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Abstract

Diffuse neointimal lesions including smooth muscle cells expressing extracellular matrix genes describe vascular remodeling in adult human
elastic pulmonary arteries. It has recently come to light that vascular damage is necessary to kick off the remodeling process, and that growth
factor mediators play a role in the healing process. However, it has been postulated that systemic-like hemodynamic circumstances are also
required since neointimal development is only found in individuals with pulmonary artery blood pressures reaching systemic values. To
examine this, Sprague-Dawley rats were subjected to three experimental situations in which subclavian-pul- monary artery anastomoses were
performed: with no concomitant damage, after injury with monocrotaline, and after injury with balloon end-arterectomy.

The anastomosis between the subclavian and pulmonary arteries did not alone cause pulmonary vascular remodeling. In the presence of the
anastomosis, the remodeling pattern after moderate monocrotaline-induced damage shifted from being non-neointimal to being neointimal.
After severe, balloon endarterectomy-induced damage, neointima was also seen even in the absence of anastomosis. Expression of
tropoelastin, type | procollagen, and transforming growth factor beta, as well as immunoreactivity for angiotensin converting enzyme, was
localized to the neointima, much as it is in human hypertension elastic pulmonary arteries. arterial neointimal lesions. These findings bring
the idea that the elastic response of the pulmonary artery to injury may be affected by both the nature of the lesion and the underlying
hemody- namic circumstances. (J. Clinical Invest. 1996;98:436-442) Pulmonary hypertension, neointima, extracellular matrix,
monocrotaline, vascular damage,

Introduction

Active extracellular matrix protein production by vascular hypertensive pulmonary arteries is seen as a secondary problem
smooth muscle-like cells is one hallmark of vascular remodeling rather than a main one (6).

in elastic pulmonary arteries in people with primary pulmonary Protein production in the extracellular matrix is another hallmark
hypertension of unknown cause. Smooth muscle cells, for of the vascular remodeling seen in the elastic pulmonary arteries
instance, express tropoelastin and type | procollagen inside the of experimental animals. However, in contrast to the neointimal
body. remod- eling seen in primary pulmonary hypertension, a
The Respiratory and Critical Care Division of Jewish Hospital, neointima does not develop in the elastic pulmonary arteries of
Washington University Medical Center, Mitchell D. Botney, these animals. After monocrotaline-induced damage, cells near
M.D. the vascular lu- men produce tropoelastin, whereas cells at the
comparable to atherosclerotic lesions in systemic arteries, a thick, medial-adventitial boundary express procollagen (7). It is unclear
fibrous neointima made up of smooth muscle-like cells, what causes humans to have such a different pattern of
macrophages, and extracellular matrix (1-4). Neointimal or pulmonary vascular remodeling compared to animals. These
atherosclerotic alterations are uncommon in normotensive elastic models need a chronic vascular insult, such as chronic hypoxia in
pulmonary arteries, especially in the elderly (1) or in the presence the rat (8) and newborn calf (9, 10), mono- crotaline poisoning in
of risk fac- tors for systemic vascular atherosclerosis such as the rat (11), or chronic air emboli in the sheep (12), to begin and
diabetes, tobacco use, or hypercholesterolemia (2). Normal sustain remodeling, suggesting that injury is critical. Although it
pulmonary arteries have a lower blood pressure than systemic seems that damage is necessary to induce remodeling in both
arteries, which may explain the lack of neointimal and pulmonary and systemic arteries (13, 14), whether changes in
atherosclerotic lesions in these arteries (2, 5, 6). As a result, the pulmonary artery hemodynamics would result in neointimal
occurrence of neointimal and atherosclerotic lesions in development in these animal models is uncertain.
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Because of its pyrrolizidine alkaloid structure, monocrotaline
causes damage to the pulmonary vasculature. Endothelial edema
and blebbing in the pulmonary artery (11) and alveolar
inflammatory infiltrates (12) are two of the first clinical
alterations (15, 16). Compared to healthy pulmonary arteries, the
subendothelial gap seems enlarged (17-19). This is accompanied
by a modest increase in the frequency of tiny fractures in the
inner elastic lamina (17). Later alterations include ongoing
vascular remodeling, which is in part characterized by heightened
elastin and collagen protein production and deposition (11, 20,
21). It is unknown if monocrotaline-injured pulmonary arteries
exposed to systemic hemodynamics would generate neointima,
despite the fact that neointimal development is not seen in
pulmonary arteries with normal hemodynamics after damage.
Balloon endarterectomy, on the other hand, is a frequently used
technique.

technique for generating vascular neointimal development- J.
Clin. Invest. lature. In this model of vascular injury the
endothelium is me- chanically removed and about 25% of
the medial smooth muscle cells are damaged (22). The
remaining smooth musclecells proliferate, migrate to form a

neointima, and synthesize
Endarterectomy (n = 8) Harvested 2 wk after balloon
endarterectomy
Endarterectomy Harvested 2 wk after

balloon
+anastomosis (n = 8)  endarterectomy and anastomosis

of injury even in the presence of systemic hemodynamics),
and that injured pulmonary arteries would only develop
neointima in  the presence of systemic-like
hemodynamics. Specifically, we predicted that the non-
neointimal pattern of remodeling found in normal
pulmonary arteries after monocrotaline injury would be
converted to a neointimal pattern if the pulmonary artery
was subjected to systemic-like hemodynamics. Con-
versely, we predicted that no neointima would develop
after balloon endarterectomy in normal pulmonary
arteries. To testour hypothesis, we studied the pattern of
remodeling in unin- Monocrotaline

extracellular matrix proteins such as elastin and type |
collagen (23). Whether neointima would form after balloon
endarterec- tomy in pulmonary arteries with normal
hemodynamics, or only in the presence of systemic
hemodynamics, is also un- known.

The purpose of this study was to determine the pattern
of pulmonary vascular remodeling after different types of

Table I. Treatment Groups

Group Treatment

Control (n = 5)
Sham (n = 5)

No treatment

Harvested 4 wk after left thoracotomy
alone

Anastomosis (n = 8) Harvested 4 wk after subclavian-
pulmonary
artery anastomosis
Monocrotaline (n = 8)  Harvested 5wk after
monocrotaline o
injection (60 mg/kg)
+anastomosis (n = 8)
Harvested 5 wk after monocrotalineinjection (60 mg/kg) and 4 wk
aftersubclavian-pulmonary artery anastomosis
jured, monocrotaline or balloon endarterectomy injured
pul-
monary arteries in vivo in the presence of normal or
systemic-like pulmonary hemodynamics.

injuryunder different in vivo hemodynamic conditions. We

hypothe- sized that injury was required to initiate

pulmonary vascular remodeling (no remodeling would be

observed in the absence

Methods
Animal model. Pathogen-free male Sprague-Dawley rats
(12 wk old,body weight 310-350 grams) were used for this
experiment. Rats were anesthetized by a subcutaneous
injection of ketamine chloride (0.4 mg) and atropine
sulphate (0.1 mg), placed in the supine posi- tion, and
tracheally intubated with a 14 G catheter (Angiocath). An-
esthesia was maintained with halothane inhalation (0.5%).
Ventila- tion was maintained with a Harvard ventilator
(tidal volume 3.0 ml, respiratory rate 60/min, PEEP 1.0 cm
H,0). Animals were randomly divided into seven groups:
control (no surgery), sham operation, sub- clavian-
pulmonary artery anastomosis, monocrotaline alone, mono-

crotaline + anastomosis, endarterectomy alone, and
endarterectomy

+ anastomosis (Table ).

For animals receiving an anastomosis, the left pulmonary
artery was divided, flushed with heparin (10 U/ml), and the
left subclavian artery anastomosed directly end-to-end to
the distal left pulmonary artery (Fig. 1 A) using a cuff
technique (24). Particular attention was given to avoid
injuring the subclavian or pulmonary arteries. The left



Left subclavian artery

Figure 1. Creation of a subclavian-pulmonary artery anastomosis. The left pulmonary artery is divided and the left subclavian
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artery is anasto- mosed directly end-to-end to the distal left
pulmonary artery (A). The left lung receives only systemic
flows and pressures while the right lung continues to receive
its blood supply from the right ventricle. Patency of shunts is
confirmed by: (a) observing post-anastomotic dilatation of
thepulmonary artery at the time of surgery; (b) confirmation
of systemic pressures in the postanastomotic pulmonary
artery by direct needle punc- ture immediately before
removal of the lungs; and (c) angiography (B). Arrowhead
indicates site of anastomosis while the arrow indicates di-
lated region of postanastomotic pulmonary artery.

lung received only systemic blood while the right lung
continued to receive its blood supply from the right
ventricle. All animals exceptthe control group were allowed
to recover with supplemental oxygen (2 L/min per cage) for
the first 24 h after surgery, and subsequently maintained on
room air until death. Patency of shunts was confirmed by:
(a) observing postanastomotic dilatation of the pulmonary
artery at the time of surgery; (b) confirmation of systemic
pressures in the post-anastomotic pulmonary artery by
direct needle puncture imme- diately before harvest of the
lungs; and (c) angiography before re- moval of the lungs
(Fig. 1 B). All animals received humane care in compliance
with the “Principles of Laboratory Animal Care” formu-
lated by the National Society for Medical Research, and the
“Guide for the Care and Use of Laboratory Animals”
prepared by the Na- tional Academy of Science and
published by the National Institutes of Health (NIH
Publication No. 86-23, revised 1985).

