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ABSTRACT

THE ROLE OF IMMUNE EFFECTORS IN MONOCROTALINE
PYRROLE-INDUCED PULMONARY INJURY

By

Leon Harry Bruner

Monocrotaline (MCT) is a pyrrolizidine alkaloid found in the plant Crotalaria
spectabilis which causes pulmonary hypertension in rats. Pulmonary lesions
caused by MCT in rats are similar to lesions found in humans having primary
pulmonary hypertension. Thus, the MCT-treated rat is a good animal model for
primary pulmonary hypertension in humans. MCT is metabolically activated to
the proximate toxicant, monocrotaline pyrrole (MCTP), by the mixed function
oxidases in the liver. MCTP then travels to the lungs via the circulation where
damage occurs. The mechanisms by which MCTP causes the damage are unknown.

Initial studies were undertaken to evaluate the time-course of injury in rats
after a single injection of chemically synthesized MCTP. The onset of injury due
to MCTP is delayed 4-7 days after injection, which suggests that MCTP acts via
indirect mechanisms. The time-course of the injury and histologic lesions in the
lungs are consistent with the possibility that immune-mediated mechanisms may
be involved in the pathogenesis. Accordingly, the role of immune effector
systems in pulmonary injury due to MCTP were evaluated.

Rats co-treated with the immunosuppressant agents antilymphocyte serum
or cyclosporin A and MCTP were not protected from injury due to MCTP.

Adoptive transfer of lymphocytes from MCTP-treated donors did not alter the



Leon Harry Bruner

severity or the time-course of injury due to MCTP in recipients of cells. Thus,
cell-mediated immune mechanisms are not involved in the pathogenesis of MCTP-
induced pulmonary injury.

The role of the complement system was evaluated by measuring serum
hemolytic complement activity in rats after MCTP, and by depleting serum
copmlement in MCTP-treated rats. Hemolytic complement activity is not
changed in vivo after MCTP, and complement depletion does not protect against
injury due to MCTP indicating that the complement system is not a mediator of
pulmonary damage due to MCTP.

The possibility that toxic oxygen metabolites may contribute to the injury
caused by MCTP was evaluated by co-treating rats with MCTP and desferrox-
amine mesylate, dimethylsulfoxide or catalase. These agents did not protect
lungs from injury due to MCTP indicating that toxic oxygen metabolites are not
involved as important mediators of the injury.

The effect of diethylcarbamazine (DEC) on MCTP-induced injury also was
tested. DEC delayed the onset of injury due to MCTP, but did not protect lungs

from injury due to MCTP.
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INTRODUCTION

I PYRROLIZIDINE ALKALOIDS (PZA):
A. General

Monocrotaline (MCT) is a member of a class of compounds called the
pyrrolizidine alkaloids (PZA). The PZA are toxic chemicals found in many
varieties of plants that are widely spread geographically, occurring on all
continents and found in many families. One or more species in at least 41 genera
contain PZA (Bull et al., 1968). These PZA-containing plants cause tremendous
economic losses through livestock poisoning and also are responsible for human
illness and mortality.

There have been approximately 150 PZA identified. These occur as
the free alkaloid and also as alkaloidal N-oxides. The base structure of the PZA is
two fused, five-membered rings with a nitrogen atom in the center (Chemical
Abstracts designation: hexahydro 1H-pyrrolizine) (Huxtable, 1979) (Figure 1).
Different substitutions on the ring structure at positions 1 and 7 make up the
many known PZA. There also are many PZA that have not been completely
identified structurally and it is likely many PZA wil be discovered in the future
(Huxtable, 1979).

