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Abstract

Physiologic stimuli of connective tissue accumulation in pul-
monary vascular remodeling are poorly defined. Wepostulated
that increased pressure within central pulmonary arteries is a
stimulus for connective tissue synthesis and the response is
dependent on an intact endothelium. Mechanical tension equiv-
alent to 50 mmHgpressure was applied for 4 h to isolated rat
main pulmonary arteries (endothelium intact or removed), and
incorporation of 114Clproline into collagen, 114Clvaline into
elastin, [3HJthymidine into DNAand proal(I) collagen mRNA
levels were measured. In intact vessels, tension induced synthe-
sis of collagen (3.1±0.4 vs. 2.3±0.5 [SEMI dpm X 102 I14C1-
hydroxyproline/[mg protein* hJ) (n = 10) and elastin (6.1±2.4
vs. 2.9±0.4 dpm X 103 ['4Cjvaline/lmg protein hi) (n = 5)
(both P < 0.05). Steady state mRNAlevels of proal(I) colla-
gen were also increased by tension (46 vs. 30 X 102 dpm hy-
bridized/100 ng total RNA). However, the stimulus did not
increase [3HJthymidine incorporation into DNA. In denuded
vessels, tension had no effect on connective tissue synthesis or
mRNAlevel of proal(I) collagen. Messenger RNAlevels for
v-sis were induced by tension in intact but not denuded vessels.
Our findings establish that induction of vascular connective
tissue synthesis by mechanical tension is dependent on an in-
tact endothelium.

Introduction

Chronic pulmonary hypertension is associated with marked
fibrocellular changes in the pulmonary vascular bed (1). The
stimuli for these anatomic changes are poorly understood, but
one stimulus common to many forms of pulmonary hyper-
tension is altered mechanical forces from elevated blood pres-
sure or increased flow. Vascular structures are modified by
mechanical forces (2), and several mechanisms have been pro-
posed. For example, high pressure may act through shear stress
to damage endothelium and activate platelets which in turn
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might lead to the structural changes (3, 4), or there may be
increased passage of serum factors by high pressure (5). Alter-
natively, certain cells of the blood vessel wall might respond to
the applied load by producing growth or differentiation factors
that influence surrounding vascular cells (6), or cells may re-
spond directly to mechanical forces by elaborating structural
or contractile proteins (7).

In this study, we tested whether static mechanical tension
applied to pulmonary artery segments in vitro stimulates cell
proliferation and production of connective tissue proteins. We
also examined whether the endothelial cell modulates this pro-
cess by comparing the responses in intact segments to those
with the endothelium removed. Short-term (4 h) tension stim-
ulated collagen and elastin synthesis as well as steady-state
mRNAlevels for type I procollagen, but we were unable to
detect increased cell division. The mRNAlevel for v-sis, a
protooncogene that encodes a peptide highly homologous to
the B chain of platelet-derived growth factor (PDGF)' (8), was
enhanced by mechanical stimulation. Removal of the endo-
thelium ablated these responses. Our findings suggest that
short-term mechanical tension stimulates release of endothe-
lial-derived factors, which increase production of extracellular
matrix proteins by cells of the blood vessel wall.

Methods

Materials. Outbred 6-wk-old male Sprague-Dawley (Crl:CD[SD]BR)
rats weighing 200-270 g were obtained from Charles River Breeding
Laboratories, Wilmington, MA. Solutions were Krebs-Ringer bicar-
bonate (KRB) (1 18 mMNaCl, 4.7 mMKCI, 1.2 mMKH2PO4, 1.2
mMMgSO4*7 H20, 2.5 mMCaCl2, 25 mMNaHCO3, pH 7.4), modi-
fied KBR (128 mMNaCl, 6 mMKCI, 18 mMNa2HPO4, 16 mM
KH2PO4, 1.5 mMMgCl, 5 mMNaHCO3, pH 7.4) and 1X SSC(150
mMNaCl and 15 mMtrisodium citrate). Denhardt's solution and
3-(N-morpholino)propanesulfonic acid (MOPS) solution were pre-
pared using standard methods (9). L-Proline, transfer RNA(type X,
from baker's yeast), isoamyl alcohol, spermidine, herring sperm DNA,
[±]-norepinephrine and acetylcholine chloride were purchased from
Sigma Chemical Co., St. Louis, MO. Sarkosyl was obtained from ICN
Biomedicals, Inc., Plainview, NYand Sephadex G-50 was from Phar-
macia Fine Chemicals, Piscataway, NJ. Formamide, SDS, cesium
chloride, DTT, guanidinium isothiocyanate, agarose, Tris-HCl, and
Eco RI, Ava I, BamHI, Hind III, Xba I and Pst I restriction endonucle-
ases were supplied by International Biotechnologies, Inc., NewHaven,
CT. [32P]UTP (3,200 mCi/mmol) was purchased from ICN Radio-
chemicals, Irvine, CA, ['4C]-L-proline (260 mCi/mmol), ['4C]valine
(0.25 mCi/mmol) and [3H]thymidine (78.8 Ci/mmol) from NewEn-
gland Nuclear, Boston, MA. ATP, GTP, CTP, RNAsine ribonuclease
inhibitor, SP6 RNApolymerase, and DNAsewere obtained from Pro-

1. Abbreviations used in this paper: LDH, lactate dehydrogenase;
PDGF, platelet-derived growth factor; TGF-,B, transforming growth
factor f,.
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mega Biotec, Madison, WI. Calf thymus DNAwas supplied by Cal-
biochem-Behring Corp., San Diego, CA. Nitrocellulose (BA85, 0.45
,um) was purchased from Schleicher & Schuell, Keene, NH.
Oligo(dT)-cellulose columns were obtained from Collaborative Re-
search, Bedford, MA. Liquid scintillation fluid was Liquiscint pur-
chased from National Diagnostics, Somerville, NJ. Kodax X-Omat
ARX-ray film was purchased from E. I. Du Pont de Nemours and Co.,
Wilmington, DE.

