure in accelera-
ion of DNA synthesis. To determine the threshold of
ure atmospheric pressure in acceleration of DNA syn-
hesis, pure pressure was applied to HASMC for 1 or 3
rs. Various levels of atmospheric pressure (0 mmHg,
00 through 200 mmHg, in 20-mmHg increments, and
40 mmHg) were applied to analyze the threshold of
ure pressure in acceleration of DNA synthesis (Fig. 2).
he atmospheric pressures of less than 120 mmHg
roduced no significant change in [3H]-TdR incorpora-
ion at 1 and 3 hrs. However, pressure of 140 mmHg
roduced an approximately 20% increase in [3H]-TdR

FIG. 2. Effect of various pure pressures for 1 hour (a) or 3 hours
b) on an increase of [3H]-TdR incorporation. HASMC were pressur-
zed under various pressures of 0, 100 to 200 (in 20-mmHg incre-

ents) and 240 mmHg, for 1 or 3 hours. [3H]-TdR incorporation was
etermined as a marker of DNA synthesis, and was expressed as a
ercent-increase compared to controls. (a) HASMC were exposed to
arious pressures for 1 hour. Pure pressure-induced DNA synthesis
as activated at atmospheric pressure of more than 140 mmHg. (b)
ASMC were pressurized under various pressures for 3 hours. Pure
ressure-induced DNA synthesis was activated by an atmospheric
ressure of more than 140 mmHg, and DNA synthesis was induced
n a pressure-dependent manner from 140 to 180 mmHg. Values are

eans 6 SEM (n 5 6–9). * p , 0.05 vs. controls; ** p , 0.01 vs.
ontrols.
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ressures of more than 140 mmHg also produced an
ncrease (14 6 6% to 27 6 4%; p , 0.05 vs. control). At

hrs, the degree of increase was dependent on pres-
ure levels from 140 to 180 mmHg, with 180-mmHg
ressure producing an increase of 49 6 6% compared to
ontrol cells (p , 0.01 vs. control). 200-mmHg pressure
ignificantly accelerated DNA synthesis at both 1 and
hrs. However, exposure to 200-mmHg pressure did

ot further increase the DNA synthesis.

Immunoblotting. Pure atmospheric pressure stim-
lated ERK1/2 and JNK activities. Pressure of more
han 160 mmHg induced an activation of ERK1 (p44),
nd ERK1 was activated to a maximum level at pres-
ure of 240 mmHg (increase in active form of ERK1 vs.
ontrol: 63.2 6 12.1%). Pressures of more than 120
mHg induced an activation of ERK2 (p42), and ERK2
as activated to a maximum level at pressure of 180
mHg (increase in active form of ERK2 vs. control:

9.5 6 7.3%) (Fig. 3a). JNK was activated at pressures
f more than 160 mmHg in a pressure-dependent man-
er and to a maximum level at pressure of 240 mmHg
increase in active form of JNK vs. control: 45.7 6
.9%) (Fig. 3b). Application of pure atmospheric pres-
ure induced no activation of p38 (Fig. 3c).

PTx effect on pure pressure-dependent DNA synthe-
is. Finally, we examined whether Gi-proteins are
nvolved in pure pressure-dependent acceleration of
NA synthesis in HASMC. DNA-synthesis in acceler-
tion under 200-mmHg pressure was completely inhib-
ted by PTx (0.1 mg/ml) at 3 hrs (increase of DNA
ynthesis vs. control: 18.8 6 2.7% at 1 hr and 18.0 6
.4% at 3 hrs in the absence of PTx; 4.4 6 2.7% at 1 hr
nd 2.3 6 2.9% at 3 hrs in the presence of PTx; Fig. 4b).
n contrast, an acceleration of DNA synthesis by 160-
mHg pressure was not significantly inhibited at this

ime point (increase of DNA synthesis vs. control:
1.6 6 2.5% at 1 hr and 27.4 6 5.5% at 3 hrs in the
bsence of PTx; 16.5 6 6.9% at 1 hr and 32.5 6 5.5% at
hrs in the presence of PTx; Fig. 4a). PTx also failed to

ignificantly inhibit the acceleration produced by 180-
mHg pressure (increase of DNA synthesis vs. control:

4.6 6 4.3% at 1 hr and 40.1 6 11.4% at 3 hrs in the
bsence of PTx; 24.2 6 3.9% at 1 hr and 49.0 6 6.0% at
hrs in the presence of PTx).