B. Human and Animal Intoxication with PZA

The PZA are a major public health, veterinary and economic problem
(Huxtable, 1979). Human poisoning has occurred in all areas of the world,
especially in developing third world countries where grain crops have been

contaminated with Senecio and Heliotropium families. Mass outbreaks of PZA




MONOCROTALINE DEHYDROMONOCROTALINE

Figure 1

Figure 1. Structures of monocrotaline and its toxic hepatic metabolite,
dehydromonocrotaline or monocrotaline pyrrole.



intoxication have occurred in Afghanistan (Mohabbat et al., 1976) and India
(Tandon et al., 1976) due to contamination of grain made into flour for bread.
Humans have been poisoned after consuming PZA present in various
herbal medications and "natural teas". In Jamaica, veno-occlusive disease of the
liver is endemic due to the consumption of teas prepared from leaves of wild
scrub (Kay and Heath, 1969; Huxtable, 1979). The offending plants are usually

Senecio or Crotalaria genera (Hill et al., 1951; Bras et al., 1954; Stuart and Bras,

1957). The problem has been so serious that an educational campaign was
instituted to stop consumption of Crotalaria teas in the West Indies (Kay and
Heath, 1969).

In the United States, PZA poisoning has been reported in Arizona
(Stillman et al., 1977; Fox et al., 1978) after people consumed a widely used and
commercially marketed herbal tea called gordoloba yerba. The potential for
human poisoning also exists after consumption of honey from bees or milk from
cows and goats that have had access to plants containing PZA (Dickenson et al.,
1976; Dienzer et al., 1977).

The primary target organ in humans poisoned with PZA is the liver
(Kasturi et al., 1979). The onset of symptoms due to PZA intoxication is often
delayed considerably, making it difficult to relate consumption of a PZA with its
toxic effects. Initial alterations in the liver after PZA ingestion include massive
centrolobular necrosis, hemorrhage and portal hypertension. Subsequently, de-
struction of hepatocytes with fibrosis and collagen deposition occurs. Severe
cirrhosis is the usual final result. Hepatic venous angiographic studies show that
patients poisoned by Crotalaria-derived PZA have severe injury of the hepatic
circulation with loss of venous branching, tapering and sinusoidal filling. In severe

cases, the venous circulation is nearly obliterated. Hepatic blood flow is



decreased and portal venous pressure is increased. Hepatic function is compro-
mised. In humans, cardiopulmonary injury or altered cardiopulmonary hemodyna-
mics has not been reported after Crotalaria poisoning (Kasturi et al., 1979) or
after poisoning due to other PZA (Stillman et al., 1977; Fox et al., 1978).

Since it is not possible to measure PZA metabolites in the blood,
diagnosis of PZA poisoning is made on circumstantial evidence and observation of
characteristic liver lesions. Since the onset of clinical signs and symptoms are
often delayed, the relationship between PZA consumption and liver disease may
go unnoticed, and thus it is likely that more PZA poisoning occurs than is
recognized.

Animals grazing on fields infested with PZA-containing plants develop
a toxic syndrome known by a large number of colorful names (Bull, 1968; McLean,
1970). In certain parts of the USA, a significant proportion of livestock become
chronically ill or die as the result of liver disease due to grazing on PZA-
containing plants. Losses to cattlemen and other livestock owners are estimated
to be in the tens of millions of dollars each year (Huxtable, 1979). The injury is
primarily hepatic, but the CNS is often affected, especially in horses. Cardiac,
pulmonary, renal, thyroid and pancreatic lesions also have been reported (Bull et
al., 1968).

IoI. MONOCROTALINE
A. General
Monocrotaline (MCT) is a PZA found primarily in plants that are
members of the genus Crotalaria (Bull et al., 1968). The major source for MCT in

the United States is from the seeds of Crotalaria spectabilis (IARC). C.

spectabilis is indigenous to India, but is now widely scattered through the tropics

and subtropics of both hemispheres. It was introduced into Florida by the Florida



Agricultural Experimental Station during 1921 to be used as a leguminous cover
crop for the return of nitrogen to the soil between plantings and to protect the
soil from erosion. C. spectabilis has grown wild and is now found in many
southern and southeastern states (Kay and Heath, 1969). Other sources of MCT
are the seeds of C. retusa, which has been used as a dye plant and edible
vegetable in east Africa (Dalziel, 1948; Watt and Breyer-Brandwijk, 1932), and C.
recta, which is used against childhood malaria in Tanzania (Schoenthal and Cody,
1968). MCT also occurs in a wide variety of other Crotalaria species (listed,
IARC).