Monocrotaline. Monocrotaline (Sigma Chemical Co., St.
Louis, MQO) was prepared as described (11). Rats were
randomly assigned to a treatment group and injected
subcutaneously in the right hindlimbwith monocrotaline (60
mg/kg) or vehicle. Subclavian-pulmonary ar- tery
anastomoses were created 1 wk later. Animals were killed
28 d after surgery (5 wk after monocrotaline). In three
animals the anasto- mosis was created first, followed by
monocrotaline injection 1 wklater. Animals were killed 28 d
after monocrotaline (5 wk after surgery). Balloon
endarterectomy. Left pulmonary artery balloon endar-
terectomy was performed with a 2 French Fogarty catheter
balloon (Baxter Edward) to induce severe vascular injury.
The balloon was inserted into the distal lumen of the
divided left lower pulmonary ar-tery, inflated with 1 ml air,
withdrawn and deflated. This procedure was performed
three times. The distal pulmonary artery was then
anastomosed to the left subclavian artery.

Endarterectomies were also performed in pulmonary
arteries without subsequent anastomosis to the subclavian
artery. The balloon was inserted into the left pulmonary
artery through a distal branch in a proximal direction,
inflated with 1 ml air, partially withdrawn and deflated.
This procedure was performed three times. The distal pul-
monary artery branch through which the catheter was
inserted was then ligated.

Pulmonary artery angiography. To confirm patency of the
left subclavian-pulmonary artery anastomoses, angiography
was per- formed with contrast (50% Conray). Rats were
anaesthetized with an intraperitoneal injection of sodium
pentobarbital (0.2 mg) and atro- pine sulfate (0.1 mg),
placed in the supine position and tracheally in-tubated with
a 14 G catheter (Angiocath). While spontaneously
breathing, a small incision was made in the neck and a 22 G
catheter was inserted into the right carotid artery.
Angiography was per- formed during infusion of 3 ml
contrast material (Fig. 1 B).

Hemodynamic studies and tissue preparation. Elastic

pulmonary arteries were harvested from animals 5 wk after
monocrotaline injec-tion (4 wk after surgery) or 2 wk after
balloon endarterectomy. Rats were anesthetized by an
intraperitoneal injection of sodium pento- barbital (0.2 mg)
and atropine sulphate (0.1 mg), placed in the supineposition,
and tracheal intubation performed with a 14 G catheter
(Angiocath). Ventilation was maintained with a Harvard
ventilator (tidal volume 3.0 ml, respiratory rate 60/min, PEEP
1.0 cm H,0). Sys- temic arterial pressure (SAP) was
continuously monitored in the right carotid artery
throughout the assessment period. After a bilat- eral
transverse mini-thoracotomy through the fourth intercostal
space, a 24 G catheter was inserted into the left pulmonary
artery dis- tal to the anastomosis under direct visualization
and postanastomotic pulmonary arterial pressure (PAP)
recorded. After hemodynamic measurements the left lungs
of animals with a left subclavian-pulmo- nary artery
anastomosis were flushed with 0.9% saline infused via the
aorta. The left lungs of animals not receiving a subclavian-
pulmonary artery anastomosis were flushed with 0.9% saline
infused via the right ventricle. The left pulmonary artery was
resected, fixed with neutral- buffered formalin, and
embedded in paraffin for in situ hybridization and
immunohistochemical staining. After removal of the left
pulmo- nary artery the ratio of right ventricular/left

ventricular + septal weight (RV/LV + Sep) was determined.
In situ hybridization and immunohistochemistry. In situ
hybrid- ization was performed with sense or antisense *°S-
radiolabeled cRNA probes for type | procollagen,

tropoelastin, and TGF-B, 5 as previ- ously described (3,
25).

Immunohistochemistry was performed with antibodies to -
smooth muscle actin (Sigma Chemical Co.), macrophages
(HAM-56, DAKO), and angiotensin-converting enzyme as
previously described (4, 26, 27).

Electron microscopy. Pulmonary arteries, from control rats
and rats 12 h after endarterectomy, were prepared for
electron micros- copy by cardiac perfusion with 3%
glutaraldehye in 0.1 M sodium ca- codylate buffer (pH 7.4)
as previously described (28). The vessels were dissected

into segments and left for 1 h at 4°C in fresh fixative.

Tissues were washed in buffer and left overnight at 4°C in
cacodylate buffer containing 4.2% sucrose. The next day the
tissues were treated sequentially with 1% osmium tetroxide
in buffer, 2% tannic acid in buffer, and 2% uranyl acetate in
distilled water. Tissues were then de- hydrated in a graded
series of methanol to propylene oxide, infil- trated and
embedded with Epon (SPI Supplies, West Chester, PA).
Thin tissue sections were cut on a Reichert ultracut
ultramicrotome and counterstained with 7% methanolic
uranyl acetate followed by lead citrate. Sections were
examined in a Zeiss 902 transmission elec- tron microscope
operating at an accelerating voltage of 80 kV.



Table Il. Physiologic and Hemodynamic Data

Group pre-BW (g) post-BW (g) SSAP (mmHg) SSAP (mmHg) mMPAP (mmHg) RV/LV+Sep
Control (n = 4) 321+11 385+19* 106+10 19+2 11+2 0.27+.03
Sham (n = 5) 327+10 375+14* 108+7 20+1 14+1 0.28+.02
Anastomosis (n = 3) 338+13 365+36* 1045 82+4" 75=+2" 0.27+.02
Monocrotaline (n = 5) 340+18 356+27* 107+10 37+18 26+25 0.46+.03°
Monocrotaline
+anastomosis (n = 5) 344+26 306+25* 106=+6 798! 47+5! 0.68+.04!
Endarterectomy (n = 5) 329+20 343+21* ND ND ND 0.30+.03
Endarterectomy 34637 348+38 ND ND ND 0.30+.04

+anastomosis (n = 5)

pre-BW, body weight prior to monocrotaline injection or endarterectomy; post-BW, body weight 5 wk after monocrotaline
injection or 2 wk after endarterectomy. *P < 0.01 vs. pre-BW; ‘P < 0.0001 vs. all other groups; 5P < 0.0005 vs. control, sham,

and anastomosis alone; 'P < 0.0001 vs. all othergroups. TP < 0.0001 vs. control or sham. sSPAP and mPAP measurements made
in the left pulmonary artery distal to the anastomosis. Sample size (n)indicates the total number of animals per group with

complete hemodynamic data. ND, not done. B
7 . BT AR o~
g 2 <

Figure 2. Systemic hemodynamics modifies pulmonary arterial re- sponse to injury. Neointima (arrowheads) is present 14 d after pulmo-nary arteries
are injured by monocrotaline and subjected to systemic-like hemodynamics via subclavian-pulmonary artery anastomosis.

The neointima in this elastic pulmonary artery is present diffusely butvaries in thickness. Verhoeff-van Gieson stain, x40.

Results

Physiologic studies

There were no significant differences in the preoperative
body weights between groups (Table Il). After 5 wk, the body
weights of control, sham-operated, and anastomosis-only
animals in-creased significantly compared with baseline or
preoperative weights. There was a minimal increase from
baseline in the body weights of rats receiving monocrotaline
alone. However,there was a significant decrease in the body
weights of rats re- ceiving both monocrotaline and
anastomosis.

There were no differences in systemic systolic arterial pres-
sure (sSAP) 4 wks after surgery in the animals receiving

mono- crotaline alone or monocrotaline + anastomosis
compared with control animals, animals with sham
operations, or animals

with only an anastomosis. Systolic and mean left
pulmonary artery pressures (sPAP, mPAP) in animals
receiving an anas- tomosis alone, monocrotaline alone or

monocrotaline + anas- tomosis were significantly higher

compared with control ani-
mals or animals with sham operations. The sPAP and

mPAP in animals receiving monocrotaline + anastomosis
approached systemic artery pressures and, therefore, were
also signifi-

cantly greater than sPAP and mPAP in animals receiving
monocrotaline alone.

The ratio of right ventricular to left ventricular plus septal

weight (RV/LV + Sep), an indirect index of pulmonary
vascu- lar remodeling, was significantly increased after

monocrotaline alone or monocrotaline + anastomosis
compared with control animals, animals with sham operations
or animals with only an anastomosis. Furthermore, the

RV/LV + Sep ratio was signifi-
cantly increased in the animals receiving monocrotaline

+
anastomosis compared with monocrotaline alone. There

was no significant increase in RV/LV 4+ Sep after
anastomosis alone.

Histologic studies
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No injury. The pulmonary arteries of control animals or ani- mals receiving sham anastomoses (thoracotomy alone) ap- peared

normal. There was no evidence of pulmonary vascularremodeling after subclavian-pulmonary artery anastomosis

Figure 3. Electron micrograph of damaged pulmonary artery 12 h
af-ter balloon endarterectomy. Left pulmonary artery balloon
endarter-ectomy was performed with a 2 French Fogarty catheter
balloon in-flated with 1 ml air. The balloon was inserted into the
proximal left pulmonary artery, inflated with 1 ml air, withdrawn,
and deflated.

This procedure was performed three times. Normal pulmonary

arteryshows intact endothelium, no disruption of inner elastic

lamina or other lamellae, no edema, and the absence of

neutrophils and eryth-rocytes (A). Injury after endarterectomy

(B) includes endothelial denudation with exposure of sub-

endothelial matrix to the vascular lumen (small arrowheads),

the internal elastic lamina (large arrow- heads) is disrupted

(small arrows), edema of the medial layer (e),

neutrophil influx (N) and erythrocyte transudation (E). x5360.

alone. Histologic examination of the postanastomotic

elastic pulmonary arteries showed no evidence of

neointimal forma- tion, nor was there evidence of

extracellular matrix gene ex- pression by in situ

hybridization, up to 6 mo after surgery (data not shown).

Monocrotaline. No neointimal formation was seen in

ani-
Figure 4. Neointimal formation develops in pulmonary
arteries after balloon endarterectomy without anastomosis.
Left pul- monary artery balloon endarter- ectomy was
performed with a 2 French Fogarty catheter ballooninflated
with 1 ml air. The bal- loon was inserted into the left
pulmonary artery through a dis- tal branch, inflated with 1
ml air, partially withdrawn, and de- flated. This procedure
was per- formed three times. The distal pulmonary artery
branch was then ligated. Extensive neointi- mal formation is
present 2 wk af- ter endarterectomy in this pul- monary
artery that was not subjected to systemic-like hemo-

dynamics. Arrowhead indicates inner elastic lamina
separating neointima (i) from the medial layer (m).

Verhoeff-van Gieson stain, x<200.

mals receiving monocrotaline alone, as previously
described (7). Likewise, no neointima was observed if the
subclavian- pulmonary artery anastomosis was established
1 wk before monocrotaline was administered. However, the
left pulmonary arteries from all eight animals receiving
monocrotaline fol- lowed by subclavian-pulmonary artery
anastomosis 1 wk later developed an extensive but patchy
neointima (Fig. 2). Immu- nohistochemistry showed that
nearly all neointimal cells were smooth muscle cells with
less than 2% macrophages present (data not shown).
Balloon endarterectomy. Balloon endarterectomy, which
induces neointimal formation in systemic arteries, was per-
formed in the left pulmonary artery with and without
anasto- mosis. Electron microscopy after endarterectomy
demonstrated ultrastructural damage not observed after
monocrotaline- induced injury (16, 17, 19). Endarterectomy
damage included endothelial denudation, severe disruption
of the inner elastic lamina, and other elastin lamellae,
interlamellar edema, neu- trophil influx, and erythrocyte
transudation (Fig. 3). Neointi- mal formation was observed
2 wk after endarterectomy in nonanastomosed pulmonary
arteries (Fig. 4) as well as in pul- monary arteries with
systemic-like hemodynamics. Immuno- histochemistry
showed that the cellular composition, 98%

smooth muscle cells with less than 2% macrophages, was

simi- lar to the cellular composition in monocrotaline +
anastomosisneointimal lesions.
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Gene and protein expression

Several studies were performed to determine whether gene ex-
pression in this neointimal model of elastic pulmonary
artery remodeling resembled gene expression observed in
remodel-ing human pulmonary arteries.

Extracellular matrix gene. Tropoelastin and type | procol-
lagen genes are expressed solely by neointimal smooth
muscle cells in elastic pulmonary arteries obtained from
patients with severe pulmonary hypertension (3). In
contrast, after mono-

crotaline injury tropoelastin is expressed by cells adjacent
tothe lumen whereas type | procollagen is expressed at the
me- dial-adventitial border (7). The pattern of extracellular
matrix

gene expression after monocrotaline + anastomosis or after
balloon endarterectomy resembled the pattern seen in
human

pulmonary arteries. Type | procollagen and tropoelastin
geneexpression was confined to the neointima (Fig. 5, A and
B). No type | procollagen gene expression was expressed at
the me- dial-adventitial border in monocrotaline-injured
pulmonary arteries in the presence of an anastomosis or
after balloon en-darterectomy with or without anastomosis.
No tropoelastin or type | procollagen gene expression was
observed when uninjured pulmonary arteries were exposed
tosystemic pressures via the anastomosis (data not shown).

TGF-B. The pattern of TGF-B gene expression in remod-

e

eling human pulmonary arteries also differs from the
pattern
of gene expression in pulmonary

monocrotalineinjury. All three isoforms of TGF-B are found
in the neointima of hypertensive elastic pulmonary arteries

(25). In contrast, the genes for all three isoforms of TGF-f are
expressed along the vascular lumen after monocrotaline

injury (7). The pattern of TGF-B gene expression after
monocrotaline injury with surgi- cal anastomosis resembled
the pattern seen in human pulmo-nary arteries since all three

isoforms of TGF-B were expressed in the neointima (Fig. 5
C).

Angiotensin-converting enzyme. Angiotensin-converting en-
zyme (ACE) immunoreactivity is increased in endothelial
cells of hypertensive human elastic pulmonary arteries
compared with endothelial cells of normal pulmonary arteries
(27). In ad- dition, neointimal smooth muscle cells are
immunoreactive, particularly those cells closer to the
endothelial layer. The pat-tern of ACE immunoreactivity
in pulmonary arteries from

arteries  after

animals with monocrotaline + anastomosis or with balloon

endarectomy was similar to the pattern in human
pulmonary
arteries. Endothelial ACE immunoreactivity from pul
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monaryarteries with monocrotaline + surgical anastomosis (Fig. 5 D)

Figure 5. Gene expression in monocrotaline-injured pulmonary arteries subjected to systemic hemodynamics. Type | procollagen (A), tro-

poelastin (B), and TGF-B1 (C) gene expression is confined to the
neointima. TGF-B2 and TGF-B3 gene expression was also
confined to the neointima (not shown) similar to TGF-B1. No type
| procollagen gene expression was seen at the medial-adventitial
border, in contrast to mono-crotaline alone (7). No signal was
seen with sense control probes. ACE immunoreactivity is
associated with endothelial cells and neointimal smooth muscle
cells closest to the lumen (D). No immunoreactivity was seen
with control rabbit serum.

or balloon endarectomy (data not shown) was more
intense compared with monocrotaline alone or control
animals in which faint ACE expression was confined to
the endothelium only. In addition, neointimal cells,
particularly those cells closer to the endothelial layer,
were also immunoreactivefor ACE.

Discussion

The mechanisms initiating and maintaining pulmonary vascu- lar
remodeling remain poorly understood. Several studies with
human tissues have provided some insight into possible media-
tors of remodeling, such as TGF-p (25, 29, 30), angiotensin

converting enzyme (27), vascular endothelial growth factor

(31), endothelin (32), and nitric oxide (33), although most of our
current knowledge is based on animal models of pulmo- nary
vascular remodeling. However, the pattern of vascular re-
modeling in adult pulmonary vascular remodeling does not
closely resemble the pattern seen in animal models. What con-
ditions are responsible for these two different patterns of re-
modeling is unknown but possibilities include species differ-
ences, the duration of remodeling, the type of injury, or

hemodynamic factors.

We hypothesized that injured pulmonary arteries would develop
neointima only in the presence of systemic-like pres- sures
because of the clinical observation that the elastic pulmo- nary
arteries develop neointima only in severely hypertensive
pulmonary arteries. Our results require us to amend this hy-
pothesis and, in addition, provide several insights into the pro-
cess of pulmonary vascular remodeling. First, this study con-
firms our previous observation that injury is required to induce
vascular extracellular matrix synthesis (7) and suggests that el-
evated pressure per se is not perceived by the uninjured elastic
pulmonary artery as a sufficient stimulus for matrix synthesis. In
the absence of injury there was no extracellular matrix gene
expression, even in the presence of systemic pressures, for up to
six months. Second, hemodynamic conditions can modulate the
response to injury. Neointimal formation is seen after
monocrotaline-induced injury in the presence of systemic he-
modynamics but no neointima is observed with monocrota- line-
induced injury in the presence of normal pulmonary he-
modynamics. However, if injury is severe enough, such as after
balloon endarterectomy, neointima will form even in the pres-
ence of normal pulmonary hemodynamics. Third, the pattern of
gene expression in this animal model of neointimal forma- tion
more closely resembles the pattern of expression seen in
remodeling human hypertensive pulmonary arteries. Fourth,

this study suggests the possibility that pulmonary vascular re-
modeling in patients may change from a non-neointimal pat- tern
to a neointimal pattern as disease progresses and pulmo- nary
artery hemodynamics change.

Neointimal lesions were not observed if monocrotaline was
administered after the anastomosis was performed. While this
observation may represent a complex interaction between in- jury



and hemodynamics, there may be a simpler explanation. The
initial metabolism of monocrotaline occurs in the liver and
includes the formation of monocrotaline pyrroles. Small intra-
venous doses of one monocrotaline pyrrole, dehydromonocro-
taline (MCTP) causes lung toxicity that is virtually identical to
that produced by larger doses of monocrotaline (34). Although
many monocrotaline pyrroles are quite unstable, MCTP is among
the more stable metabolites, with a half-life in rat se- rum of
about 5 seconds (34). Thus, it seems likely that a frac- tion of
MCTP formed in the liver survives passage to the lung to initiate
vascular injury. However, in the presence of the sub- clavian-
pulmonary artery anastomosis the left lung is not ex- posed to the
blood immediately leaving the liver. As a result, an insufficient
amount of metabolized monocrotaline may be present in the left
pulmonary circulation to initiate injury. In addition, young rats
appear most susceptible to the effects of monocrotaline with
susceptibility decreasing with age since se- vere damage is seen
in other organs besides the lung in very young rats (i.e., 2 wk old)
administered monocrotaline, with less severe damage observed in
older rats (i.e., 7 wk old) (35). Female rats suffer more non-
pulmonary organ damage than male rats of comparable age and
die sooner as well. The rats used in these experiments were 12
wk old and male. Thus, an additional explanation for the absence
of neointimal formation when anastomosis preceded
monocrotaline injury may be the age and gender of the animals
used in these experiments.

It is unclear what component of systemic hemodynamics is
responsible for neointimal formation in the monocrotaline +
anastomosis model of pulmonary vascular remodeling. One
explanation is that the left pulmonary artery is exposed to a
higher partial pressure of oxygen than normal. Prolonged se- vere
hyperoxia (FiO2 = 90%) is well-known for inducing pul- monary
hypertension associated with medial hypertrophy in

rats (36). Whether exposure of pulmonary arteries to the com-
bination of monocrotaline injury and normal systemic partial
pressures of O2 leads to neointimal formation in this model is
unknown. Several observations, however, suggest changes in
mechanical forces, such as increased stretch, can modulate ma-
trix protein synthesis. For example, pulsatile stretch rapidly in-
duced collagen synthesis in cultured vascular smooth muscle
cells (37), and mechanical stretch of isolated pulmonary artery
rings rapidly induced tropoelastin and procollagen mRNA ex-
pression (38). Intact endothelium was necessary for increased
tropoelastin and procollagen mRNA expression, suggesting
important interactions occur between the different compart-
ments of the blood vessel. More recently, medial smooth mus- cle
cell type | procollagen immunoreactivity and total pulmo- nary
artery collagen and elastin synthesis were found to increase with
increasing stretch in rabbit pulmonary artery strips maintained in
organ culture (39). It is unclear, however, whether the increased
collagen and elastin synthesis observed in these in vitro studies is
related to mechanical forces alone or related to the combination
of stretch plus injury incurred dur- ing dissection of the vessel.
Our results suggest that mechani- cal stretch alone does not
induce matrix synthesis in vivo but

that accompanying endothelial or smooth muscle cell injury is
necessary.

Shear stress is another component of the mechanical forces actlng

|n|un,'
l‘-'IE.HIH
synthasis

Monmal Vessel Mesdianl Hyperophy Maointimal lormation
Alternatively, the hemodynamic changes after creation
Figure 6. The “response” to injury evolves as pulmonary

Persiclent
Ramodalng

Alterad
Hamodynamics

upon the vascular wall. Systemic arteries tend to nor- malize to a
wall shear stress value of ~ 15 dynes/cm2 (40). Thus, neointimal
formation is thought to be one mechanism by which the vessel is
able to maintain an appropriate mechanical environment. Shear
stress is linearly proportional to the flow rate through the vessel
and inversely proportional to the third power of the vessel
diameter. The diameter of the postanasto- motic pulmonary artery
ballooned in all cases to roughly twice its normal size in all cases.
Thus, in the absence of any change in blood flow, the shear stress
in the postanastomotic pulmo- nary artery would be reduced to
one-eighth the normal vessel shear stress. Although pulmonary
artery blood flow increases as the result of the systemic-pulmonic
shunt, thereby increas- ing shear stress, we hypothesize that the
net effect is decreased shear stress since shear stress will be more
effected by changes in diameter than changes in flow. Thus, one
explanation for the absence of pulmonary artery neointimal
formation in ani- mal models of pulmonary hypertension despite
endothelial in- jury is the absence of increased mechanical stretch
or de- creased wall shear stress.

The extent of neointimal formation seems to correlate with the
extent of vascular trauma. For example, the rat carotid neointimal
cross-sectional area after monofilament endothelial denudation
(mild injury) was decreased compared with bal- loon
endarterectomy (severe injury) (41). This was attributed to the
greater release of mitogens, such as basic fibroblast growth
factor, from medial smooth muscle cells killed by the severe
balloon endarterectomy injury. Our results are consis- tent with
the observation that the extent of neointimal forma- tion
correlates with the extent of vascular injury. No neointima was
observed in the absence of injury. In the presence of
monocrotaline injury neointima was observed if the hemody-
namic status of the blood vessel was altered, but if the injury was
severe enough (balloon endarterectomy) the added influ- ence of
mechanical forces was not necessary for matrix synthe- sis
induction and neointimal formation. It is unlikely, however, that
such severe injury initiates the remodeling associated with
primary pulmonary hypertension.

The presence of erythrocytes in the medial layer suggests an
alternative explanation to the release of mitogenic (and
profibrotic) factors from damaged medial smooth muscle cells for
the initiation of neointimal formation. Plasma factors with
mitogenic and profibrotic activity likely enter the damaged blood
vessel secondary to disruption of the inner elastic lamina and
plasma transudation. Thus, the systemic pressures distal to the
anastomosis may promote transudation of plasma factors through
the monocrotaline-injured endothelium and the previ- ously
demonstrated small breaks in the inner elastic lamina (17).
Although remodeling was not observed with anastomosis alone in
this animal model, humans with large left-to-right shunts will
develop significant intimal changes if the shunt is not corrected.
The pathogenesis of vascular remodeling is un- known,
particularly at early stages in these patients, but one possible
explanation for this discrepancy is that over a suffi- ciently long
time period the high flow state induces endothelial injury which
subsequently leads to remodeling. It is possible vascular
remodeling, including neointimal changes, could be initiated in
animals with anastomoses only if given sufficient time.

hyperten-sion develops. According to this hypothesis, vascular
injury initially induces smooth muscle hypertrophy and
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hyperplasia, and extracellu-lar matrix protein synthesis, in the
medial layer. As medial hypertro-phy develops pulmonary artery
resistance increases, compliance de- creases and local blood flow
diminishes at sites of injury and remodeling. With time, the local
hemodynamic status is sufficiently altered so that a neointima forms
to maintain normal hemodynamics.Patients typically present to
medical attention in this later phase of remodeling.

of the subclavian-pulmonary artery anastomosis may not be a
sufficient stimulus for remodeling in the rat. Thus, the differ-
ences in remodeling between humans with left-to-right shunts
and rats with anastomoses only may also reflect an important
species difference.

Our results may provide insight into the natural history of
pulmonary vascular remodeling in primary pulmonary hyper-
tension as well as provide an explanation for the clinical obser-
vation that pulmonary artery neointimal formation is only ob-
served in patients with severe pulmonary hypertension. Based on
previous observations, the initial response to injury under normal
pulmonary artery hemodynamic conditions is medial remodeling,
similar to the pattern seen after monocrotaline in- jury (7, 17). If
the vascular injury is limited, remodeling may cease with some
residual fibrosis or even complete resolution. However, if
remodeling persists, medial hypertrophy develops secondary to
smooth muscle hypertrophy and hyperplasia and deposition of
extracellular matrix proteins. Blood flow through individual
vessels diminishes as pulmonary vascular resistance in those
arteries increases. As a result, shear stress in those vessels
decreases and neointima formation is induced to main- tain
normal shear stress (Fig. 6). This process continues until
remodeling throughout the entire vascular tree is character- ized
pathologically by both medial hypertrophy and neointima (1-3,
26, 42). This hypothesis is consistent with scanning elec- tron
micrographs of normal and hypertensive human lobar pulmonary
arteries after digestion with formic acid (M. Bot- ney,
unpublished observation). This technique, which leaves an
indigestible elastin skeleton and therefore provides an “his-
torical” record of the pattern of vascular remodeling, shows in-
creased numbers of thickened elastin interlamellar strands in the
medial layer of hypertensive arteries compared with nor- mal
arteries even though active remodeling was confined to the
neointima at the time the artery was collected (3). Thus, the
natural history of remodeling in primary pulmonary hyper-
tension may be that the pattern of vascular remodeling changes
with time as the pulmonary hemodynamic conditions change.

In summary, the mechanisms mediating neointimal forma- tion
associated with pulmonary vascular remodeling in pri- mary
pulmonary hypertension are unknown, but this study suggests
vascular injury and abnormal hemodynamics are nec- essary
preconditions for neointimal formation. Although this study was
limited to neointimal formation in the elastic pulmo-

nary artery, similar preconditions may be required for neointi-
mal formation in the smaller muscular arteries and arterioles.
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