ISCUSSION

Mechanical forces are important modulators of cel-
ular functions, and particularly in the cardiovascular
ystem. Mechanical stress has various components,
uch as wall shear stress, tensile stress and pure pres-
ure stress. In the case of shear stress, Ando et al.
eported that a fluid shear stress of 1.3–4.1 dynes/cm2

ffected endothelial cell DNA synthesis during regen-
ration (10). Jo et al. reported that shear stress stim-
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anner in endothelial cells (11). Shear stress is also
nown to activate phospholipase C and to generate
nositol triphosphate (IP3) and diacylglycerol. IP3 re-
eases Ca21 from Ca21 stores via IP3 receptor, and di-
cylglycerol activates protein kinase C (PKC) (12, 13).
everal PKC isozymes have been suggested to be in-
olved in several downstream signalings, such as ERK
ctivation, NF k B-mediated gene transcription, erg-1
ranscription and activation of c-Src families (14–16).
ecently, Cucina et al. reported that shear stress in-
uced changes in the morphology and cytoskeletal or-
anization of endothelial cells, and that these changes
ay be correlated to the functional change after expo-

ure to shear stress (6). It is interesting to speculate
hat the focal adhesion complex plays an important
ole in shear stress-induced signalings, and that shear
tress-induced signalings participate in intracellular
ross-talk with integrin-coupled signal transductions
17, 18). In these studies, however, it is difficult to
eparate the direct effects of pure pressure from the
ndirect effects caused by the morphological change of
ells. Hishikawa et al. reported that pure pressure
tress promoted DNA synthesis in rat cultured vascu-
ar smooth muscle cells in an original pressure-loading
pparatus, as determined by immunocytochemical as-
ay (19). This study suggests the possible presence of a
echanosensing cellular switch that is solely sensitive

o pure pressure stress. However, in experiments with
uch apparatus, the threshold pressure for determin-
ng the on and off status of the mechanosensing cellu-
ar switch has not been clarified.

In this study, we demonstrated that pure pressure
tress accelerated an increase of DNA synthesis in the
bsence of shear stress and tensile stress, and deter-
ined the threshold of pure pressure stress which pre-

umably activates the mechanosensing cellular switch.
sing an original pressure-loading apparatus, we in-
estigated various pressure levels from 0 to 240
mHg. Low atmospheric pressure of less than 120
mHg had no significant effect on DNA synthesis,
hile pressures of more than 140 mmHg induced an
cceleration of DNA synthesis. From these results, we
onclude that a mechanosensing cellular switch for
NA synthesis that was solely sensitive to pure pres-

ure was “on” or “off” at over or under 140 mmHg,
espectively. Pressures of 140 to 180 mmHg promoted
n increase of [3H]-TdR incorporation in a pressure-
ependent manner at 1 and 3 hrs. Pressures of more
han 200 mmHg also induced approximately 20% in-
rease of DNA synthesis. However, the degree of accel-

ensitometric analysis of active phosphorylated forms of ERK (a),
NK (b) and p38 (c). Values are means 6 SEM (n 5 3–5). * p , 0.05
s. controls; ** p , 0.01 vs. controls.
FIG. 3. Detection of active ERK (a), active JNK (b) and active
38 (c) in HASMC at various levels of pure atmospheric pressure. (a)
RK2 (p42) was activated at pressures of more than 120 mmHg, and

o a maximum level at pressure of 180 mmHg. ERK1 (p44) was
ctivated at pressures of more than 160 mmHg, and to a maximum
evel of pressure of 240 mmHg. (b) JNK was activated at pressure of

ore than 160 mmHg in a pressure-dependent manner. (c) p38 was
ot stimulated at pure atmospheric pressure. The bar graph shows
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ration of DNA synthesis at pressures of more than 200
mHg was similar and pressure-independent.
We also demonstrated the differential pathways in
ASMC in response to pure atmospheric pressures.
RK1 was activated at pressures of more than 160
mHg, and to a maximum level at pressure of 240
mHg. ERK2 was activated at pressures of more than

20 mmHg, and to a maximum level at pressure of 180
mHg. JNK was activated at pressures of more than 160
mHg in a pressure-dependent manner. In contrast, p38
as not activated at pure atmospheric pressure. The
echanosensing mechanism stimulated by pure atmo-

pheric pressure may consist of some differential path-
ays involving ERK and JNK signalings, and differential

evels of pure pressure may activate each pathway. More-
ver, differential activation of ERK and JNK in HASMC
y pure atmospheric pressure may result in the selective
hosphorylation and activation of transcription factors
eading to selective gene regulatory events. It is not clear
hy the degrees of acceleration of DNA synthesis and
ctivation of ERK2 were independent of pressure levels
f more than 200 mmHg or why the pressure levels that
ccelerated DNA synthesis and activated ERK and JNK
ere different.
A role for heterotrimeric G-proteins in mechanical

tress-induced signal transductions in endothelial cells
as recently emerged (20, 21). It is known that both
eterotrimeric G proteins and small G-proteins are
ctivated by shear stress. Shear stress-induced activa-
ion of G-proteins results in several flow-initiated en-
othelial responses that regulate vascular tone and
hat release such vasodilators as nitric oxide and pros-
aglandin I2, and such vasoconstrictors as endothelin
22–25). Therefore, we also investigated whether

FIG. 4. Effect of PTx on a pure pressure-induced increase of
3H]-TdR incorporation. HASMC were incubated for 8 hours in the
bsence (NTx) or presence of PTx. (a) PTx produced no significant
ffect on [3H]-TdR incorporation into DNA synthesis under an atmo-
pheric pressure of 160 mmHg. (b) PTx inhibited an increase in
3H]-TdR incorporation especially under an atmospheric pressure of
00 mmHg. Values are means 6 SEM (n 5 6–9). NS, not statistically
ignificant; * p , 0.05 and ** p , 0.01 vs. in the absence of PTx.
216
o pure pressure in HASMC were related to Gi-
ependent pathways or Gi-independent pathways. At
tmospheric pressures of 160 mmHg, PTx demon-
trated no significant effect on [3H]-TdR incorporation.
owever, at a high atmospheric pressure of 200
mHg, PTx completely inhibited the increase of [3H]-
dR incorporation. Pure pressure-induced DNA syn-
hesis was produced through intracellular signaling
athways, including both Gi-dependent and -indepen-
ent pathways. Although the molecular switch was
on” at an atmospheric pressure of more than 140
mHg, an atmospheric pressure of below 180 mmHg
ay activate intracellular signalings predominantly

hrough Gi-independent pathways, and a pressure of
ore than 200 mmHg may activate DNA synthesis

redominantly through Gi-dependent pathways.
In summary, we demonstrated that HASMC had a
echanosensing molecular switch for DNA synthesis
hich was solely sensitive to pure atmospheric pres-

ure, and the switch was “on” or “off” at over or under
40 mmHg, respectively. Moreover, mechanosensing
ellular mechanisms may consist of some mechanosen-
ors or intracellular pathways activated by different
evels of pure atmospheric pressure. This study showed

change in dominance of Gi-dependent or Gi-
ndependent intracellular signaling pathways in a
ressure range from 160 to 200 mmHg. Recently, it has
een reported that the minimum risk for cardiovascu-
ar mortality was reached at 138.8 mmHg for a mean
ystolic arterial pressure in a randomized clinical
tudy of patients with hypertension (26). Activation of
echanosensing switches in HASMC at 140 mmHg
ay be involved in clinical cardiovascular events.
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