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Abstract

 

We investigated preproendothelin-1 (ppET-1) gene expres-
sion in the main and midregion pulmonary artery, and pe-
ripheral lung from control sheep and from animals during
the development of the structural and functional changes of
air-induced chronic pulmonary hypertension (CPH). Mea-
surement of ET-1 in lung lymph (

 

n

 

 

 

5

 

 7) at 1, 4, 8, and 12 d
of continuous air embolization (CAE) showed a significant
increase from day 4 compared with controls (

 

n

 

 

 

5

 

 4). A
semiquantitative reverse transcription PCR for ppET-1
gene expression was developed using ovine-specific primers.
Control sheep showed strikingly fewer ppET-1 transcripts
in the midregion (22.9

 

6

 

2.3 ng cDNA equivalents) than in
the main pulmonary artery and lung (736.0

 

6

 

263.7 and
705.5

 

6

 

125.7, respectively). Smooth muscle cells (SMC) iso-
lated from the main and midregion artery of control sheep
confirmed these findings and showed higher levels of intra-
cellular ET-1 synthesis in the main versus the midregion ar-
tery. Differences in gene expression persisted during CAE.
In main pulmonary artery and lung, ppET-1 transcripts fell
to 

 

,

 

 1% of controls. However, transcripts in the midregion
artery showed a gradual increase. Coincubation of SMC
from the midregion with ET-1 plus TGF-

 

b

 

 resulted in an in-
crease in intracellular big ET-1 and a decrease in SMC from
the main artery. We conclude that SMC from the main and
midregion pulmonary artery are phenotypically different
and suggest that local synthesis of ET-1 and TGF-

 

b

 

, and
increased levels of ET-1 in lung lymph, regulate ppET-1
gene expression and synthesis in arterial SMC during the
development of air-induced CPH. (

 

J. Clin. Invest. 

 

1998.
101:1389–1397.) Key words: structural remodeling
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Introduction

 

Chronic pulmonary diseases such as emphysema, obstructive
lung disease, lung fibrosis, and the adult respiratory distress

syndrome are often accompanied by the development of
chronic pulmonary hypertension (CPH).

 

1

 

 The pathogenesis of
CPH remains poorly understood. Earlier studies in our model
of CPH, continuous air embolization (CAE) into sheep pul-
monary artery, suggest that the onset of the hypertension and
accompanying structural changes involves early endothelial in-
jury (1, 2). Such injury may be associated with alterations in
endothelin-1 (ET-1) gene expression.

Proteins of the endothelin family are produced in a variety
of tissues, such as kidney, intestine, brain, and adrenal gland
and may vary in the type of endothelin (ET-1, -2, and -3) pro-
duced (3). ET-1 is the major form produced in the lung, where
it is known to modulate vascular tone and to induce a slowly
developing and sustained pulmonary vasoconstriction (3, 4).
Mature ET-1 results from conversion of big ET-1 by endothe-
lin-converting enzyme (ECE) (5), and its final removal from
the circulation involves a neutral endopeptidase that metabo-
lizes the active form (6). ET-1 is also known to be a smooth
muscle mitogen (7). Recent papers have indicated that alter-
ations in ET-1 gene expression in lungs of patients with pri-
mary and chronic pulmonary hypertension (8) and animal
models of CPH may contribute to its onset (9–11), although
the findings are not consistent. For example, ET-1 gene ex-
pression is known to be increased in the lungs of a rat model of
idiopathic pulmonary hypertension (9). Chronic exposure to
hypoxia is known to result in increased plasma concentrations
of ET-1 and upregulation of ET-1 mRNA in rat lung (10),
whereas monocrotaline-induced CPH is associated with an in-
crease in plasma levels of ET-1 but a decrease in ET-1 mRNA
in rat lung (11). Whether ET-1 gene expression is similar
throughout the normal and remodeled pulmonary arterial cir-
culation has not been examined.

To determine whether ET-1 contributes to the develop-
ment of CPH in sheep receiving CAE, we measured ET-1 in
lung lymph after 0, 1, 4, 8, and 12 d of CAE and determined
the effect of CAE on prepro (pp)ET-1 gene expression in two
levels of the pulmonary vasculature, main and midregion pul-
monary artery, and the lung, using a semiquantitative reverse
transcription (RT) PCR technique. We also examined basal
and ET-1–stimulated and ET-1 plus TGF-

 

b

 

–stimulated ET-1
synthesis in smooth muscle cells (SMC) isolated from the main
and midregion pulmonary artery. Our results are the first to
demonstrate that the ET-1 gene is differentially expressed in
control pulmonary artery and lung: that the onset of the struc-
tural and functional changes of CAE-induced CPH is accom-
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tion; CO, cardiac output; CPH, chronic pulmonary hypertension;
ECE, endothelin-converting enzyme; ET-1, endothelin-1; 

 

P
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atrial pressure; pp, prepro; 
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, pulmonary artery pressure; 

 

P

 

sa

 

, sys-
temic artery pressure; PVR, pulmonary vascular resistance; RT, re-
verse transcription; SMC, smooth muscle cell(s).
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panied by a sustained increase in ET-1 flux from the lung and
in differential effects on ppET-1 gene expression in the main
and midregion pulmonary artery, and in lung.

 

Methods

 

Sheep model of CPH.

 

We have described previously our protocol for
inducing CPH by CAE delivered into the pulmonary artery of chron-
ically catheterized sheep with a lung lymph fistula (1, 2, 12). Briefly,
bilateral thoracotomies were performed on yearling sheep under gen-
eral anesthesia, pulmonary artery and left atrial catheters were in-
serted, and a catheter was placed in the efferent duct of the caudal
mediastinal lymph node. Jugular venous and carotid artery catheters
were also placed through a neck incision. The sheep were allowed to
recuperate for a week, a thermodilution catheter was positioned in
the pulmonary circulation through a jugular vein introducer, and
baseline physiological measurements were assessed. The sheep then
received CAE into the pulmonary artery by way of the proximal port
(lying in the right heart) of the thermodilution catheter for either 1, 4,
8, or 12 d. Surgically prepared animals not receiving air but main-
tained for the same time periods served as controls. Physiological and
structural data for this model of CPH have been reported previously
(1, 2, 12). Tissue samples were collected from control (day 0) sheep
and animals receiving CAE for either 1, 4, 8, or 12 d (

 

n

 

 

 

5

 

 2 for each
time point).

 

Protocol.

 

Measurements of mean pulmonary artery pressure
(

 

P

 

pa

 

), left atrial pressure (

 

P

 

la

 

), systemic artery pressure (

 

P

 

sa

 

), and car-
diac output (CO) were made on a daily basis. Pulmonary vascular re-
sistance (PVR) was calculated using the formula 

 

P

 

pa

 

 

 

2

 

 

 

P

 

la

 

/CO. Air
flow into the pulmonary circulation was maintained at a rate that re-
sulted in a PVR that was 2.5 times baseline (1, 2, 12). On days 4, 8,
and 12, CAE was stopped for a period of 1–2 h to allow the animals to
equilibrate, and hemodynamic monitoring was repeated (off air). On
days 0, 1, 4, 8, and 12 of CAE, lung lymph flow over a 15-min period
was monitored, and EDTA-anticoagulated lung lymph and plasma
samples taken from the jugular vein were collected for measurement
of protein concentration by a modified Biuret method using an au-
toanalyzer and for measurement of ET-1 levels (see below).

 

Tissue collection.

 

After 0, 1, 4, 8, and 12 d of CAE, the animals
were killed by an overdose of barbiturates. The lungs were removed
intact from the chest, and tissue samples were collected from the
main pulmonary artery, the midregion axial intrapulmonary artery
(between the eighth and ninth generation of the axial pathway), and
lung, an indicator of ET-1 levels in the peripheral vasculature. The
latter two samples came from the right lower lobe. The main and mid-
region pulmonary artery samples were dissected from adjacent tis-
sues and adventitia. All samples were frozen immediately for later
isolation of total RNA. An adjacent block of tissue was taken from
each sheep from the main and midregion pulmonary artery and pe-
ripheral lung and fixed overnight at 4

 

8

 

C in 4% paraformaldehyde in
PBS, pH 7.4, for routine light microscopy to check for structural re-
modeling and for in situ hybridization.

 

In situ hybridization.

 

In situ hybridization of ppET-1 mRNA was
carried out using a [

 

35

 

S]dUTP-labeled probe consisting of a 200-base
fragment of the sheep ppET-1 cDNA (13). Standard methodology for
detection of the ppET-1 mRNA was carried out using 4-

 

m

 

m sections
from each level of artery and from peripheral lung (14, 15).

 

Cell culture.

 

SMC were isolated from the main and midregion
pulmonary artery of control sheep using a modified explant tech-
nique (16). After removing the endothelial, luminal, and adventitial
layers by gentle scraping with a scalpel blade, the remaining explants
were placed inner medial side down onto 100-mm culture dishes in
RPMI 1640 containing 100 U/ml penicillin, 100 

 

m

 

g/ml streptomycin,
40 

 

m

 

g/ml gentamicin, 2 mM 

 

L

 

-glutamine (GIBCO BRL, Gaithers-
burg, MD) and 15% heat-inactivated calf serum (Atlanta Biologicals,
Norcross, GA). Explants were removed after 2 d, and cells were
passed once a week by harvesting with 0.05% Trypsin in 0.53 mM

EDTA. The smooth muscle origin of the cells was assessed by their
“hill and valley” morphology, absence of Factor VIII/von Willebrand
antigen, and presence of smooth muscle 

 

a

 

-actin. The cells were main-
tained and used in the log phase and between passages 3 and 4 for
each experiment. Experiments were carried out in unstimulated cells
after 18 h incubation with 0.1% calf serum in RPMI; additional pre-
liminary studies were carried out in cells after incubation with either
10 nM ET-1 or after coincubation with 10 nM ET-1 plus 100 ng/ml
TGF-

 

b

 

 in 0.1% calf serum in RPMI for 18 h. End-points include as-
sessment of ppET-1 mRNA and measurement of intracellular ET-1
and big ET-1 in unstimulated and in stimulated cells. Each experiment
was carried out in duplicate from three different arterial samples (

 

n

 

 

 

5

 

 3).
Endothelial cells were used as controls for ppET-1 gene expres-

sion. Endothelial cells were cultured from sheep main pulmonary ar-
tery and lung microvasculature as described previously (17, 18). Con-
fluent endothelial monolayers between passages 6 and 8 were used
for these experiments.

 

Extraction of ET-1 and big ET-1 from SMC.

 

At the end of the
experiment, cells were washed twice in PBS and trypsinized, and cell
number was counted using a hemocytometer. After centrifugation at
1,000 rpm for 10 min, the cell pellets were homogenized in 400 

 

m

 

l of
0.1% Triton X-100 using a Teflon-glass pestle, and the cell homoge-
nates were centrifuged at 3,000 rpm for 15 min. The supernatants
were acidified with 2 M HCl (1:4) and then dried and reconstituted in
assay buffer for measurements of intracellular mature and big ET-1.
ET-1 was measured by an ELISA (Biotrack system; Amersham In-
ternational, Little Chalfont, UK). The assay is sensitive to values of

 

.

 

 1 fmol and cross-reacts 100% with ET-1 and ET-2 (ET-2 is not gen-
erally found in the lung or pulmonary smooth muscle) but not with
ET-3. Similarly, big ET-1 was measured by an ELISA (Biotrack sys-
tem). Cross-reactivity of the big ET-1 antibody is 100% for big ET-1
and 

 

,

 

 0.003% for big ET-2 and big ET-3. Each sample was run in du-
plicate from three separate experiments (

 

n

 

 

 

5

 

 3).

 

Measurements of ET-1 in lung lymph.

 

ET-1 levels were measured
in 1 ml aliquots of cell free lung lymph and serum using an RIA
(NEN Research Products, Boston, MA). This assay cross-reacts with
100% of ET-1 and shows 50% cross-reactivity with ET-2 and big ET-1.
Samples were extracted using preconditioned C18 columns and
eluted with 0.05 mol/liter ammonium bicarbonate in methanol. The
samples were then dried and reconstituted in assay buffer, and the
RIA was run according to specifications from the manufacturer. Each
sample was run in duplicate. The assay is sensitive to values 

 

.

 

 9.5 pg/ml.

 

Semiquantitative analysis of ppET-1 transcripts by RT-PCR.

 

To-
tal RNA was isolated from lung tissue, vascular wall segments, and
cultured smooth muscle and endothelial cells after homogenization in
RNA STAT-60

 

®

 

 reagent (Tel-Test, Inc., Friendswood, TX) according
to the manufacturer’s protocol. Using the cDNA sequence for sheep
ppET-1 (13), sense and antisense primers were synthesized (model
373A; Applied Biosystems, Inc., Foster City, CA): 5

 

9

 

 TTG TGG CTT
TCC AAG GAG CTC CAG 3

 

9

 

 (bases 298–321) and 5

 

9

 

 CGG TTG
TCC CAG GCT TTC ATG 3

 

9

 

 (bases 694–678). These primers were
from regions of consensus between the sheep, human, cow, and pig
ET-1 gene.

We developed an RT-PCR technique to allow semiquantitative
analysis of ppET-1 gene expression. To maximize specificity, we ex-
amined different annealing temperatures (50, 60, 65, and 67

 

8

 

C) and
numbers of cycles (25, 30, 33, and 35). Optimal expression of the
ppET-1 gene was accomplished using 33 cycles and an annealing tem-
perature of 60

 

8

 

C. The conditions gave a single band on agarose gel
electrophoresis of expected size (396 bases).

First-strand cDNA was obtained using RT of the ppET-1 mRNA,
followed by PCR amplification. 4 

 

m

 

g of total RNA was reverse-tran-
scribed in a total volume containing 50 U/

 

m

 

l of human placenta
RNase inhibitor, 1 mmol/liter each of dNTP, 0.04 A

 

260

 

 U of oligo-
p(dT)

 

15

 

 primer, 40 U avian myeloblastosis virus reverse transcriptase
in buffer, 50 mmol/liter Tris-HCl, 8 mmol/liter MgCl

 

2

 

, 30 mmol/liter
KCl, and 1 mmol/liter DTT, pH 8.5, at 20

 

8

 

C. The RT reaction was
carried out at 42

 

8

 

C for 1 h. The reaction was stopped by heating the
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sample to 99

 

8

 

C for 5 min. Removal of RNA was carried out in each
sample by incubation with 1 U RNase H at 37

 

8

 

C for 20 min followed
by heating at 99

 

8

 

C for 5 min. The samples were placed on ice after
each heating cycle to allow condensation of evaporated water fol-
lowed by a brief centrifugation. The ppET-1 first-strand cDNA was
amplified by PCR. The sample mixture for PCR contained 1 

 

m

 

l of RT
sample, 42 

 

m

 

l of distilled water, 0.5 

 

m

 

l 5

 

9

 

 and 3

 

9

 

 primers (20 mmol/liter
each), 5 

 

m

 

l 10

 

3

 

 PCR buffer (10 mmol/liter Tris-HCl, 15 mmol/liter
MgCl

 

2

 

, 500 mmol/liter KCl [pH 8.3], and 1.25 U 

 

Taq

 

 DNA poly-
merase). All of the chemicals used for RT-PCR were from Boeh-
ringer Mannheim Biochemicals (Indianapolis, IN). Each reaction
mixture was overlaid with 37 

 

m

 

l of mineral oil (Sigma Chemical Co.,
St. Louis, MO). The thermocycler (BIOS Corp., New Haven, CT)
was programmed for 33 cycles at 94

 

8

 

C for 1 min, 60

 

8

 

C for 1 min, and
72

 

8

 

C for 2 min. The resultant mixture was separated electrophoreti-
cally on a 1.8% agarose gel, and the cDNA bands were visualized af-
ter ethidium bromide staining. Negative controls included samples
without addition of mRNA before RT reaction, and samples without
addition of avian myoblastosis virus reverse transcriptase, to confirm
the absence of any contaminating genomic DNA. OD of the cDNA
bands was determined by a computerized inverted image analysis sys-
tem (Image Store 7500; UVP Inc., Upland, CA) and densitometry
(UltraScan 2202; LKB, Uppsala, Sweden). Data from each sample
were normalized to serial dilutions obtained from day 0 (control) ani-
mals. Actin and tubulin proved unsuccessful as loading markers, since
each showed an increase in signal in samples after CAE. Samples
from each level of the pulmonary artery and lung from two ani-
mals were examined at each period of CAE.

 

Construction of standard regression lines.

 

Regression lines for
calibration were constructed for both levels of pulmonary artery and
lung to allow quantification of signal strength in each sample after
CAE. The RT reaction product (derived from 4 

 

m

 

g of total RNA)
containing the first-strand ppET-1 cDNA was diluted 1:8 for lung and
1:5 for main and midregion pulmonary artery. These dilutions gave a
concentration of 500 ng cDNA equivalents of mRNA for lung and
800 ng for main and midregion pulmonary artery. For each of the
standards, these values were taken as the highest concentration, and
serial dilutions were made from each of these samples. Fivefold serial
dilutions were made for the lung, and threefold dilutions were made

for the main and midregion pulmonary artery. Each of the serial dilu-
tions of the reverse-transcribed mRNA underwent PCR as described
above. Linear regressions for each sample with corresponding cDNA
equivalents of mRNA in nanograms are shown in Fig. 1. The values
for each experimental point from arteries and lung were taken from
readings on the appropriate regression line and are given as first-
strand cDNA equivalents in nanograms.

 

Statistics.

 

Results for physiological variables as well as plasma
and lung lymph samples are presented as mean

 

6

 

SEM. Values for
CAE-treated animals were compared to day 0 using an ANOVA fol-
lowed by Tukey’s multiple comparison test. Values for comparison of
CAE-treated animals with time-matched controls were compared us-
ing the Student’s 

 

t

 

 test. Values of 

 

P

 

 

 

,

 

 0.5 were considered significant.
One-way ANOVA for variables in control animals revealed no statis-
tical differences.

 

Results

 

Effect of CAE on pulmonary hemodynamics.

 

As demonstrated
in earlier studies, CAE into the pulmonary arterial circula-
tion of sheep over a period of 12 d leads to the development
of CPH (1, 2, 12). During the 12 d of CAE, PVR was main-
tained at a level that was 

 

z

 

 2.5 times greater than baseline
(ANOVA 

 

,

 

 0.05; Fig. 2). When air flow was stopped for a pe-
riod of 1–2 h (off air), PVR fell in comparison to the on air
value but was always significantly elevated above the time-
matched controls: after 8 and 12 d of CAE, PVR (off air) was
maintained at a level similar to the animals receiving CAE.
The PVR of untreated controls remained unchanged through-
out the 12 d of the experiment (Fig. 2). Mean 

 

P

 

pa

 

 (off air) was
elevated significantly at 8 and 12 d of CAE when it was similar
to the on air values (Table I). 

 

P

 

la

 

 was decreased significantly
during CAE whether measured on or off air (ANOVA 

 

,

 

 0.05;
Table I). CO and 

 

P

 

sa

 

 showed a small fall over the 12 d of the
experiment and were similar whether the sheep were on or off
air (Table I). Some of these data have been reported previ-
ously (19).

 

Effect of CAE on flux of ET-1 from the lung.

 

A rapid and
sustained increase in lung lymph flow (ANOVA 

 

,

 

 0.05) in the
absence of any alteration in the ratio of lymph to plasma pro-
tein concentration was found when compared with time-
matched controls and day 0 (ANOVA 

 

,

 

 0.05; Table II). Abso-

Figure 1. Representative linear regressions for serial dilutions of RT 
products as cDNA equivalents of mRNA in nanograms. Regression 
lines were generated using serial dilutions (threefold for main [j] 
and midregion [d] artery and fivefold for lung [m]) of ET-1 template 
cDNA from control sheep, and coamplified by PCR. The reaction 
was carried out using 33 cycles and an annealing temperature of 608C. 
Two independent OD measurements were made for each time point.

 

Table I. Mean P

 

pa

 

, P

 

la

 

,

 

 

 

CO, and Mean P

 

sa

 

 during CAE (On 
Air) and “Off Air” at 0, 1, 4, 8, and 12 d

 

Days of CAE 0 1 4 8 12

 

P

 

pa

 

 (cm H

 

2

 

O)
On air 19

 

6

 

1 32

 

6

 

3* 27

 

6

 

3* 25

 

6

 

3 30

 

6

 

2*
Off air 19

 

6

 

1 20

 

6

 

2

 

‡

 

26

 

6

 

3* 27

 

6

 

2*

 

P

 

la

 

 (cm H

 

2

 

O)
On air

 

2

 

161 2661* 2661* 2661* 2461
Off air 2161 2661* 2561* 2461

CO (liter/min)
On air 4.860.3 3.560.3 3.360.3* 3.760.5 3.660.5
Off air 4.860.3 3.360.3 3.660.5 3.760.7

Psa (Torr)
On air 8364 7962 7662 7863 7562
Off air 8364 7663 7863 7362

Values are mean6SEM. n 5 7. *P , 0.05 compared with day 0; ‡P ,
0.05 compared with values on air.
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lute values of lung lymph ET-1 were increased significantly,
two to three times above time-matched controls and day 0 at 4
and 12 d of CAE (ANOVA , 0.05; Table II). When calculated
as flux of endothelin from the lung (absolute value of ET-1 3
lung lymph flow over 15 min), values were elevated signifi-
cantly above time-matched controls by day 1 of CAE and
peaked by day 8 (Fig. 3), and were elevated significantly above
day 0 from day 4 (ANOVA , 0.05). Plasma levels of ET-1
were similar to controls throughout the 12 d of CAE, with val-
ues between 0.9 and 2.4 pg/ml (Table II).

In situ hybridization of ppET-1 mRNA. To examine whether
the increased ET-1 in lung lymph was due to increased expres-
sion of the ppET-1 gene, tissue sections from lung and main
and midregion pulmonary artery were examined. We found
minimal hybridization of the ppET-1 mRNA in control tissues
taken from each level. Hybridization at each level in animals
receiving CAE for 1, 4, 8, and 12 d was not increased in the
lung and main pulmonary artery compared with controls: a

small increase in signal was suggested over the remodeled inti-
mal layer of the midregion artery (data not shown). To con-
firm these findings, we carried out semiquantitative RT-PCR
on tissue from the same regions from control and hypertensive
sheep.

ppET-1 gene expression in control sheep and during CAE.
Linear regressions for standards diluted from control samples
for main and midregion pulmonary artery and peripheral lung
are shown in Fig. 1. Each regression showed a correlation coef-
ficient of 0.95 or greater. Using these standard lines, we found
relatively similar amounts of ppET-1 gene expression in con-
trol peripheral lung and main pulmonary artery, while that in
the midregion pulmonary artery was strikingly less (Table III).
Air embolization resulted in a marked fall in ppET-1 gene ex-
pression in the peripheral lung and main pulmonary artery

Figure 2. PVR in sheep during 12 d of 
CAE (on air, d); after a 2-h period of 
equilibration (off air, j) (n 5 7); and in 
controls that were surgically prepared but 
did not receive air (m, n 5 7). Data are pre-
sented as mean6SEM. One-way ANOVA , 
0.05; *P , 0.05 compared with controls; 
1P , 0.05 compared with on air value.

Table II. Lung Lymph Flow (QL), Lymph to Plasma Protein 
Concentration (L:P), and Lung Lymph and Plasma ET-1 
Levels after 0, 1, 4, 8, and 12 d of Air Embolization

Days of CAE 0 1 4 8 12
QL (ml/15 min)

Air (7) 1.160.1 6.961.4* 4.460.4* 4.260.9* 3.360.4
Control (4) 1.260.2 1.160.3‡ 1.360.2‡ 1.660.6 1.360.1

L:P
Air (7) 0.6560.02 0.6660.06 0.5860.03 0.5860.04 0.5660.03
Control (4) 0.6460.01 0.6060.02 0.5760.02 0.5760.07 0.5460.03

Lung lymph ET-1 (pg/100 ml)
Air (7) 1.260.4 1.760.4 3.260.6* 3.160.7 4.461.3*
Control (4) 1.760.2 1.760.4 1.160.2‡ 1.660.6 1.460.4

Plasma ET-1 (pg/ml)
Air (3) 0.960.1 1.260.2 2.161.0 0.960.1 2.460.6
Control (4) 0.960.1 0.960.1 0.960.1 0.960.2 1.460.3

Data are shown as mean6SEM. *P , 0.05 compared with day 0; ‡P , 0.05
compared with time-matched controls. Number of animals is shown in
parenthesis.

Figure 3. CAE causes an elevation in flux of ET-1 from the lung. 
Flux of ET-1 is the absolute value of ET-1 in lung lymph 3 lung 
lymph flow over a 15-min period. Black bars, Animals receiving CAE 
(n 5 7); white bars, time-matched controls (n 5 4). Data are shown
as mean6SEM. ANOVA , 0.05. 1P , 0.05 compared with day 0;
*P , 0.05 compared with time-matched controls.
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(Fig. 4); this fall was less dramatic in the main pulmonary ar-
tery than in the lung. By day 1 of CAE, ppET-1 gene expres-
sion in the lung was reduced markedly below the day 0 value
(mean for day 0 5 705.5; 1 d CAE 5 11.2 ng cDNA equiva-
lents of mRNA) and continued to fall during the 12 d of CAE
(mean 5 1.8 ng cDNA equivalents of mRNA; Table III). A
similar dramatic fall in ppET-1 gene expression was found for

the main pulmonary artery (mean for day 0 5 736.0; 1 d CAE 5
47.9; 12 d CAE 5 3.3 ng cDNA equivalents of mRNA; Table
III). In contrast, ppET-1 gene expression in the midregion ar-
tery showed a gradual increase during CAE (Fig. 4) and by 12 d
reached a value that was approximately four times that of day
0 (mean for day 0 5 22.9; 12 d CAE 5 96.3 ng cDNA equiva-
lents of mRNA; Table III). These trends were reproducible in
each of the other two animals examined at each tissue location.

ppET-1 gene expression in isolated SMC from control
sheep. To confirm the differences in ppET-1 transcripts, we
examined ppET-1 gene expression in SMC isolated from
sheep main and midregion pulmonary artery and compared
these findings with endothelial cells isolated from the sheep
main pulmonary artery and peripheral lung as controls. Ex-
pression of the ppET-1 gene was evident in each cell type
(Fig. 5). ppET-1 gene expression was greater in SMC isolated
from the main than the midregion pulmonary artery, consis-
tent with our RT-PCR findings for control artery at these two
levels. As expected, endothelial cells showed ppET-1 gene ex-
pression, and similar to the findings for SMC, expression was
higher in endothelial cells cultured from the main pulmonary
artery than in those from the microvasculature.

Intracellular levels of big ET-1 and ET-1 in SMC. Compat-
ible with our findings for ppET-1 gene expression in normal
pulmonary artery and isolated SMC (Figs. 4 and 5), intracellu-
lar levels of big ET-1 and ET-1 in SMC isolated from the main
pulmonary artery were greater than were found for those from
the midregion (Fig. 6). Levels of intracellular big ET-1 in cells
from the main pulmonary artery were seven times greater than
in cells from the midregion, and mature ET-1 levels were 26
times greater in cells from the main than from the midregion
pulmonary artery (Fig. 6).

Effect of exogenous ET-1 and ET-1 plus TGF-b on big ET-1
and ET-1 in SMC. The response of SMC isolated from the
main and midregion pulmonary artery to ET-1 alone and to
ET-1 plus TGF-b was different. After 18 h exposure to 10 mM
ET-1, cells from the main pulmonary artery showed a 40% re-
duction in big ET-1 and a 35% reduction after coincubation
with TGF-b plus ET-1 (Fig. 7 A). Measurements of intracellu-
lar ET-1 revealed a striking 35-fold increase in response to ex-
ogenous ET-1, and a less marked, 15-fold increase in response

Table III. Differential Expression of the ET-1 Gene in 
Peripheral Lung, and Midregion and Main Pulmonary Artery

CAE

ET-1 cDNA equivalents of mRNA (ng/mg tissue)

Lung Midregion PA Main PA

d

0 794.3:616.6 21.4:24.5 549.5:922.5
1 11.8:10.5 24.5:32.4 50.1:45.7
4 10.5:3.9 32.3:37.2 4.8:4.8
8 9.4:5.8 40.7:34.9 5.6:9.4

12 1.6:2.0 87.7:104.8 3.2:3.5

Each value was obtained after densitometric measurement applied to
the standard linear regressions shown in Fig. 1. Values of two indepen-
dent measurements are presented. PA, Pulmonary artery.

Figure 4. Representative data showing that the ppET-1 gene is differ-
entially expressed in normal lung and in main and midregion pulmo-
nary artery (PA) and is altered during CAE. Left, PCR images of the 
ppET-1 cDNA after serial dilutions of the RT products from control 
lung and main and midregion pulmonary artery. Right, PCR images 
of ppET-1 cDNA from sheep receiving CAE for 0, 1, 4, 8, and 12 d. 
The semiquantitative data obtained for each sample are shown in Ta-
ble III. These values were obtained from the optimum temporal ex-
periment for each region. The findings were reproducible in the two 
animals examined.

Figure 5. Representative RT-PCR data showing ppET-1 gene ex-
pression in SMC from the main and midregion pulmonary artery 
(PASMC), and endothelial cells (EC) from the main pulmonary ar-
tery (PA) and lung periphery (MV) of sheep. SMC and endothelial 
cells from the main pulmonary artery express higher levels of ppET-1 
transcripts than SMC from the midregion artery and microvascular 
endothelial cells. S, HaeIII DNA size marker.
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to ET-1 plus TGF-b (Fig. 7 B). In contrast, cells from the mid-
region artery showed an 87% reduction in big ET-1 in re-
sponse to ET-1, and a 100% increase after coincubation with
ET-1 plus TGF-b. Intracellular levels of ET-1 in both cell
types was increased markedly in response to exogenous ET-1
and remained at a similar level in response to ET-1 plus TGF-b
(Fig. 7 B).

Discussion

CAE into the sheep pulmonary artery results in the onset of
sustained pulmonary hypertension and remodeling of the pul-
monary arterial circulation, including medial and adventitial
thickening in the main and large muscular arteries, medial and
intimal thickening in the smaller (, 1,000 mm external diame-

Figure 6. Concentrations of big ET-1 and 
mature ET-1 in SMC isolated from the 
main and midregion pulmonary artery 
(PA) of control sheep. Data are presented 
as mean6SEM from replicates of three dif-
ferent cell lines.

Figure 7. Concentrations of (A) big ET-1 
and (B) mature ET-1 in SMC cultured 
from the main and midregion pulmonary 
artery (PA) after 18 h incubation with ei-
ther media alone (white bars), 10 nM ET-1 
(black bars), or ET-1 plus 100 ng/ml TGF-b 
(cross-hatched bars). Data are presented as 
mean6SEM from replicates of three differ-
ent cell lines.
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ter) arteries, the appearance of muscle in normally nonmuscu-
lar peripheral arteries, and reduction in peripheral arterial vol-
ume (1, 2, 12, 20). The stimulus to the development of CPH is
not clear. In a previous study, we suggested that TGF-b may
contribute to the CAE-induced structural remodeling; striking
increases in TGF-b mRNA and protein in the lung and pulmo-
nary arteries are temporally associated with the development
of CPH (21). In addition, changes in the walls of the muscular
arteries are likely to include a response to the increased in-
traarterial pressure and to endothelial injury, seen as the early
development of permeability edema (1, 22). Published data
also indicate that altered levels of ET-1 mRNA and protein
contribute to the development of pulmonary hypertension.

This study in sheep demonstrates that levels of ET-1 are in-
creased in lung lymph during CAE while serum levels remain
within the normal range; that expression of the ppET-1 gene
by RT-PCR in control animals is high in the main pulmonary
artery and lung, and relatively low in the midregion artery; and
that this regional variation in ppET-1 gene expression is main-
tained but reversed during the development of CAE-induced
CPH. A dramatic fall in ppET-1 transcripts was found in the
main pulmonary artery and lung; our findings with in situ hy-
bridization are in line with these findings. Conversely, ppET-1
gene expression showed a modest and gradual increase in the
midregion artery. In confirmation of these differential find-
ings, we found that ppET-1 gene expression and intracellular
concentrations of big ET-1 and ET-1 are greater in SMC iso-
lated from the main than the midregion pulmonary artery of
control animals, and that responsivity between the two cell
types to exogenous ET-1 and ET-1 plus TGF-b is different.

Differential ppET-1 gene expression in normal pulmonary
artery and in lung. This study is the first to demonstrate re-
gional variability in ppET-1 gene expression in the lung and
main and midregion pulmonary artery of control animals. The
differences in expression are perhaps not unexpected, since
endothelial cells cultured from the main pulmonary artery and
peripheral lung behave differently in response to inflammatory
agents, e.g., TNF-a and endotoxin (17, 18), and heterogeneity
of prostacyclin and thromboxane release has been shown in
isolated vascular segments from ovine lung (23). Since both
endothelial cells and SMC are known to synthesize ET-1 (24,
25), it is likely that both cell types contribute to the normally
high levels of ppET-1 in the main pulmonary artery, a notion
confirmed by studies in cultured SMC. The lower levels of
ppET-1 gene expression in the midregion artery may reflect
the thinner medial coat of an artery of this size and a differ-
ence in phenotype of the SMC in each region (26–28). Our
data are the first demonstration that SMC isolated from the
main and midregion artery synthesize different levels of ET-1.
The lower levels of ppET-1 gene expression in the midregion
artery suggest that vascular tone in this size of artery may not
require local ET-1 synthesis. Alternatively, vascular tone in
this region may be regulated by ET-1 released from the up-
stream artery. Such a regulatory mechanism has been shown
for the kidney (29). In the lung, it is likely that the endothelial
cells of the extensive capillary bed contribute to the normally
high expression of the ppET-1 gene. However, it must be re-
membered that other peripheral lung cells and those in the
walls of bronchioli and larger airways synthesize ET-1 and
may also contribute (see references 30–32).

Effect of CAE on lung lymph ET-1 and lung ppET-1 gene
expression. Alterations in ET-1 have been demonstrated in

patients with primary and secondary pulmonary hypertension
and in rat models of CPH, but the changes are inconsistent.
ET-1 mRNA was shown to increase in pulmonary endothelial
cells of patients with either primary or secondary pulmonary
hypertension (8) and in lungs of rats with either idiopathic pul-
monary hypertension or after exposure to hypoxia (9, 10).
However, lungs with monocrotaline-induced CPH showed re-
duced expression of ppET-1 mRNA (11). Further, plasma lev-
els of ET-1 were increased in monocrotaline-induced CPH but
unaltered in rats with idiopathic pulmonary hypertension
(9, 11). In the present study, ET-1 concentrations were in-
creased in lung lymph but not in plasma during CAE. The
large dilution of ET-1 in blood versus that in lung lymph is
likely to account, at least in part, for the low levels in blood.
Thus, the pattern of ppET-1 gene expression is distinct in dif-
ferent forms and models of CPH, and circulating ET-1 levels
do not seem to reflect the alterations in the lung and pulmo-
nary vascular bed (33). CAE results in an increase in endothe-
lial permeability and endothelial injury in small vessels within
4 h of initiation of CAE (1, 34). Therefore, it is likely that the
early and abrupt drop in ppET-1 expression in the lung reflects
this early injury. Vasoconstriction of the small arteries, reduc-
tion in capillary surface area, and damage to other cells that
synthesize ET-1 may also contribute to the drop in ppET-1
transcripts.

Metabolization of ET-1 has been shown to occur in alveo-
lar capillaries of isolated perfused rat lung (35). We suggest
that the increased levels of ET-1 in lung lymph during CAE
are the result of a shift in equilibrium between ET-1 produc-
tion and its normal elimination due to injury of tissue, particu-
larly capillary endothelial cells. Patients with primary pulmo-
nary hypertension have been shown to have decreased
clearance of ET-1 by the lung; levels of ET-1 in pulmonary
venous blood were higher than those in the pulmonary artery
(4). Thus, our results are consistent with the notion that alter-
ations in ET-1 concentration in lung’s interstitium may con-
tribute to the onset and maintenance of the functional and
structural changes of CPH, and further, that such increases in
ET-1 may modulate ppET-1 gene expression and increased
ET-1 synthesis in pulmonary artery SMC.

ET-1 and structural remodeling in main and midregion pul-
monary artery and the contribution of SMC. The regional vari-
ability in ppET-1 transcripts in lung and the two levels of
artery persisted during CAE, but was reversed. It is possible
that the reduction in ppET-1 gene expression in the main pul-
monary artery and the gradual increase in the midregion ar-
tery parallel the development of structural and functional
changes in these regions (12). In the main pulmonary artery,
the increased thickness and remodeling of the arterial wall is a
secondary event. After CAE to granulocyte-depleted sheep,
medial thickening occurred without the onset of a sustained in-
crease in Ppa and PVR (2). The fall in ppET-1 gene expression
at this level is perhaps the result of vascular wall injury and al-
terations in phenotype of the smooth muscle (and endothelial)
cells as a consequence of the increased resistance. In situ hy-
bridization studies of adjacent tissues taken from main pulmo-
nary artery and lung failed to demonstrate which cell(s) was in-
volved, because of the low level of signal in both normal and
hypertensive lungs. ET-1 is known to regulate its own expres-
sion (36). Our studies with cultured pulmonary artery SMC
clearly suggest that local alterations in ET-1 regulate ET-1 syn-
thesis in SMC from the main pulmonary artery.
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The midregion pulmonary artery differs in structural re-
sponse to CAE from the main pulmonary artery in that 50% of
the midregion arteries show dramatic intimal thickening and
proliferation of smooth muscle–like cells as well as increased
medial thickness (12, 20). We suggest that the increased Ppa

and arterial remodeling contribute to the gradual increase in
ppET-1 gene expression in the midregion artery. Local media-
tors of arterial remodeling, such as TGF-b, may also contrib-
ute to the air-induced structural remodeling and increase in
ppET-1 gene expression, and our cell studies are consistent
with that notion.

This study shows that exogenous ET-1 decreases the con-
centration of big ET-1 in SMC of the main and midregion ar-
tery while levels of mature ET-1 increase. These divergent
findings may reflect phenotypic differences in the two SMC
and/or be the result of ET-1–induced alterations in ECE activ-
ity. Further, the increases in intracellular ET-1 may reflect up-
take of exogenous ET-1 (37) and binding of exogenous ET-1
to its high affinity receptors (38).

TGF-b and ET-1 synthesis in SMC from main and midre-
gion artery. Our findings suggest that TGF-b modulates ET-1
synthesis in SMC and that this modulation differs at the two
levels of artery examined. Big ET-1 concentrations were in-
creased in the presence of ET-1 plus TGF-b compared with
ET-1 alone only in SMC of the midregion, whereas ET-1 plus
TGF-b decreased intracellular levels of mature ET-1 only in
SMC of the main artery. The reason for these differences is not
clear. However, as for ET-1 alone, the differences are likely to
include alterations in ECE activity as well as phenotypic differ-
ences in these two populations of arterial SMC. The striking
increase in big ET-1 in SMC of the midregion artery in re-
sponse to ET-1 plus TGF-b supports the increased ppET-1
gene expression in arterial tissue at this level during CAE. Fur-
ther, it is likely that ppET-1 expression in the midregion artery
includes modulation of SMC and perhaps migration and pro-
liferation of smooth muscle–like cells in the thickened intima.
Increased ppET-1 mRNA has been shown in vascular SMC
from the aorta of hypertensive rats (36) and from human
omental vessels (24) in response to growth factors. Such find-
ings suggest that increased ppET-1 gene expression in the mid-
region artery may be linked to altered synthesis of growth fac-
tors, such as TGF-b, and intimal hyperplasia. The findings for
the main pulmonary artery SMC are less clear, although it is
likely that SMC are responsible, at least in part, for the reduc-
tion in ppET-1 gene expression during CAE.

In summary, we have shown for the first time that ppET-1
gene expression in the main pulmonary artery and lung of nor-
mal sheep is strikingly greater than in the midregion artery and
that these regional variations in expression may be linked to
differences in SMC phenotype. This differential expression of
ppET-1 transcripts is reversed during the development of air-
induced CPH when ppET-1 gene expression is downregulated
in both the main pulmonary artery and lung and increases
gradually in the midregion artery. We conclude that early in-
jury to the lung’s microvasculature is likely to contribute to the
abrupt decrease in ppET-1 gene expression in the lung. Since
the lung is a major organ responsible for metabolizing ET-1,
we suggest that the increase in lung lymph ET-1 during CAE is
the result of its decreased clearance, perhaps reflecting the
CAE-induced endothelial perturbation and peripheral vascu-
lar changes. In the structurally remodeled pulmonary arteries,
normal differences in SMC phenotype as well as the CAE-

induced remodeling at each level and/or alterations in their
phenotype, may contribute to the differential expression of the
ppET-1 gene and ET-1 synthesis. Local production of growth
factors may also modulate SMC function and ET-1 synthesis.
Further studies are needed to explore these notions in detail,
including assessments of ECE activity and ET-1 synthesis in
SMC isolated from both levels of the remodeled pulmonary
arteries.
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