Animals. Animals were kept for 1 wk before study and were fed
water and food ad lib. Approximately two to three animals in each
group were used to measure right ventricular pressure to check that the
animals were normotensive. Mean right ventricular pressure (mea-
sured in animals anesthetized with 50 mg/kg i.p. sodium pentobarbi-
tal), hematocrit and the ratio of weights of the cardiac ventricles were
measured as previously described (10).

Preparation of vessel segments. Fresh segments of pulmonary ar-
tery, aorta and jugular vein were obtained from separate animals. Two
adjacent segments (2-3 mmin length) were excised from the lower
third of the thoracic aorta and the main pulmonary artery trunk; one
segment (5 mm) was removed from the right and left jugular veins.
Tissues were washed twice in PBS and weighed. Each segment of the
pair was randomly allocated to a tension or control group. The seg-
ment with tension applied was placed on two opposing stainless steel
hooks, one of which was fixed and the other connected to a force
displacement transducer (FTO 3C; Grass Medical Instruments,
Quincy, MA). Both segments were placed in a 10-ml water jacketed
organ bath containing 5 ml of KRBand additional components (see
below), 37°C, and aerated with 95% 02, 5%C02. The segments were
equilibrated for 1 h without tension. After equilibration, the force
displacement transducer was adjusted until the desired tension was
obtained, and the output was continuously recorded (Dynagraph;
Beckman Instruments, Schiller Park, IL). Slight adjustments were
made to maintain constant tension during the experiment. The control
segment was placed on a stainless steel hook and counterweighed with
an opposing weight equivalent to 10 mmHgpressure for the pulmo-
nary artery and jugular vein; 80 mmHgwas used for the aorta. To
simulate hypertension, tensions equivalent to 25, 50, or 100 mmHg
pressure (pulmonary artery), 80 mmHg(jugular vein), or 160 mmHg
(aorta) were applied. Static tension was applied for 4 h. In other paired
segments, the endothelium was removed by gently rubbing the lumen
of the vessel with a cotton-tipped probe. Results between paired seg-
ments with and without endothelium were compared.

Mechanical tension. A tangential load was applied to each segment
of the pulmonary artery to produce a circumferential wall tension
equivalent to that produced by a particular blood pressure (1 1). The
tangential load required to achieve an equivalent blood pressure was
calculated for each segment based on tissue wt and cross-sectional area.
Cross-sectional area was estimated from the weight and length (un-
stretched) of each segment using the following formula: area = wt
(g)/(length [cm] X 1.05 g/cm3). The tangential load required to achieve
an equivalent blood pressure was calculated using the following equa-
tion: pressure = (980 dyn/g X tension [g])/area [cm2]) (11). The inter-
nal radius of the segment was estimated by measuring half the internal
diameter using a calibrated eyepiece attached to a microscope. Cir-
cumferential wall tension was calculated as the product of blood pres-
sure and radius ( 12).

Collagen synthesis. Collagen synthesis was measured by the incor-
poration of ['4C]proline into hydroxyproline using the procedure of
Juva and Prockop (13). The incubation medium contained 5.6 mM
dextrose, 0.5 mMascorbic acid, 0.9 mML-proline and 10 ,Ci/ml
['4C]proline in KRB. After application of tension for 4 h, the tissue was
washed four times in KRB, homogenized (Polytron; Brinkmann In-
struments, Westbury, NY) and dialyzed against 4 liters deionized
water with twice daily exchanges for 3 d at 4°C. The content of each
bag was lyophilized and hydrolyzed in 6 N HC1 at 116°C for 48 h.
Collagen synthesis was estimated by measuring ['4C]hydroxyproline
obtained by silicic acid column extraction of the acid hydrolyzed ali-
quots ( 1 3). Incorporation of ['4C]proline into ['4C]hydroxyproline was

determined to be linear over the 4-h incubation period (data not
shown). Results were expressed as dpm ['4C]hydroxyproline/(mg pro-
tein * h).

Insoluble elastin synthesis. Synthesis of insoluble elastin was esti-
mated by a modification of the method of Keeley and Johnson (14).
Each segment was incubated in 10 ml KRB supplemented with 5.6
mMdextrose, 0.5 mMascorbic acid and 2.4 mML-valine, pH 7.4,
under 95% 02, 5% CO2 in the organ bath at 37°C for 30 min. The
tissue was washed twice in valine-free incubation medium, put under
tension and incubated with 5 ml KRB containing 10 UCi/ml [14C]-
valine for 4 h. The tissue was rinsed with KRBcontaining 4.0 mM
valine and added to 1.0 ml of 0.01 Mphosphate buffer containing 1.0%
(wt/vol) SDS, pH 7.0, and heated to 100°C for 15 min. The sample was
centrifuged at 10,000 g at 25°C for 10 min, and the supernatant re-
moved. The extraction was continued overnight in the same buffer at
20°C, centrifuged, and the tissue was further extracted in 70% formic
acid and 1% (wt/vol) cyanogen bromide (CNBr) overnight at 20°C and
centrifuged. The residue was hydrolyzed in 6 NHCI at 100°C for 48 h,
evaporated, lyophilized and reconstituted in 1.0 ml of water. The ra-
dioactivity in a 0. l-ml aliquot was determined at 95%efficiency using a
liquid scintillation counter (Tri Carb; Packard Instruments, Downers
Grove, IL). The incorporation of ['4C]valine into insoluble elastin was
found to be linear over a 4-h period as determined by the level of
[14C]valine in tissue samples during the incubation period. The residue
after CNBr-formic acid extraction has been previously confirmed to be
insoluble elastin by amino acid analysis. Radioactivity of the residue
was taken as a measure of the insoluble elastin synthesis during the
incubation period. The results are expressed as dpm ['4C]valine/(mg
protein * h).

Protein content. For tissues used for the collagen assay, protein
content was measured in a 0.2-ml aliquot of the hydrolysate using the
ninhydrin method (15) with leucine as standard. For tissues used for
elastin synthesis, protein content was measured using a Coomassie
brilliant blue G-250 dye binding assay using bovine plasma gamma
globulin as standard (16). This protein assay was used in the elastin
studies since SDS interferes with the ninhydrin assay.

[3H]Thymidine incorporation. To measure [3H]thymidine incor-
poration, separate tissues were incubated with KRB containing 5.6
mMdextrose and 40 ACi/ml [3H]thymidine. After a 4-h incubation,
DNAwas extracted from tissue in 10 mMPBScontaining 1%SDS, pH
7.0, and heating to 100°C for 10 min followed by a second extraction
in the same buffer at 20°C for 12 h. Radioactivity was counted in the
supernatant, and DNAwas measured from aliquots of the SDS-phos-
phate extract using a fluorometric method (17) using calf thymus DNA
as standard. Fluorescence was read on a fluorometer (Turner; Amsco
Instruments, Palo Alto, CA) at excitation of 420 nm and emission
frequency of 510 nm. Results were expressed as dpm [3H]thymi-
dine/DNA.

Lactate dehydrogenase activity. Lactate dehydrogenase (LDH) ac-

tivity was measured in a 2.6-ml aliquot of the incubation medium
using the method of Wroblewski and LaDue (18). A positive control
representing 100% release from tissue was prepared by pulverizing
tissue (5-8 mg) in liquid nitrogen and resuspending in 3.8 ml KRB
containing 0.2% Triton X-100 (vol/vol). Samples were centrifuged
(10,000 g) for 5 min, and a 0. 1-ml aliquot of the supernatant was used.
The assay was performed at 24°C in a spectrophotometer (model 552;
Perkin-Elmer, Eden Prairie, MN). Results were expressed as a percent-
age of total amount released from tissue ([amount of LDH in me-

dium/LDH in tissue + medium] X 100).
Endothelium-dependent relaxation. In selected vessels, we assessed

whether the endothelium was functionally intact by demonstrating
endothelium-dependent relaxation in response to acetylcholine (19).
The vessels were prepared as above and placed in 10 ml of modified
KRBcontaining 10 mMdextrose, pH 7.4, at 37°C aerated with 95%
02 and 5% CO2. The rings were connected to force transducers, and
changes in isometric tension were recorded. The rings were precon-
tracted with norepinephrine (lo-' to 1o-8 M) until the optimal length-
tension relationship was reached. Rings were washed and allowed to
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equilibrate for 45 min after which acetylcholine (I0-` to IO-' Mfinal
concentration) was added. Each relaxation was expressed as a percent-
age of the contraction in response to norepinephrine. For statistical
calculations, the concentration of the agonist evoking 50% relaxation
(IC50 value) was used.

Scanning electron microscopy. Representative segments of pulmo-
nary artery were processed for scanning electron microscopy to assess
the endothelial cell layer. In some rings, the endothelium was removed
by gentle rubbing with a cotton-tipped probe. Rings were placed under
mechanical tension (equivalent to 50 mmHg) for 4 h as described
above. After application of tension, tissues were opened longitudinally
and placed in 2.5% glutaraldehyde buffered with 0.1 Msodium caco-
dylate, pH 7.3, for 30 min. Tissues were dehydrated in a graded series
of ethyl alcohols, dried, mounted and coated with gold-palladium.
Tissues were visualized at 1 50OX with a scanning electron microscope
(model 1400; Amray, Inc., Bedford, MA).

Extraction of RNA. Tissue segments were immediately frozen at
-70°C after application of tension. Pulmonary artery, aorta, and jugu-
lar vein tissues were pooled from 15 to 20 animals and minced with a
sterile scalpel. Total RNAwas extracted using a guanidinium isothio-
cyanate-cesium chloride extraction procedure modified from that de-
scribed by Glisin and associates (20). The minced tissue was added to 5
vol of an ice-cold extraction buffer (4 Mguanidinium isothiocyanate, 5
mMsodium citrate, 0.1 M,3-mercaptoethanol, 0.5% [wt/vol] sarkosyl,
pH 7.0) and homogenized at 10,000 rpm. 1 g CsCl was added per 2.5
ml of homogenate, and the mixture was layered on top of a CsCl
cushion (5.7 MCsCl, 0.1 MEDTA, pH 7.5) and centrifuged at 35,000
rpm for 16 h at 20°C (model L8-70M ultracentrifuge; Beckman In-
struments, Fullerton, CA). RNA pellets were dissolved in 10 mM
Tris-HCI, 5 mMEDTA, 1% (wt/vol) SDS, pH 7.4, extracted with an
equal volume of chloroform:butanol (4:1), precipitated with ethanol,
and dissolved in deionized water. The amount of RNAwas determined
spectrophometrically at 260 nm. Poly(A)+ RNAwas prepared from
total RNAusing an oligo(dT)-cellulose column according to the man-
ufacturer's instructions. Stock concentrations were stored at -700C.

Preparation of radiolabeled RNA transcripts. Linearized SP6 re-
combinants containing cDNA fragments for human proa l(I) procol-
lagen, v-sis protooncogene and y-actin were used to synthesize 32P-la-
beled single-stranded RNAtranscripts using a commercially available
kit (Riboprobe, Promega-Biotec, Madison, WI) (21). Transcripts were
generated by incubating 1 ,g of the SP6 recombinant DNAin a 50-Ml
reaction mixture containing 40 mMTris-HCI, pH 7.5, 6 mMMgCI2, 2
mMspermidine, 0.5 mMATP, 0.5 mMGTP, 0.5 mMCTP, 200 MCi
[32P]UTP, 0.0 1 MDTT, 50 URNAsine ribonuclease inhibitor, and 10
USP6 RNApolymerase. The reaction mixture was incubated for I h at
37°C; 100 ,g RNAcarrier, 50 U RNAsine, and 0.5 Mg DNAse were
added, and the reaction mixture was incubated at 370C for 15 min.
The reaction mixture was extracted with a phenol chloroform isoamyl
alcohol solution (50:50:1), and the radiolabeled RNAwas separated by
chromatography on a Sephadex G-50 column and ethanol precipi-
tated. The specific activity of the 32P-labeled RNAwas determined,
and about 8 X 107 dpm was used in the hybridization procedure.

Dot blot hybridization assay of total RNA. Dot (or "slot") blot
hybridization was carried out according to the method of Pierce and
associates (22) with modifications. For each experimental and control
group, filters were prepared on the same day and were hybridized using
the same solutions and probes. Total RNAwas serially diluted
(100-500 ng total RNAper well) and applied to nitrocellulose pre-
soaked with lOx SSCand 1% formaldehyde using an apparatus for dot
hybridization (Minifold II; Schleicher & Schuell). Samples containing
200 ng yeast tRNA were applied to each filter to determine nonspecific
binding of the probe. Each slot was washed three times with 200 ,ul of
lOX SSC, the filter was air dried, baked at 80°C under vacuum for 2 h
and sealed in a clear plastic bag. The prehybridization and hybridiza-
tion solution consisted of 5X SSCand 1%(wt/vol) sarkosyl. Hybridiza-
tion was performed by adding the radiolabeled probe and hybridiza-
tion buffer to the filter and incubating for 12-18 h at 650C with gentle
shaking. After washing twice at 65°C with a posthybridization buffer

containing 2X SSCand 0.5% (wt/vol) sarkosyl and twice with 2X SSC
for 10 min each at 650C, the nitrocellulose was exposed to x-ray film
in a cassette backed by intensifying screens (Lightning Plus, DuPont de
Nemours & Co., Wilmington, DE) at -70°C for 10 min to 3 h to
observe differences in the amounts of individual probes hybridized.

Quantitation of radioactivity. Quantitation of filter-bound radioac-
tivity was carried out by scanning the nitrocellulose filter using a com-
puter-assisted beta-scanner (Automated Microbiology System, Inc.,
San Diego, CA). This scanner counts with an efficiency of 18% com-
pared to counts obtained by a scintillation counter (model LS 1801;
Beckman Instruments, Inc.). The results were corrected for the effi-
ciency of the beta-scanner and quantitated by subtracting the nonspe-
cific binding (tRNA sample). Results were plotted as disintegrations
per minute per slot against total RNAapplied per slot. Linearity of the
plot was determined by linear regression analysis, and plots were ac-
cepted if the standard error of the estimate (r) was > 0.95.

Northern blot analysis. RNAwas denatured in a solution contain-
ing 2 Mformaldehyde, I X MOPS,and 50% formamide by heating to
65°C for 10 min, followed by quick chilling on ice. Total RNA(10 Mg)
was applied for the proa 1(I) collagen and y-actin probes and poly(A)+
RNA(2Mgg) for the v-sis probe. Samples were applied to a 1.0% (wt/vol)
agarose gel and electrophoresed in 1 X MOPS,50 mMsodium acetate,
and 1 mMEDTA, using a horizontal gel electrophoresis unit (model
MPH; International Biotechnologies, Inc., NewHaven, CT). RNAwas
transferred to a nitrocellulose filter using a plastic transfer system (Ann
Arbor Plastics, Ann Arbor, MI) overnight at 4°C in the presence of
lOx SSC. After transfer, the nitrocellulose was briefly rinsed in 2x SSC
and baked at 80°C under vacuum for 2 h. The filter was soaked in 3X
SSC for 5 min and prehybridized at 65°C for 1 h in a solution of 3x
SSC, lOX Denhardt's solution, 0.1% (wt/vol) SDS, and 10 mg/ml
denatured herring sperm DNA. Hybridization was performed with

- 200 ng of 32P-labeled cDNAprobes (radiolabeled by the Ribroprobe
technique to a specific activity in excess of 1 X 108 dpm/Ag) in 8-12 ml
of the hybridization solution mentioned above at 65°C for 24-40 h.
After hybridization, the filters were washed at 65°C four times in a
buffer consisting of 3x SSC, lOx Denhardt's solution, and 0.1% (wt/
vol) SDS, sealed in plastic bags, and exposed to x-ray film in a cassette
with image intensifiers at -70°C for 3-24 h.

Preparation of recombinant plasmids. A human proa 1 (I) procolla-
gen cDNA, Hf677 (23), generously donated by Dr. D. J. Prockop,
Jefferson Medical College, Philadelphia, PA, was digested with Eco RI.
A 1,500-bp restriction fragment containing a DNAsequence coding
for most of the carboxyl propeptide and part of the helical region of
human proal(I) collagen was isolated and subcloned into a PSP 65
vector. Recombinants containing correctly oriented DNAinserts were
linearized by digestion with Ava I. A human y-actin cDNA, pHFy-A-
3'ut (24), generously donated by Dr. P. Gunning, Stanford University
School of Medicine, Palo Alto, CA, was digested with Bam HI-Hind
III, and a 700-bp restriction fragment was inserted into the SP6 Ribo-
probe vector and linearized with Hind III. This restriction fragment
contains sequences coding for part of the 3' nontranslated region of
human y-actin mRNA.A 950 bp Xba I-Pst I fragment of the retroviral
transforming gene v-sis (25) was obtained from Oncor, Inc., Gaithers-
berg, MD, and was subcloned into the SP6 Riboprobe vector.

Experimental protocols. Tissues from separate animals were used
to measure collagen synthesis, elastin synthesis, [3H]thymidine incor-
poration into DNA, lactic dehydrogenase activity and steady-state
mRNAlevels for proa l(I) collagen, the v-sis proto-oncogene and -y-
actin. For collagen and elastin synthesis and [3H]thymidine incorpora-
tion, two groups (intact and denuded endothelium) were studied at 50
and 10 mmHg. For lactic dehydrogenase activity, two groups were
used: intact segments at 250 and 50 mmHgand denuded segments at 0
and 50 mmHg.

Eight protocols each consisting of paired groups were used for
steady-state mRNAlevels for proal(I) collagen and 6 for 'y-actin
(Table I). Group 1 was used to assess reproducibility of collagen and
actin measurements under control conditions (10 mmHgtension).
Groups 2 and 3 were duplicate studies to test the effect of 50 mmHg
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Table I. Slot Blot Analysis

Proal(l) collagen mRNA y-Actin mRNA

Endothelial cells Tension Tension

Group With Without 100 50 25 10 %/ 50 10 %I&

mmHg mmHg

lA x 27 +12 - 40
B x 31 36

2A x - 30 +52 5 +8
B x 46 6

3A x 12 +83 22 +13
B x 27 25

4A x - 32 -7 22 +9
B x 30 - 24 -

5A x 9 +53
B x 13 - -

6A x 3 646 - +28 30 29 +3

7A x 23 +4 30 _3
B * 24 29

8A x - 34 -3
B * 33

Data are results from RNAextracted from 15 to 20 pulmonary arteries for each group. Numbers are slopes of slot blot analyses in dpm
X 102/100 ng total RNAper slot. %Ais ([slope of experiment - slope of control]/slope of control) X 100. Control refers to value obtained for
10 mmHgtension (except the 50-mmHg value for group 8 is considered control). * Endothelial cells removed after 4 h of tension. * Result
for 25 mmHg.

tension. Group 4 was used to test the effect of removing the endothe-
hum on procollagen mRNAlevels after application of 50 mmHgten-
sion. Groups 5 and 6 tested the effect of 100 and 25 mmHgtension,
respectively. Groups 7 and 8 were used to determine whether the level
of procollagen mRNAremained unchanged after removal of the endo-
thelium. Groups 3 and 4 were also used to assess whether the v-sis
mRNAlevel was increased by 50 mmHgtension and whether the
increased mRNAlevel was reduced by removal of the endothelium.

Tissue from paired jugular veins and aortas was used to measure
procollagen and actin mRNAlevels after application of mechanical
tension. Only tissues with intact endothelium were studied. Jugular
veins were assessed at 10 mmHgtension to approximate mean venous
pressure and at 80 mmHgto simulate the mean systemic BP of a
coronary artery venous allograft. Aortic segments were assessed at 0,
80, and 160 mmHgtensions; 80 mmHgis the mean arterial BP of
a normal rat and 160 mmHgthat of a spontaneously hypertensive
rat (26).

Statistical analysis. Values are mean±SEM, except for quantitative
mRNAdata, which were from pooled samples. A paired t test (27) was
used to analyze data of paired tissues. Two-way analysis of variance
was done using ANOVA(28) followed by a Duncan's post-hoc test
(29). Correlations of data were made by linear regression analysis using
the least squares method and analyzed by the standard error of the
estimate (r) (30). A P value < 0.05 was considered significant.

Results

Animals. Pulmonary arteries from 94 animals were used for
protein synthesis, LDH activity measurements and micros-
copy and from 305 animals (I15-20 pooled per group) for ex-
traction of RNA. 25 animals were used to obtain aortas and
jugular veins. In 18 representative animals selected at random,
mean right ventricular pressure (9.4±0.4 [SEM] mmHg), he-

matocrit (41 ±1%), and the ratio of weights of the right ventri-
cle to left ventricle plus septum (0.25±0.02) were within the
normal range for adult rats (10).

Tissues. For segments of pulmonary arteries in the repre-
sentative group (n = 18), there was no difference in the average
weights (control, 6.1±0.4 mg; tension, 6.4±0.4 mg), lengths
(control, 2.8±0.1 mm; tension, 2.7+0. 1 mm)or radii (0.1±0.1
cm for both groups). The average load applied to produce an
equivalent BP for 100 mmHgwas 2.6±0.2 g, for 50 mmHg
was 1.3±0.1 g, for 25 mmHgwas 0.7±0.1 g, and for 10 mmHg
was 0.3±0.1 g. The corresponding circumferential wall tension
for 100 mmHgwas 12.3±0.2 dyn/cm, for 50 mmHgwas
5.8±0.2 dyn/cm, and for 10 mmHgwas 1.3±0.1 dyn/cm.

Collagen synthesis. In segments with intact endothelium,
the rate of collagen synthesis was increased by 35±9% in seg-
ments with 50 mmHgtension compared to 10 mmHgtension
(Fig. 1 A) (n = 10, P < 0.05). In five of six segments with the
endothelium removed, the rate of collagen synthesis was less at
50 mmHgthan 10 mmHgtension (Fig. 1 B). However, the
mean values of 2.0±0.5 and 1.5±0.2 X 102 dpm/(mg pro-
tein' h) were not significantly different (P < 0.2).

Elastin synthesis. In segments with intact endothelium, the
rate of elastin synthesis was increased by 110±17% at 50
mmHgcompared with 10 mmHgtension (n = 5, P < 0.05)
(Fig. 2 A). In segments with the endothelium removed, 50
mmHgtension produced no significant increase in elastin syn-
thesis (n = 5) (Fig. 2 B).

Thymidine incorporation. Tension of 50 mmHgdid not
increase the rate of [3H]thymidine incorporation into DNAin
segments with intact (n = 10) (Fig. 3 A) or denuded (n = 8)
(Fig. 3 B) endothelium compared to 10 mmHg.

1008 Tozzi, Poiani, Harangozo, Boyd, and Riley



B WITHOUTENDOTHELIUM

6r

4

2

0LI
CONTROL TENSION
10mmHg 50mmHg

A WITH ENDOTHELIUM B WITHOUTENDOTHELIUM
18 F 18 -

16 - 16 _

14 _- l 14 _
-

z
a
0)

I-,

cmJ
0

E
0.
'0I

CONTROL TENSION
10mmHg 50mmHg

Figure 1. Collagen synthetic rate. ['4C]Proline incorporation into
['4C]hydroxyproline in vessel segments after application of tension.
The data points joined by a line indicate paired vessels. (A) Segments
with intact endothelium; (B) segments with endothelium removed.
Bar, mean values; asterisk, P < 0.05 compared to control.

LDHactivity. In segments with intact endothelium, ten-
sions of 250 mmHgand 50 mmHg(n = 10 each) produced no
measurable LDHactivity in the medium. Removal of the en-
dothelium produced increased LDH activity with no tension
applied (5.9±2.9% of total tissue activity) (n = 6, P< 0.05) and
at 50 mmHgtension (6.8±3.3% of total tissue activity) (n = 5,
P < 0.05).

Endothelium-dependent relaxation. Acetylcholine induced
complete relaxation in all rings with endothelium (100±2%,
IC50value5±1 X 10-8M,n = 12).

Scanning electron microscopy. Endothelial cell coverage
was complete in the rings removed intact whereas areas of
complete endothelial cell denudation were apparent in the
vessels that had been rubbed (not shown).
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Figure 2. Elastin synthetic rate. ['4C]Valine incorporation into insol-
uble elastin. Format same as Fig. 1. (A) Segments with intact endo-
thelium; (B) segments with endothelium removed. Bar, mean values;
asterisk, P < 0.05 compared to control.
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Figure 3. [3H]Thymidine incorporation into DNA. Format same as
Fig. 1. (A) Segments with intact endothelium; (B) segments with en-
dothelium removed. Bar, mean values.

Northern blot analysis. Northern blot analysis of total
RNAextracted from pulmonary arteries showed a single 4.8-
kb band for proa I(I), consistent with the mRNAtranscript for
rat type I procollagen (22). For v-sis, a single 3.5-kb band was
found consistent with the size of the v-sis transcript (31) com-
pared to X RNA/Hind III molecular weight size markers (not
shown).

Collagen and actin mRNA. Autoradiograms of filters hy-
bridized with probes for proa I(I) collagen showed increased
signal intensity in RNAextracted from pulmonary arteries
with 50 mmHgtension compared to 10 mmHgtension (Fig. 4
A). There appeared to be a less marked increase in the signal
intensity for actin in RNAfrom the same tissues (Fig. 4 A). In
contrast, in RNAextracted from segments without endothe-
lium, there was no detectable difference in the signal intensity
for procollagen or actin mRNAsusing RNAfrom tissues after
application of 50 mmHgcompared to 10 mmHgtension (Fig.
4 B).

Quantitation of steady-state mRNAlevels of the slot blot
analyses for groups 1-8 using radiolabeled probes for proa (I)
collagen and y-actin are shown in Table I. The results can be
summarized as follows. (Group 1) Duplicate measurements at
10 mmHgtension differed by 12% for procollagen and 4% for
actin. (Groups 2 and 3) 50 mmHgtension increased procolla-
gen mRNAlevels by 52 and 83%, respectively, and had little
effect on actin. (Group 4) Removal of the endothelium
blunted the tension-induced increase in procollagen mRNA
level. (Groups 5 and 6) Tensions of 100 and 25 mmHgap-
peared to increase procollagen; 25 mmHgtension had little
effect on actin mRNAlevel. (Groups 7 and 8) Removal of the
endothelium after application of 10 and 50 mmHgtension for
4 h produced similar changes in procollagen mRNAlevels
compared to rings with intact endothelium; no change in actin
mRNAlevel was apparent after removal of endothelium at 10
mmHgtension.

Quantitation of proacl(I) collagen mRNAin total RNA
extracted from jugular veins (15-20 per group) showed the
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Figure 4. Autoradiogram of filter hybridized with 32P-labeled

procalI(I) collagen and -y-actin probes. (A) RNAfrom segments with

endothelium intact; (B) RNAfrom segments with endothelium re-

moved. Abbreviations: C, 10 mmHgtension applied to segment for 4

hi; T, 50 mmHgtension applied to segment for 4 h; tRNA, transfer

RNA. Numbers, ng total RNAapplied per slot.

following values (dpm X 102/ 100 ng RNA): 10 mmHg, 5; 80

mmHg, 7 (%A, +42%). For procollagen for aorta: 0 mmHg,

15; 80 mmHg, 19; 160 mmHg, 14 (%A, -26%). For actin for

aorta: 80 mmHg, 52; 160 mmHg, 43 (%A, 17%). These re-

sults suggest that there was no stimulation of proa I1(I) collagen

in the vein or aorta.

V-sis mRNA. Quantitation of the mRNAlevels for v-sis

(expressed as dpm X 102/ 100 ng RNA) showed: for intact

segments with 50 mmHgtension, 99; for 10 mmHgtension,

58 (%A, +71%) (Fig. 5). For denuded segments, 50 mmHg

tension, 3; 1 0 mmHgtension, 141 (%A, 20).

Discussion

Wefound that static mechanical tension applied to intact seg-

ments of main pulmonary arteries increased incorporation of

['14C]proline into collagen and ['4C]valine into insoluble elastin

and increased the steady-state mRNAlevel for type I procolla-

gen. The new finding here is that a surprisingly short period of

tension (4 h) was required to stimulate collagen and elastin

synthesis. Hume (1 1) found that static tension applied to iso-

lated rabbit ear arteries required 3-4 d for enhanced ['4C]_

proline uptake and [3HJthymidine incorporation into DNA. In

agreement with Hume's results, we found short-term (4 h)

tension produced no increased type I procollagen mRNA

levels in aortas. The magnitude of changes in veins was small

and probably did not indicate a response to tension. The pul-

monary artery, a vessel more distensible than the aorta (32),

may respond to mechanical tension by more rapid production

of collagen to limit tissue deformation.

We also found that for a particular level of mechanical

tension the percent increase in proa I1(I) collagen mRNAwas

consistently greater than the corresponding change in levels of

y-actin mRNA. Since the -y-actin mRNAencodes a cellular
protein, these results suggest that the early response to me-
chanical tension is relatively specific for enhanced production
of extracellular connective tissue proteins.

A major finding of this study is that an intact endothelium
is required for tension-induced increases in connective tissue
proteins. In segments that had been denuded of endothelium
before application of mechanical tension, collagen and elastin
synthesis and mRNAlevels for type I procollagen were not
increased. One explanation of this result is that endothelial
cells are a major source of the increased connective tissue
production. We think this is unlikely for two reasons. First,
removal of the endothelium after 4 h of tension made no
difference in the mRNAlevel for type I procollagen. Second,
smooth muscle cells and adventitial fibroblasts are considered
to be the major sources of interstitial collagen and elastin pro-
duction in blood vessels (33). It is also possible that removal of
the endothelium altered the passive mechanical properties of
the vessel segment so that the applied tension was less than
that produced with intact endothelium. This is unlikely, how-
ever, since removal of the endothelium has no effect on resis-
tance to passive deformation of isolated blood vessels (34).

Injury produced by removing the endothelium may have
impaired the ability of the tissue to respond to mechanical
tension. Wefound no evidence of injury in tissues with intact
endothelium by release of LDH activity, but minimal injury
was produced by removing the endothelium. Although we
cannot exclude the possibility that injury impaired the ability
of the denuded segment to respond to mechanical tension, this
is unlikely since our results show that denuded segments syn-
thesize collagen and elastin at the same rates as nondenuded
segments at equivalent levels of tension (10 mmHg).

Langille and O'Donnell (35) proposed that an endothelial
cell-derived factor is involved in vascular remodeling. Four
weeks after carotid artery ligation in dogs, the vessels under-
went a fixed structural change refactory to vasodilators, but in
arteries denuded of endothelium prior to carotid ligation re-
modeling did not occur. A platelet-derived growth factor
(PDGF)-like mitogen produced by endothelial cells was sug-
gested as the mediator involved since PDGFis able to stimu-
late smooth muscle cell proliferation (36).

Westudied whether PDGFlevels in pulmonary artery seg-
ments were increased by mechanical tension by measuring the
level of v-sis, a protooncogene that encodes a protein with
almost complete homology to the B chain of PDGF(8). In
segments with mechanical tension applied, the level of mRNA
for v-sis was increased, and this induction did not occur in
segments denuded of endothelial cells. The presence of v-sis
mRNAin segments denuded of endothelium is probably de-
rived from other vascular cells since PDGF-like material can
be made by a variety of cell types including vascular smooth
muscle cells (37, 38).

The increased v-sis expression was related to connective
tissue synthesis in the absence of cell proliferation. The short
labeling period (4 h) may explain why cell proliferation was
not observed; vascular smooth muscle cells (39) and fibroblasts
(40) require longer periods to progress through the cell cycle.
Mechanical tension may have stimulated the release of several
substances since PDGFalone would not be expected to in-
crease synthesis of connective tissue in the absence of cell pro-
liferation. Transforming growth factor-,B (TGF-,B) (41) and
basic fibroblast growth factor (bFGF) (42) stimulate connec-
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Figure 5. Autoradio-
gram of filter hybrid-
ized with a 32P-labeled
probe for v-sis proto-
oncogene. Total RNA
extracted from seg-
ments with tension of
10 or 50 mmHgapplied
for 4 h. Abbreviations
as in Fig. 4. Numbers,
ng total RNAapplied
per slot.

tive tissue synthesis, and these factors also regulate the expres-
sion of cellular oncogenes (42, 43). Release of TGF-,B or bFGF
may cause both expression of v-sis and connective tissue syn-
thesis in vascular rings under mechanical tension.

Experimental studies suggest that mechanical factors influ-
ence connective tissue synthesis in vascular tissues. Blood ves-
sels that sustain the highest tangential tensions have the great-
est abundance of collagen and elastin fibers in their walls (44),
and vessels with the greatest pulsatile distension have the
highest rates of collagen synthesis (45). Arteries but not veins
of animals with experimental systemic hypertension have in-
creased collagen synthesis (46), and in newborn calves with
hypoxic pulmonary hypertension elastin synthesis is increased
in pulmonary arteries but not aortas (6). Banding one pulmo-
nary artery in rats exposed to hypoxia prevents remodeling on
the banded but not the unbanded side (47), suggesting that
pressure and flow and not hypoxia are necessary for remodel-
ing. Other studies suggest that mechanical forces act directly
on nonendothelial cells in blood vessel walls to stimulate con-
nective tissue synthesis. For example, cyclical stretching of
vascular smooth muscle cells grown on extensible membranes
results in stimulation of collagen and mucopolysaccharide
synthesis (7). These experiments suggest that mechanical ten-
sion is an important physiologic stimulus for vascular remod-
eling.

Vascular tissue may respond to mechanical stimuli by pro-
duction of growth or differentiation factors that affect remod-
eling of the blood vessel wall. Hansson and associates (48)
showed that immunoreactive insulin-like growth factor-I is
expressed by vascular smooth muscle cells by wall stress. Mea-
cham and colleagues (6) have demonstrated a smooth muscle
cell-derived factor in cells grown from pulmonary arteries of

calves with hypoxic pulmonary hypertension which selectively
stimulates elastin production; hypoxia or increased pressure
was postulated to be the stimulus for release of this factor. We
found that pulmonary vascular endothelial cells respond to
mechanical tension by producing a PDGF-like material. In
preliminary studies, we showed that a 4-h application of hy-
drostatic pressure (50 mmHg) to cultured pulmonary artery
endothelial cells induces v-sis expression (49). Taken together,
these findings suggest that certain vascular cells respond to an
applied load by elaborating factors that affect growth and ma-
trix production of surrounding cells in the blood vessel wall.

In conclusion, we have shown that mechanical tension
causes surprisingly rapid induction of vascular connective tis-
sue synthesis, which appears to be mediated by release of fac-
tors from endothelial cells. This mechanism might account in
part for the early structural adaptation of central pulmonary
arteries to elevated blood pressure.
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