The structure of MCT was elucidated by Adams and Rodgers (1939)
and proved to be the monocrotalic acid ester of retronecine (Figure 1). Pure MCT
is a colorless, crystalline powder with a bitter taste. It has a melting point of
202-203°C and has been identified using infrared, NMR and mass spectrometry
(Culvenor and Dal Bon, 1964; Bull et al., 1968). Other physical characteristics are
described elsewhere (IARC).

B. Metabolism and Bioactivation

MCT in its native form is very stable and not toxic. For injury to
occur, MCT and other PZA require metabolic activation. Many investigators
believe the metabolite responsible for toxicity is a reactive pyrrole. There is
considerable evidence that supports this contention. Pyrroles of metabolic origin
are covalently bound to injured tissues (Mattocks, 1968; Allen et al., 1972) and are
found in the urine of animals treated with PZA in vivo (Mattocks, 1968). Pyrrole
concentration increases in liver tissues within minutes after PZA administration
and it persists for approximately 48 hours after treatment (Mattocks and White,
1971; Allen et al., 1972). There is a positive correlation between the amount of
pyrrole found in tissues and tissue injury (Mattocks, 1972; Chesney et al., 1974)

and the relative toxicity of a given PZA correlates with the amount of pyrrole



produced in vivo or in vitro (Mattocks and White, 1971; Mattocks, 1972). When
chemically synthesized monocrotaline pyrrole (MCTP) is given i.v. in the tail vein,
pulmonary lesions similar to those that occur after MCT develop in the lung
(Butler, 1970; Butler et al., 1970; Chesney et al., 1974; Lalich et al., 1977). When
MCTP is given via the mesenteric veins, liver injury occurs (Butler, 1970).

Experimental data indicate that the reactive pyrrole metabolites are
produced in the liver by the hepatic mixed function oxidase enzymes (MFO) and
are carried via the circulation to organs where damage is caused (Mattocks, 1968).
When rats are treated with inducers or inhibitors of hepatic MFO activity in vivo,
toxicity and tissue concentrations of pyrroles are increased and decreased,
respectively (Allen et al.,, 1972; Mattocks and White, 1971; Mattocks, 1972;
Tuchweber et al., 1974). Liver slices produce pyrroles when exposed to PZA in
vitro (Mattocks, 1968) but lung slices and lung microsomes do not produce MCTP
from MCT in vitro (Mattocks, 1968; Mattocks and White, 1971). Thus, after being
generated in the liver, MCTP passes to the lungs where binding at nucleophilic
sites of pulmonary macromolecules occurs. This binding of MCTP to the tissues
then is likely responsible for causing damage in vivo.

In addition to metabolic dehydrogenation to the proximate toxicant,
MCTP, MCT may undergo other metabolic changes. Hydrolysis by hepatic
esterases decrease PZA toxicity but apparently is a minor metabolic pathway for
the PZA (Mattocks, 1968). N-oxidation also occurs in the microsomal fraction of
hepatocytes in a pathway separate from that which produces MCTP (Mattocks and
White, 1971). There is no apparent conversion of N-oxides to pyrroles and since
the N-oxides are highly water soluble, renal excretion of the N-oxides is rapid.
Parenterally administered N-oxide is not toxic (Mattocks, 1971). Dehydroretrone-
cine (DHR) is another pyrrole metabolite of MCT. It is the major detectable

metabolite found in rats treated with MCT (Hsu et al., 1973). When DHR is given



to rats in one large dose (100 mg/kg, sc) or at weekly intervals (50-70 mg/kg, sc)
for 6 weeks, no lung injury is caused. When given chronically (4 mg/kg/day, sc)
for 2-3 weeks, decreased body weight, increased lung weight, right ventricular
hypertrophy and decreased 5HT uptake by isolated perfused lung is caused
(Huxtable et al., 1978). Thus, if DHR plays a role in causing lung injury, its
effects are apparently minor compared to those of MCTP.
C. Pharmacokinetics

Definitive pharmacokinetic studies have not been performed since
radiolabeled MCT with high specific activity is not available. After injection of
MCT, pyrrole levels, as measured by the Ehrlich assay (Mattocks and White, 1970),
are detected in tissues within minutes and reach a peak 25-90 minutes after
treatment. Thereafter, the tissue pyrrole concentration decreases to low levels
by 48 hours (Allen et al., 1972; Mattocks, 1972). Hayashi et al. (1966) reported
that 60-70% of a SH-MCT dose appears in the urine (with intact PZA ring) and the
rest of the label appears in the bile (without an intact pyrrolizidine ring
structure).

D. Effect of Diet on MCT-induced Pneumotoxicity

Hayashi et al. (1979) reported that diet restriction to about 50% of ad
libitum intake protects against the development of lung injury and right ventricu-
lar hypertrophy after MCT. Mortality due to MCT also is markedly reduced by
diet restriction. Rats given a restricted diet for 30 days after a single injection
of MCT and then fed ad libitum develop labored breathing, lung lesions and begin
to die. These results suggest that MCT causes long-lasting alterations in the lungs
that result in development of characteristic pulmonary lesions when the nutri-
tional status is adequate.

Newberne et al. (1971) reported that rats fed a low lipotrope diet

(lacking in choline, methionine and vitamin B12) are protected from hepatic injury



due to MCT, but not due to MCTP. There is less conversion of MCT to pyrroles in
liver tissue and decreased activity of MFO-associated metabolism in rats on the
low lipotrope diet. The results suggest that the diet restriction prevents the
conversion of MCT to the hepatotoxic metabolite MCTP and may explain, in part,
why lung injury is decreased in diet-restricted, MCT-treated rats. However, diet
restriction partially protects against lung injury due to MCTP, thus ruling out
inhibition of metabolic activation as the sole protective mechanism (Ganey et al.,
1985). The protective mechanisms involved are not known, but may include
depression of cell growth and hypertrophy due to lack of necessary nutrients,
alterations in key enzyme pathways (e.g., polyamine synthesis) or depression of
immune system and/or inflammatory processes.
E. Biologic Effects
1. Species affected

MCT-induced intoxication was first described in 1884 as a
syndrome in horses called "crotalism"” or Missouri River bottom disease. Since
then, many diseases have been ascribed to ingestion of MCT in a wide number of
species, including man (Kasturi et al,, 1979), horses (Rose et al., 1957), poultry
(Thomas, 1934; Allen et al., 1960, 1963; Simpson et al., 1963), pigs (Emmel et al.,
1935), cattle (Becker et al., 1935; Sanders et al., 1936), non-human primates
(Allen et al., 1965; Roczniak et al., 1978), rats (Schoenthal and Head, 1955; Roth,
1981), rabbits (Gardiner et al., 1965), mice (Miranda et al., 1981), dogs (Miller et
al,, 1981) and goats (Dickenson et al., 1980). Guinea pigs (Chesney and Allen,
1973), gerbils and hamsters (Cheeke and Pierson-Goeger, 1983) are resistant to

the toxic effects of MCT.



2. Hepatic toxicity

The liver is the most commonly identified target organ in
humans and livestock exposed to PZA. Administration of PZA causes hepatic
venoocclusive disease in horses (Hill and Martin, 1958), cows (Bras et al., 1957),
monkeys (Allen and Carstens, 1968) and rats (McLean et al., 1964). Megalocyto-
sis, centrolobular necrosis, fatty degeneration and hyperemia are the major
histological changes in the liver of rats due to PZA (Schoenthal and Head, 1955;
Miranda et al,, 1980). Release of serum glutamic pyruvate transaminase from
damaged hepatocytes occurs after MCT (Roth et al., 1981).

PZA also cause decreased hepatic function. Protein synthesis is
altered with changes in production of clotting factors (Rose et al., 1945) and
albumin (Miranda et al., 1980). Indocyanin green transport into the biliary tree is
decreased in rats given MCT (Roth et al., 1981).

3. Renal damage due to MCT

Gross changes in kidneys after MCT include a change in color to
light green or brown with mottling, development of an irregular capsular surface
and petechial hemorrhage (Hayashi and Lalich, 1967; Carstens and Allen, 1970).
There are numerous microscopic changes in the kidney glomeruli and arterial
vasculature (Hayashi and Lalich, 1967; Carstens and Allen, 1970; Kurozumi et al.,
1983).

Functional impairment of the kidneys also is caused by MCT.
Blood urea nitrogen (Roth et al., 1981) and serum creatinine (Kurozumi et al.,
1983) concentrations are increased after MCT, suggesting that glomerular filtra-
tion rate is decreased. Accumulation of para-aminohippuric acid by kidney slices
is decreased whereas accumulation of tetraethylammonium is increased, suggest-

ing that MCT also causes altered renal tubular function (Roth et al., 1981).
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4. Carcinogenesis

Hepatotoxic pyrrolizidine alkaloids (PZA) are carcinogens of
varying potencies. The carcinogenic effects of the PZA were first reported by
Cook et al. (1950). The carcinogenicity of MCT was demonstrated when
Newberne and Rodgers (1973) reported that MCT causes liver tumors.

When MCT is injected, a variety of widely distributed tumors
including pulmonary adenocarcinoma, hepatocellular carcinoma, acute myelo-
genous leukemia, rhabdomyosarcoma, adrenal adenoma, and renal adenoma deve-
lop. Alternatively, dehydroretronecine, a metabolite of MCT, causes rhabdomyo-
sarcomas at the injection sites, but few tumors elsewhere (Allen et al., 1975;
Schumaker et al., 1976). Topical application of MCTP results in malignant tumor
induction at the dermal application sites when the skin is co-treated with the
promoter, croton oil (Mattocks and Cabral, 1982). MCTP also interferes with
hepatocellular mitosis and DNA synthesis in vivo (Hsu et al., 1973b). Since MCT
causes tumors at widely distributed sites, whereas MCT metabolites cause tumors
at the site of administration, it suggests that the metabolites of MCT rather than
MCT itself are the proximate carcinogens.

5. Cardiac effects

Right ventricular hypertrophy (RVH) has been demonstrated by a
great many investigators after MCT or MCTP exposure. Hemodynamic studies
indicate that RVH is preceded by increased pulmonary arterial pressure. Thus,
the RVH likely results from increased work the right heart must provide to sustain
pulmonary blood flow through the damaged lungs (Meyrick et al., 1980; Ghodzi and
Will, 1981; Bruner et al., 1983; Lafranconi et al., 1984).

Histologic changes in right ventricular myocardium are many and
include myocardial cytolysis, intracellular edema, fibrosis and cellular hyper-

trophy (Kajihara, 1970; Raczniak et al., 1978).
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Biochemical composition of the right ventricle changes after
MCT and these changes include increased total protein and increased collagen
content. There is no change in right ventricular lipid content. RNA synthesis
rate is increased in the right ventricle after MCT and the ratio of DNA:RNA is
decreased (Lafranconi et al., 1984).

6.  Pulmonary pathology due to monocrotaline

Much work has been done to identify the lesions associated with
injury due to MCT and MCTP. A multitude of protocols using different modes of
administration have been employed in these studies. Pulmonary injury can be
caused in the rat by prolonged administration of ground C. spectabilis seeds in the
diet, by administering MCT in the drinking water, by giving single or multiple
injections of MCT or by giving a single injection of MCTP via the tail vein. Thus,
comparison of results between different studies is often difficult.

a.  Gross changes after MCT: The effects of MCT and MCTP

differ depending on the dose and route of administration. When high doses of
MCT are given either orally or parenterally, severe liver damage occurs resulting
in death due to hepatic failure. Smaller doses of MCT cause transient, non-fatal
hepatic injury characterized by an increase in serum glutamate pyruvate trans-
aminase activity (Hilliker et al., 1982). After recovery from the initial hepatic
damage, delayed pulmonary vascular injury, pulmonary hypertension and right
ventricular hypertrophy develops (Hilliker et al., 1982). When MCTP is given to
rats i.v., damage occurs in the first vascular bed the MCTP enters. MCTP given
via the mesenteric veins causes hepatic injury, whereas administration via the tail
vein results in pulmonary vascular injury (Butler, 1970; Butler et al., 1970). High
doses of MCTP (15-30 mg/kg) result in severe, acute pulmonary injury with
massive pleural effusions and death within hours after treatment (Plestina and

Stoner, 1972; our own unpublished observations). In contrast, lower doses of
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MCTP (3-5 mg/kg) result in development of delayed pulmonary vascular injury and
pulmonary hypertension similar to MCT-induced lung injury.

Rats given moderate doses of MCT or MCTP have no overt
signs of toxicity until several days after treatment. The first signs include failure
to gain weight, ruffled hair coat and increased respiratory rate. As puimonary
lesions progress, rats become anorectic and lose weight; are listless; may have
diarrhea; are overtly dyspnic, cyanotic and occasionally have epistaxis (Schoenthal
and Head, 1955; Lalich and Erhart, 1962; Turner and Lalich, 1965; Merkow and
Kleinerman, 1966; Hislop and Reid, 1974; Bruner, unpublished observations).

Postmortem examination reveals bulky, congested and ede-
matous lungs (Lalich and Merkow, 1961; Merkow and Kleinerman, 1966; Schoen-
thal and Head, 1955) often having subpleural petechial hemorrhage or large
patches of dark brown discoloration that may involve entire lobes. Lung weight is
increased due to edema, cell hyperplasia and hypertrophy (Lafranconi and
Huxtable, 1984). Often there is pleural effusion (Chesney et al., 1974; Hislop and
Reid, 1974; Schoenthal and Head, 1955).

Other gross changes include enlargement of the heart due
to development of right ventricular hypertrophy (RVH). There are reports that
the thymus is smaller than normal in MCTP, but this is not a consistent finding
(Hislop and Reid, 1974; Schoenthal and Head, 1955). Other organs affected by
MCT include the liver, which undergoes fibrotic changes, and the kidneys which
appear discolored.

b. Microscopic lesions:  Although minor histologic changes

such as mild interstitial alveolar edema, elastolysis and thrombi in small vessels
occur within 4-24 hours after MCT (Valdivia et al., 1967), major pulmonary

vascular and alveolar injury due to MCT or MCTP takes several days to develop.
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1) Endothelial cell lesions. Beginning approximately 2-

7 days after MCT or MCTP, endothelial cell injury is manifest. Initially,
intraalveolar endothelial cells swell, sending cytoplasmic projections into the
vessel lumen, causing vessel occlusion (Merkow and Kleinerman, 1966; Valdivia et
al,, 1967; Butler, 1970; Chesney et al., 1974; Lalich et al., 1977). The endothelial
cell vesicles may rupture, leading to release of endothelial cell contents into the
lumen and to disruption of the endothelial cell surface (Merkow and Kleinerman,
1966; Allen and Carstens, 1970). Fibrin and platelet-containing thrombi form at
the site of endothelial cell rupture and denudation. Vascular permeability
increases, leading to leakage of luminal materials into the interstitial spaces
(Merkow and Kleinerman, 1966; Heath and Smith, 1978), thus causing edema.

Endothelial cells in the larger arterial vessels also
are injured; platelet and fibrin-containing thrombi are present on the intimal
surface leading to decreased luminal diameter (Turner and Lalich, 1965; Allen and
Carstens, 1970; Plestina and Stoner, 1972). Endothelial cells of venules and larger
pulmonary veins also swell, causing occlusion of the post capillary vessels which
may contribute to increased pulmonary vascular resistance (Smith and Heath,
1978). Thus, endothelial cell injury and platelet and fibrin-containing thrombus
formation occurs at all levels of the pulmonary vasculature. Since the earliest
changes in lungs from MCT and MCTP-treated rats occur at the endothelial cell it
suggests that the primary target of MCT or MCTP is the pulmonary endothelial
cell (Valdivia et al., 1967; Butler, 1970; Chesney et al., 1974; Lalich et al., 1977;
Meyrick and Reid, 1979).

2) Vascular smooth muscle remodelling. In association

with endothelial cell injury, structural changes develop in the pulmonary vascula-
ture. Muscle in the pulmonary trunk thickens (Heath and Kay, 1970) and increased

collagen is formed in the pulmonary artery (Kameji et al.,, 1980). In large
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pulmonary arteries, morphometric studies indicate that there is thickening of the
medial layer of smooth muscle cells. This is due to both hypertrophy and
hyperplasia of circularly oriented medial smooth muscle (Kay and Heath, 1966;
Kay et al., 1967; Smith et al., 1970; Hislop and Reid, 1974; Ghodzi and Will, 1981).
The medial smooth muscle cells are enlarged, have altered myofilaments and
contain abundant cytoplasmic organelles (Allen and Carstens, 1970; Chesney et
al., 1974; Heath and Smith, 1978).

The normal pulmonary arteriole in the rat is less than
20 yM in diameter and consists of endothelial cells resting on a single elastic
lamina. There is no muscle in the normal pulmonary arterioles except at the
origin from a muscular pulmonary artery (Smith et al., 1970). Pulmonary
arterioles from MCT and MCTP-treated rats have extension of smooth muscle
into arterioles where smooth muscle is usually not present. This muscle layer is
often very thick and lies between internal and external elastic lamina (Kay et al.,
1969; Smith et al., 1970; Hislop and Reid, 1974; Meyrick and Reid, 1979). This
extension of smooth muscle cells peripherally and vessel wall thickening may lead
to decreased lumen diameter and altered vasoactivity. Such arteriolar changes
may contribute to increased pulmonary vascular resistance and pulmonary hyper-
tension after MCT.

In pulmonary veins, there is protrusion of endothelial
cells into the lumen due to evagination of underlying smooth muscle cells (Smith
and Heath, 1978). A priori, it has been suggested the evagination of smooth
muscle cells represents prolonged constriction of pulmonary veins induced by MCT
and that this constriction may be responsible for causing pulmonary hypertension
(Smith and Heath, 1978). Additionally, the lumens of the veins are occluded by

the enlargement of intimal fibromuscular pads after MCT (Kay and Heath, 1966).
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3)  Vascular inflammatory changes. Associated with

MCT treatment is inflammation of the pulmonary vasculature. In larger pulmo-
nary arteries where there are damaged endothelial cells, fragmentation of the
internal elastic lamina occurs (Allen and Carstens, 1970). There is fibrin
deposition along the denuded surface and under the remaining endothelial cells.
There is edema surrounding medial smooth muscle cells and in the adventitia with
abundant fibrin, erythrocyte and leukocyte infiltration (Lalich and Merkow, 1962;
Allen and Carstens, 1970). In severely damaged vessels, most usual morphologic
features are lost with remaining structures composed of isolated endothelial cells,
randomly dispersed smooth muscle cells, collections of RBC and leukocytes and
abundant fibrin (Turner and Lalich, 1965; Allen and Carstens, 1970; Hislop and
Ried, 1974).

A common morphologic change associated with MCT-
induced vascular injury is necrotizing vasculitis characterized by the deposition of
a PAS positive, diastase resistant material in vessel walls and lumens. The
amorphous material is also found in smaller arterioles surrounding endothelial
cells, smooth muscle cells and adventitial cells (Merkow and Kleinerman, 1966).
The amorphous material is thought to be fibrin forced into vessel walls from the
lumen via breaks in the endothelium (Heath and Smith, 1978). In some areas of
the injured arteries, muscle cells u{:dergo necrosis and degeneration with asso-
ciated infiltration of neutrophils into the damaged tissue (Heath and Smith, 1978).
In addition to fibrin accumulation, muscle cells are separated and made less
distinct by accumulation of ground substance, thought to be sulphated mucopoly-
saccharide similar to basement membrane material (Heath and Smith, 1978).

Although it is not completely clear, there appears to
be decreased numbers of blood vessels at the level of the alveoli in lungs from

rats treated with MCT. Contrast radiographic studies on once frozen lung tissue
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suggest that there are decreased numbers of small arterial vessels present in
MCT-injured lungs (Meyrick and Reid, 1979). There also are increased numbers of
"ghost arteries" in injured lungs which are thought to be the remnants of
obliterated blood vessels (Hislop and Reid, 1974). The total number of arteries
per alveolus is decreased in lungs, also suggesting that there are decreased
numbers of small pulmonary arterioles in lungs from MCT-treated rats (Meyrick
and Reid, 1979). However, alveolar size and cross sectional area increases in
lungs after MCT (Kay et al., 1982). When the total number of small pulmonary
blood vessels less than 50 um in diameter lying distal to the respiratory
bronchioles is normalized to total lung cross-sectional area, the total number of
small arterioles is not decreased due to MCT (Kay et al., 1982). Thus, while the
radiographic evidence of decreased vascular filling suggests that there is severe
vascular damage and perhaps decreased numbers of vessels present, the morpho-
metric data yield different results depending on the method used to evaluate the
changes. More work will be required to determine if vessel number and vascular
cross-sectional area are decreased due to MCT.

4) Pulmonary interstitial lesions. Mild interstitial

edema is an early change that occurs after MCT (Valdivia et al., 1967). The
severity of the damage is progressive such that from 7-21 days after MCT,
interstitial edema causes significant thickening of the alveolar wall. Perivascular
edema also is evident (Valdivia et al., 1967). Swelling of interstitial cells develops
due to formation of cytoplasmic projections, with swelling and dilation of
endoplasmic reticulum. Alveolar wall thickness also is increased by accumulation
of cells within the interstitial space (Valdivia et al., 1967; Butler, 1970). During
the later stages of the injury, alveolar type I cell swelling, proliferation of fibrous

connective tissue and increased thickness of the basement membrane add to the
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widening of the blood-air barrier. These changes likely contribute to the hypoxia
that occurs at this time (Meyrick et al., 1980).

5)  Alveolar damage after MCT or MCTP. In the

alveoli, there is accumulation of large granular pneumocytes (Chesney et al.,
1974; Lalich et al., 1977), alveolar macrophages (Sugita et al., 1983), neutrophils
(Chesney et al., 1970; Stemmer et al.,, 1985; Dahm et al., unpublished observa-
tions), hemorrhage (Butler et al., 1970; Chesney et al., 1970), fibrin (Kay et al.,
1969; Smith and Heath, 1978), edema (Butler et al,, 1970; Smith et al., 1970;
Sugita et al., 1983) and amorphous cellular debris (Kay et al.,, 1969). The
accumulation of materials is more pronounced during the later stages of the injury
and likely interferes with gas exchange.

c. Effect of MCT on pulmonary mechanics and airway func-

tion: After rats are treated with MCT (single dose, 105 mg/kg, s.c.), there are
numerous changes in pulmonary airway function. At 20 days after MCT, these
alterations include decreased total lung capacity, decreased residual volume,
decreased tidal volume, and increased relaxation volume. MCT also causes
increased respiratory rate, increased airway resistance, decreased dynamic com-
pliance and decreased quasistatic compliance. Gas exchange is compromised.
These alterations in pulmonary mechanical, ventilatory and gas exchange para-
meters are indicative of severe lung damage associated with decreases in lung
elasticity and gas exchange cap#city (Gillespie et g., 1985). Whether the
alterations in pulmonary function are related to pulmonary airway inflammation
or to pulmonary vascular injury is not known. Since many of the mechanical and
airway alterations caused by MCT in rats are similar to the alterations accom-
panying pulmonary hypertension in humans, t}xe MCT-treated rat also may be an
appropriate model for evaluating the relationships between pulmonary airway and

pulmonary vascular disease (Gillespie et al., 1985).
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d. