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Abstract

The development of pulmonary hypertension in hypoxic new-
born calves is associated with a complex pattern of increased
tropoelastin and type I procollagen synthesis and deposition by
smooth muscle cells in large elastic pulmonary arteries com-
pared to normoxic controls. Weexamined the possibility that
transforming growth factor-beta 1 (TGF-#,) may be associated
with the production of extracellular matrix protein in this
model of pulmonary hypertension. Medial smooth muscle cells
in both normotensive and hypertensive vessels, as assessed by
immunohistochemistry, were the major source of TGF-01.
Staining was confined to foci of smooth muscle cells in the outer
media and appeared greater in normotensive than hypertensive
vessels. Consistent with the immunohistochemistry, a progres-
sive, age-dependent increase in normotensive pulmonary artery
TGF-ft, mRNAwas observed after birth, whereas TGF-t,1
mRNAremained at low, basal levels in hypertensive, remodel-
ing pulmonary arteries. These observations suggest that local
expression of TGF-PB is not associated with increased extracel-
lular matrix protein synthesis in this model of hypoxic pulmo-
nary hypertension. (J. Clin. Invest. 1992.89:1629-1635.) Key
words: vascular remodeling * pulmonary hypertension * elastine
transforming growth factor-betal * polymerase chain reaction

Introduction

Hypoxic pulmonary hypertension is characterized by pro-
found remodeling of the pulmonary arterial wall (1). In several
animal models, increased extracellular matrix synthesis and
deposition is observed in the medial layer of large conducting
vessels (2-4). The changes are specific to the pulmonary vascu-
lature since no structural remodeling or increased matrix syn-
thesis is seen in the systemic circulation of animals with pulmo-
nary hypertension. The mechanisms responsible for inducing
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this altered smooth muscle cell (SMC)1 phenotype in vivo has
not been elucidated; however, recent studies suggest that the
phenotype of various matrix producing cells can be modulated
by several growth factors.

One of these growth factors, transforming growth factor-
beta (TGF-f3) is a multipotent peptide growth and differentia-
tion factor (5, 6) that influences extracellular matrix produc-
tion by mesenchymal cells. For example, TGF-f3 stimulates in
vitro production of fibronectin (7-9), proteoglycan (10),
thrombospondin (9), collagen (7, 8, 1 1) and elastin (12). In-
creased collagen production is observed after injection of TGF-
f3 into nude mice (13), and increased TGF-,B mRNAlevels
precede the development of pulmonary (14, 15) and hepatic
fibrosis (16). Increased TGF-,B is also observed in models of
vascular remodeling including development of pulmonary hy-
pertension after air embolism (17), repair of arterial injury after
carotid endarterectomy (18), and development of systemic
hypertension after salt and mineralocorticoid administra-
tion (19).

Neonatal bovine hypoxic pulmonary hypertension pro-
vides a well-characterized model to identify factors that modu-
late vascular remodeling. Newborn calves placed at a simulated
altitude of 4,300 mdemonstrate a progressive increase in pul-
monary artery pressure compared with control calves (20). For
example, between days 2 and 15 pulmonary artery pressure
rises from 67 to 101 mmHgwhile control calf pulmonary ar-
tery pressure remains around 30 mmHg. Furthermore, 100%
02 lowers the elevated pulmonary artery pressure after 2 d of
simulated high altitude, but 02 reversibility is lost after expo-
sure to high altitude for 15 d. This irreversible increase in pul-
monary artery pressure is associated with increased connective
tissue deposition by pulmonary artery medial SMClying be-
tween the elastic lamellae of large conducting vessels (4, 21,
22). Interestingly, non-matrix producing SMCare found in the
outer media of both normal and hypertensive vessels. These
cells occurred as broad circumferential bands in normal vessels
and as nodular foci in hypertensive vessels (22). Little is
known, however, about the function of these non-matrix pro-
ducing cells or what factors induce this complex pattern of
exuberant vascular remodeling.

To begin examining the role of various growth factors in
stimulating vascular remodeling in this model of pulmonary
hypertension, we used immunohistochemistry and reverse
transcription-polymerase chain reaction (RT-PCR) amplifica-

1. Abbreviations used in this paper: MMLV, Moloney murine leuke-
mia virus; PCR, polymerase chain reaction; RT-PCR, reverse tran-
scription-PCR; SMC, smooth muscle cells; TGF-#, transforming
growth factor-,B.
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tion to study the spatial distribution and temporal changes of
TGF-3,1 expression in normal and hypertensive pulmonary ar-
teries.

Methods

Materials. Moloney murine leukemia virus (MMLV) reverse tran-
scriptase, affinity-purified biotin-conjugated goat anti-rabbit IgG and
horseradish peroxidase-streptavidin (10:1 ratio) were purchased from
Bethesda Research Laboratories (Gaithersburg, MD). pGEM-4ZDNA
and RNasin was purchased from Promega Biotec (Madison, WI).
a[32P]dCTP and y[32P]dATP was purchased from ICN Pharmaceuti-
cals, Inc. (Irvine, CA). Rabbit polyclonal anti-human TGF-l,1 anti-
body (23) was kindly supplied by K. Flanders (National Institutes of
Health, Bethesda, MD). HumanTGF-l,1 cDNA (24) was kindly pro-
vided by R. Derynck (Genentech, Inc., South San Francisco, CA).

Animal model. Newborn calves were maintained at an ambient
altitude of 1,500 mfor 24 h and then placed at a simulated altitude of
4,500 m. Age-matched control calves were maintained at ambient alti-
tude. Calves placed at the simulated high altitude demonstrate an im-
mediate rise in pulmonary artery pressure. Within 2 wk these calves
develop suprasystemic pulmonary artery pressures which are main-
tained even in the presence of oxygen breathing. The physiological
consequences of high altitude are largely confined to the pulmonary
vasculature since no significant changes in pressure is observed in the
systemic vasculature (20).

To characterize the changes occurring in the pulmonary vessels,
proximal intralobar pulmonary arteries and thoracic aortas were re-
moved from normal calves or age-matched calves with hypoxic pulmo-
nary hypertension. Immediately after euthanasia with sodium pento-
barbital, both lungs and the thoracic aorta from each calf were resected.
One lung was perfused at physiologic pressure via the trachea and pul-
monary artery with phosphate-buffered formalin. The lobar pulmo-
nary artery between branches 1 and 6 from the other lung was resected
and immediately frozen on dry ice for RNAextraction or processed for
SMCexplant culture. The thoracic aorta was similarly processed for
RNAextraction.

Immunohistochemistry. Proximal intralobar pulmonary artery seg-
ments were fixed in phosphate-buffered formalin for 6 h and subse-
quently dehydrated in sequential 30%, 50%, and 70% ethanol washes.
Tissues were then embedded and prepared for immunoperoxidase
staining as described previously (20). All tissue samples were pretreated
with hyaluronidase (1 mg/ml in PBS) for 30 min at 370C after blocking
endogenous peroxidase with 0.3% (vol/vol) H202 in methanol for 20
min at room temperature. Nonspecific immunoglobulin binding sites
were blocked with normal goat serum. Sections were subsequently in-
cubated overnight at 4°C with rabbit polyclonal anti-human TGF-#
antibody or rabbit immunoglobulin (negative control). Sections were
then incubated for 30 min with affinity-purified biotin-conjugated goat
anti-rabbit IgG (1:1,600 dilution), washed, and incubated for 30 min
with horseradish peroxidase-streptavidin (1:400 dilution). Immuno-
globulin complexes were then visualized by incubation with 3,3'-
diaminobenzidine (0.5 mg/ml in 50 mMTris-HCl, pH 7.4) and 3%
H202. Sections were washed, dehydrated, mounted in Permount, and
examined by light microscopy.

RNA. RNAfrom the resected arteries was isolated by homogeniza-
tion in guanidine thiocyanate and isopycnic centrifugation through
cesium chloride (25). RNAquantity was determined by ultraviolet spec-
trophotometry. Quality was assessed by ethidium bromide staining fol-
lowing electrophoresis under denaturing conditions (21).

Preliminary experiments with known quantities of a RNAtemplate
were performed to determine if the product of sequential reverse-tran-
scription and polymerase chain reaction amplification was sensitive to
the initial input RNAcopy number. pGEM-4Z DNAwas linearized
with SspI restriction enzyme, and RNAof - 750 nucleotides was tran-
scribed using T7 RNApolymerase. The quantity of RNAwas deter-
mined by ultraviolet spectrophotometry. This in vitro transcribed

RNAmigrated as a single band during electrophoresis in a formalde-
hyde agarose gel (data not shown).

U937 cells were grown to confluency in 10% FCS. Total cellular
RNAwas purified by homogenization in guanidine thiocyanate and
isopycnic centrifugation through cesium chloride. RNAquantity was
determined by ultraviolet spectrophotometry.

Reverse transcription-polymerase chain reaction amplification.
Oligomeric deoxynucleotide primers were synthesized by the j3-cyano-
ethyl phosphoramidite method and gel purified as previously described
(21). Pairs of oligomeric primers were designed to amplify an 500
nucleotide region of the RNAof interest. For pGEM-4Z RNA, primer
19R (5Y-CCTGGCGTTACCCAACTTAATTCGCC-3')is complemen-
tary to nucleotides 2661 through 2635 while primer 12 (5'-CAAAT-
AGGGGTTCCGCGCACATTTC-3')corresponds to nucleotides 2216
through 2241 of the pGEM-4Z cDNA. For TGF-t,1 mRNA, primer
106R (5'-GTCAATGTACAGCTGCCGCACGCA-3)is complemen-
tary to nucleotides 1748 through 1724 while primer 105 (5'-AACAC-
ATCAGAGCTCCGAGAAGCG-3)corresponds to nucleotides 1248
through 1272 (24). The specificity of these primers for TGF-fl, is sug-
gested by the high degree of base-pair mismatch between these primers
and human TGF-02 (26), human TGF-,B3 (27), chick TGF-#4 (28), and
xenopus TGF-#5 (29). In addition, analysis of the "best" matched base-
pairing between the primers and the non-TGF-lB sequences revealed
either incorrect primer orientation, thereby preventing PCRamplifica-
tion, or predicted a PCRamplification product length other than the
observed 500 nucleotides. Oligomeric primers 380R and 381, used for
RT-PCR amplification, correspond to highly homologous regions in
both mouse (30) and human glyceraldehyde-3-phosphate dehydroge-
nase (31) cDNA. Primer 380R (5'-GCCTGCTTCACCACCTTCT-
TGATGTC-3') was complementary to nucleotides 855 through 830
while primer 381 (5'-CTGAGAACGGGAAGCTTGTCATCAA-3')
was complementary to nucleotides 245 through 270. Southern blot
analysis of the RT-PCR product was performed with oligomer 385
(5'-CTCATGACCACAGTCCAT-3'), complementary to a third highly
homologous region between nucleotides 581 through 597 in both
the mouse and human glyceraldehyde-3-phosphate dehydrogenase
(G3PDH) cDNA.

pGEM-4Z or total vascular RNAsamples were incubated with 200
U MMLVreverse transcriptase in a 20-Ml vol containing reverse tran-
scriptase buffer (0.25 M Tris-HCI, pH 8.3, 0.375 M KCI, 15 mM
MgCl2, 50 mMdithiothreitol), 10 U RNasin, 10 pmol of appropriate
complementary primer (19R, 106R, or 380R) and 40 mmol each
dATP, dCTP, dGTP, and TTP for 1 h at 37°C. Samples were heated at
94°C, and 801AI PCRbuffer (50 mMKCl,3 mMMgCI2,160 umol each
dATP, dCTP, dGTP, and TTP, 0.01% (wt/vol) gelatin, 10 mMTris
(pH 8.3), 40 pmol of the first extension primer and 50 pmol of the
second primer, and 5 U Taq DNApolymerase) was added. Cycling
consisted of denaturing at 94°C for 1 min, annealing at 50°C for 2 min,
and extension at 72°C for 3 min. Aliquots were removed at the end of a
cycle and immediately placed on ice. Each sample was fractionated by
1%agarose electrophoresis, transferred to nitrocellulose, and analyzed
by Southern blot analysis. Nick translated pGEM-4Z or TGF-fl,
cDNA, or 5'-labeled oligomer 385 were prepared as previously de-
scribed (21). Autoradiograms were scanned by a Scanning Densitome-
ter (GS300; Hoefer Scientific Instruments, San Francisco, CA) and the
data are expressed as arbitrary units.

Results

Immunohistochemical studies. Sections from formalin-fixed
normotensive or hypertensive proximal intralobar pulmonary
arteries were incubated with rabbit polyclonal anti-TGF-ft, an-
tibody. This antibody recognizes an intracellular form of TGF-
#I (23) and allows the localization of TGF-f, protein synthesis
in these arteries. Positively stained cells in both normotensive
and hypertensive vessels were unevenly distributed throughout

1630 M. D. Botney, W. C. Parks, E. C. Crouch, K. Stenmark, and R. P. Mecham



the media, appearing as intensely staining clusters compared to
the surrounding tissue (Fig. 1, A and B). These TGF-f3i-posi-
tive clusters were dispersed throughout the outer two-thirds of
the medial layer in normotensive vessels in contrast to previous
studies which had demonstrated tropoelastin synthesis in the
inner one-third of the media (22). Elastin lamellae were not
apparent in these immunopositive clusters, similar to the previ-
ously identified non-matrix producing clusters of SMC. Rela-
tively fewer clusters of cells in hypertensive vessels stained for
TGF-f, and these were localized to the media adjacent to the
adventitia. Normotensive endothelial cells stained weakly
while staining appeared more intense in endothelial cells from
hypertensive vessels. In both normotensive and hypertensive
vessels intense staining was associated with cells of the vasa
vasorum. No cells were immunoreactive in sections incubated
with normal rabbit serum as the primary antibody (data not
shown).

Reverse transcription-polymerase chain reaction amplifica-
tion. Initial studies suggested TGF-f, mRNAlevels in normal
and hypertensive pulmonary arteries were below the sensitivity
of Northern blot analysis. Therefore, RT-PCR amplification
was performed to determine relative mRNAlevels in these
vessels. Preliminary experiments with known quantities of
pGEM-4Z RNAwere performed to determine if the quantity
of double-stranded DNAproduced by sequential RT-PCR ac-
curately reflected initial RNAconcentration. The studies were
also designed to determine if the RT-PCR assay was suffi-
ciently sensitive to discriminate between small differences in

A

the number of RNAmolecules as well as capable of accurately
reflecting a large range of initial RNAconcentrations. 104, 106,
and 108 copies of pGEM-4Z RNAin a total vol of 100 ,ll were
reverse-transcribed with sequence-specific primer 1 9R, and the
resulting cDNA was cyclically amplified after addition of
primer 12. Aliquots of the amplification mixture were sampled
at the end of every third cycle of amplification and fractionated
through 1%agarose. PCRproduct was not visible after staining
with ethidium bromide at low cycle numbers, and therefore,
Southern blot analysis was performed using a 32P-labeled
pGEM-4ZDNAprobe. With 108 copies of pGEM-4ZRNA, an
exponential increase in signal strength was observed with in-
creasing cycle number (Fig. 2 A). With lower concentrations of
RNA(106 and 104 copies per reaction) autoradiographic sig-
nals were seen only at higher cycle numbers. With 15 cycles of
amplification autoradiographic signal strength was strongest
using the highest concentration of RNAand weakest with the
lowest concentration of RNA. A graphic representation of a
densitometry scan of the autoradiogram is shown in Fig. 2 B.
These data indicated concordance between the product of RT-
PCRand the initial quantity of RNA.

To determine if RT-PCRwas sensitive to small differences
in RNAconcentration, 3 X 107 and 1.5 X 108 copies of RNA
were reverse transcribed, amplified, and analyzed as above. As
shown in Fig. 3, A and B, RT-PCRwas able to detect a fivefold
relative difference in the initial quantity of RNA.

The preliminary experiments with RT-PCR described
above (Figs. 2 and 3) were performed with a homogenous prepa-
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Figure 1. Immunohistochemical stain for TGF-,B, in pulmonary arteries. Immunohistochemical stain showing location of TGF-,B, protein in
15-d-old formalin-fixed pulmonary arteries. The primary antibody is a rabbit polyclonal anti-human TGF-,#, IgG (1:750 dilution) (23). The
micrographs are oriented so that the lumen is at the top. TGF-#, staining localizes to foci of cells in the outer two-thirds of the media in normal
vessels (A) and in the media adjacent to the adventitium in hypertensive vessels (B). These foci are similar to previously described foci of non-
matrix producing SMC(22) (X 100).
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lecular weight of 500 bp. Typically, with 1 gg total RNA, only
12-18 amplification cycles were required to see the RT-PCR
product by Southern blot analysis. With 25-60 cycles, addi-
tional high molecular weight bands were seen with ethidium

7 bromide staining and on Southern blot autoradiograms. Con-
sequently, all PCRamplifications were kept below 20 cycles.

To examine the relative amounts of TGF-,3 mRNAin prox-
imal intralobar pulmonary arteries, mRNAwas purified from
normal and hypertensive vessels obtained from 15-d-old
calves. 1 ,ug of total cellular RNAwas reverse transcribed to a
cDNAusing primer 106R. Polymerase chain reaction amplifi-
cation was performed, and aliquots were removed after every
third cycle. After electrophoresis and transfer to nitrocellulose,
Southern blot analysis was performed using a human 32P-la-
beled TGF-f31 cDNA probe. The 500 nucleotide size of the
RT-PCRproduct was confirmed by comparison to the migra-
tion of DNAmolecular weight markers. Although an increase
in signal strength was observed with increasing cycle number
for both RNAsamples, the overall signal strength was dimin-
ished in the hypertensive sample compared to control (Fig. 5
A). Ethidium bromide staining (Fig. 5 B) demonstrated that

A
COPIES RNA

3 x 10 1.5 x 1 08

3 6 9 12 15

CYCLE NUMBER

Figure 2. RT-PCR accurately reflects low numbers of RNAover wide
range of concentrations. RNAwas transcribed from pGEM-4Z plas-
mid, quantitated by ultraviolet spectrophotometry, and serially di-
luted. Reverse transcription was performed using sequence-specific
extension primer 19R and MMLVreverse transcriptase. Polymerase
chain reaction amplification was performed using a second
sequence-specific extension primer 12 and Taq DNApolymerase.
Aliquots of the amplification mixture were removed after every third
cycle, fractionated through 1%agarose, transferred to nitrocellulose,
and analyzed by Southern blot technique. Three different RNAcon-

centrations are shown: 108, 106, and 104 molecules RNAper reaction
mixture. (A) Autoradiogram shows RT-PCRsignal strength increases
with increasing cycle number. After 15 cycles RT-PCR signal strength
is greatest with 108 initial copies of RNAand weakest with 104 copies
of RNA. (B)-Graphic representation of densitometry scan of autora-
diogram. (o) 0I copies RNA, (o) 106 copies RNA, (A) 104 copies
RNAinitially.

ration of pGEM-4ZRNArather than with a heterogenous mix-
ture of RNAspecies. To determine if RT-PCR accurately re-
flected different amounts of TGF-f3, mRNAin total cellular
RNA, RT-PCRwas performed with serially diluted total cellu-
lar RNApurified from cells of the U937 monocyte-derived cell
line and TGF-#l specific primers. Decreasing signal strength
was observed with decreasing concentrations of U937 cell
RNAafter 9 cycles of amplification (Fig. 4). The difference in
signal strength observed comparing lanes 2 and 3, representing
0.5 and 1.0 jig initial RNA, respectively, indicated RT-PCR
can distinguish a twofold relative difference in a particular
RNAspecies amidst a complex RNAmixture.

Specificity of RT-PCR was demonstrated on autoradio-
grams by the appearance of a single band at the predicted mo-
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Figure 3. RT-PCR accurately discriminates between small differences
in RNAconcentrations. RT-PCRwas performed as described in Fig.
1. Initial RNAconcentrations were 3 x I07 and 1.5 x 108. (A) Auto-
radiogram shows RT-PCRsignal strength increases with increasing
cycle number but after any given cycle signal strength is greater with
1.5 x 108 initial copies of RNAthan with 3 x I07 copies. (B) Graphic
representation of densitometry scan of autoradiogram. (o) 3 x 10"
copies RNA, (o) 1.5 x I07 copies RNAinitially.
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Nine Cycles Figure 4. RT-PCR ac-
curately reflects TGF-,1
levels in total cellular
RNA. RT-PCR was
performed with serially
diluted total cellular
RNApurified from cells
of the U937
monocyte-derived cell

U937 RNA (tgg) line. Reverse transcrip-
tion was performed us-
ing sequence-specific

extension primer 106R and MMLVreverse transcriptase. Polymerase
chain reaction amplification was performed using a second
sequence-specific extension primer 105 and Taq DNApolymerase.
Decreasing signal strength is observed with decreasing concentrations
of U937 cell RNAafter nine cycles of amplification. The difference
in signal strength observed comparing lanes 2 and 3, representing 0.5
and 1.0 gg initial RNA, respectively, indicates RT-PCRhas the abil-
ity to distinguish a twofold difference in a particular RNAspecies
amidst a complex RNAmixture.

RNAfrom the normal and hypertensive intralobar pulmonary
arteries was of comparable quality and concentration. RT-
PCRanalysis indicated equivalent amounts of the glyceralde-
hyde-3-phosphate dehydrogenase mRNA,used as an indicator
of constitutive gene expression, in both samples (Fig. 5 A).

The relative decrease in TGF-f3, signal strength between
normal and hypertensive pulmonary arteries was also evident
when pulmonary artery RNAfrom newborn, 2-d, and 8-d high
altitude and age-matched control calves were studied by RT-
PCRamplification. Elevated signal strength as a function of
increasing cycle number was again observed, but, for ease of
comparison, only the product of 18 cycles of amplification is
shown in Fig. 6. In normal animals, TGF-3,1 mRNAlevels
increased with age. In comparison, TGF-#3 mRNAwas mark-
edly decreased in samples from 2-d and 8-d hypertensive
calves, respectively. These data indicate that TGF-f3, mRNA
steady-state levels remain at low, basal levels in hypertensive

A B
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* IGAPDH J 4 . .' ",
3 3 52 4S ;

CYCLENUMBER
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z z
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Figure 6. Age-dependent increase in
TGF-fl, mRNAfrom pulmonary ar-
teries. Pulmonary artery RNAfrom
newborn calves and 2- and 8-d-old
high altitude or age-matched control
calves was studied by RT-PCRanaly-
sis as described in Fig. 3. The autora-
diogram after 18 cycles of amplifica-
tion is shown. TGF-3,1 signal strength
increases with age in the control
calves but remains at basal levels in
hypertensive pulmonary arteries.

pulmonary arteries compared to rising levels in normal pulmo-
nary arteries.

In the bovine model of hypoxic pulmonary hypertension,
the systemic circulation shows no significant increase in vascu-
lar pressure and does not undergo the extensive remodeling
seen in the pulmonary circulation (4). The thoracic aorta, there-
fore, provides a convenient internal control for making com-
parisons with remodeling pulmonary arteries. Interestingly,
when the steady-state levels of TGF-43 mRNAwere deter-
mined in RNA isolated from the thoracic aorta from three
separate 15-d control and hypoxic calves, the hypoxic animals
again had lower levels compared with the controls (Fig. 7).

Discussion

The development of pulmonary hypertension in hypoxic new-
born calves is characterized by a complex pattern of increased
tropoelastin and type I procollagen synthesis and deposition by
SMCin large elastic pulmonary arteries compared to normoxic
controls. These matrix producing cells lie between elastic la-
mellae with foci of non-matrix producing SMCpresent in the
outer media in both control and hypertensive vessels. Thus,
remodeling in this animal model of pulmonary hypertension
occurs in discrete locations and permits the examination of
spatial and temporal relationships between growth or differen-
tiation factors and matrix production. Weexamined the in
vivo role of TGF-f3, in pulmonary artery remodeling by com-
paring the pattern of immunohistochemical staining for TGF-

3,B protein with the previously described pattern of tropoelastin
synthesis in normal and hypertensive vessels (22). In that
study, clusters of cells in both normal and hypertensive vessels
stained positively for a-smooth muscle actin, desmin, and vi-
mentin, consistent with a smooth muscle cell phenotype.
These clusters of cells did not contain positive signal for tropo-

Figure 5. TGF-f3, RT-PCR signal strength is markedly different in
RNAfrom normal and hypertensive pulmonary arteries. RNAwas
purified from normal or hypertensive pulmonary arteries. RT-PCR
was performed as described in Fig. 3 using 1 ,ug RNAand TGF-f3,
or G3PDHspecific primers. Aliquots of the amplification mixture
were removed after every third cycle, fractionated through 1% aga-
rose, transferred to nitrocellulose, and analyzed by Southern blot
technique. (A) Autoradiogram shows RT-PCR signal strength for
TGF-f1 is greatest in RNAfrom normal compared to RNAfrom.hy-
pertensive pulmonary arteries while similar RT-PCR signals for
G3PDHare seen. (B) Ethidium bromide gel of normotensive (lane 1)
and hypertensive pulmonary artery (lane 2) RNA(5 ,ug each) used
for RT-PCR.

Figure 7. TGF-fl, mRNAdecreased in
I. p ~ thoracic aortas from three calves with

pulmonary hypertension. Thoracic

1 2 3 4 5 6
aorta RNAfrom 15-d-old calves with
normal or hypertensive pulmonary

15 CYCLES arteries was studied by RT-PCR anal-
ysis as described in Fig. 3. The auto-
radiogram after 15 cycles of amplifi-

cation is shown. TGF-#, signal strength is decreased in RNAfrom
thoracic aortas of three different calves with pulmonary hypertension
(lanes 2, 4, and 6) compared with three calves with normal pulmo-
nary arteries (lanes 1, 3, and 5).
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elastin mRNAnor did they contain elastin fibers. In this study,
immunoreactivity for TGF-f31 also was found in large foci of
medial cells. The foci of TGF-j31 immunoreactivity observed in
this series of experiments were found in similar locations and
numbers as the previously described foci of non-matrix pro-
ducing cells, and did not contain elastin fibers. Therefore, the
foci of TGF-f31 immunoreactivity appear to coincide with the
foci of non-matrix producing cells. Although the distribution
was nonuniform, the number of immunoreactive foci ap-
peared greater in normotensive than hypertensive vessels.

Weused sequential reverse transcription-polymerase chain
reaction amplification to compare the relative differences in
TGF-3,1 mRNAsteady-state levels in normally developing and
hypertensive pulmonary arteries. This technique was used be-
cause our initial studies suggested TGF-f31 mRNAlevels in
these vessels were below the sensitivity of Northern blot analy-
sis. Preliminary experiments using purified pGEM-4ZRNAas
a template for RT-PCR indicated reliable concordance be-
tween the final double-stranded DNAproduct of RT-PCRand
initial RNAconcentration. Preliminary experiments also dem-
onstrated that this technique could detect as few as 100 copies
of RNAper microliter and that it was sufficiently sensitive to
discriminate between a fivefold difference in initial RNAcon-
centrations. Similar results were obtained using total cellular
RNAobtained from U937 cells. Specificity of amplification
was enhanced by the use of paired TGF-flI-specific primers
(see Methods), Southern blot analysis using a 32P-labeled TGF-
f31 cDNA probe (which demonstrated an appropriately sized
RT-PCR product), and a low number of PCRamplification
cycles. Fewer cycle numbers alleviated the problem of extrane-
ous high molecular weight bands appearing at high cycle num-
bers. In addition, we observe consistent decreases in the PCR
signal ratio between two samples with increasing cycle number,
though this ratio theoretically remains constant with increasing
cycle number. Fewer cycles minimizes the influence of sub-
strate depletion and other artifacts that limit efficient amplifi-
cation, and consequently, reduce PCRsignal ratios at higher
template copy numbers (32, 33). Therefore, the relative differ-
ences in PCRsignal strength between two different samples at
any given cycle number likely represent a minimum value,
implying even larger relative differences between samples if
non-PCR analytical techniques were employed. Finally, in ad-
dition to enhancing the signal-to-noise ratio for low abundance
mRNAs, RT-PCR has the advantage of requiring small
amounts of material. This technique conserves the limited
amount of RNAobtained from small or fibrous tissue samples.
WhenRT-PCRwas applied to RNAisolated from normal neo-
natal pulmonary arteries, an age-dependent increase in TGF-f31
mRNAlevels was observed. In contrast, no increase in TGF-f,3
mRNAwas evident in remodeling hypertensive pulmonary ar-
teries or, remarkably, in the non-remodeling normal thoracic
aortae from animals with pulmonary hypertension.

The absence of an age-dependent increase in TGF-fi1
mRNAin hypertensive vessels, while tropoelastin production
is increased, along with decreased TGF-fl3 mRNAin non-re-
modeling normal thoracic aortae from animals with pulmo-
nary hypertension, and the discordant spatial relationship be-
tween TGF-#, immunoreactivity (Fig. 1) and tropoelastin
mRNA(22) suggests that TGF-fB does not influence tropoelas-
tin production by vascular cells in this model. This is in con-
trast to in vitro studies in which exogenous TGF-f31 stimulated
tropoelastin synthesis two- to threefold by cultured neonatal

rat lung fibroblasts (34) or porcine SMC (12). However,
whether a growth factor is capable of inducing an alteration in
phenotype, such as stimulate extracellular matrix production,
may be a function of conditions associated with in vitro culture
(35) or the net effect of the entire set of growth factors located in
the cellular microenvironment (36, 37). While the discovery
that TGF-f31 induces extracellular matrix production in cul-
tured cells is potentially important, cell culture studies may not
always reflect in vivo remodeling.

Our results also differ from several in vivo experiments that
have documented a positive correlation between TGF-j31 levels
and extracellular matrix production (13-16). However, unlike
our hypoxic pulmonary hypertension model, these models
have a significant inflammatory component. Supporting a role
for TGF-f31 in extracellular matrix production associated with
inflammation is a recent study detecting TGF-j31 mRNAin
human fibrosing skin conditions associated with marked in-
flammation whereas TGF-f31 mRNAwas undetectable in pro-
gressive systemic sclerosis, a non-inflammatory fibrosing skin
condition (38). In addition, increased TGF-#l1 mRNAlevels
were observed within hours after balloon angioplasty (18), at a
time when SMCenter S phase (39), whereas increased fibronec-
tin and collagen mRNAlevels correlated with the formation of
neointima 1 wk later. Thus, our data are consistent with the
suggestion that some other mechanism(s) is directly responsi-
ble for the exuberant tropoelastin production observed in this
hypoxic hypertensive model of vascular remodeling (4).

The absence of a normal increase in TGF-#l1 mRNAin
hypertensive arteries may be explained by fewer foci of SMC
producing TGF-f31 in hypertensive vessels compared to normal
vessels rather than a decrease in steady-state mRNAlevels per
cell. This implies a more subtle regulation of growth factor
production in response to hypoxia or hypertension than a di-
rect effect on TGF-#, gene expression and is consistent with in
vitro experiments in which hypoxia had no effect on TGF-3,B
mRNAlevels in cultured human endothelial cells (40). While
hypoxia may not directly inhibit TGF-f31 gene expression, de-
creased steady-state levels of TGF-fl, mRNAin normotensive,
non-remodeling thoracic aortas from calves with pulmonary
artery hypertension suggests that the mechanism responsible
for decreased TGF-3,1 mRNAis not specific for the hyperten-
sive pulmonary artery.

While our observations do not suggest a direct role for
TGF-3,B in the stimulation of tropoelastin production in neona-
tal bovine hypoxic pulmonary hypertension, the progressive,
age-dependent increase in normal pulmonary artery TGF-l,1
mRNAafter birth suggests an important role for TGF-3,1 in
normal vascular development. Within the first hours after birth
an acute increase in lumen diameter is associated with a de-
crease in SMCdiameter ("thinning") without reduction in
SMCmass (41, 42). In the following weeks the SMCsof the
elastic pulmonary arteries grow and show an increase in myofi-
lament concentration and a switch from "synthetic" to "con-
tractile" phenotype. Whether TGF-fl, production or some
other feature of these foci contributes to this normal SMC
growth or change in phenotype is unknown.

In summary, on the basis of previous in vitro and in vivo
experiments indicating TGF-3,B stimulates production of sev-
eral extracellular matrix proteins, we used a model of pulmo-
nary hypertension which is characterized, in part, by exuberant
matrix production though without an inflammatory compo-
nent, to study the relationship between TGF-l,1 and tropoelas-
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tin production in vivo. Both the spatial distribution of TGF-f31
immunoreactivity, and similar levels of TGF-fl mRNAin re-
modeling hypertensive pulmonary arteries or normal thoracic
aortae from animals with pulmonary hypertension compared
to normal animals, suggest local expression of TGF-fl, is not
directly associated with the development of hypoxic pulmo-
nary hypertension or the regulation of tropoelastin synthesis.
However, this study does not exclude the possibility that other
isoforms of TGF-f3 participate in the synthesis of tropoelastin
and in the pathogenesis of pulmonary hypertension.
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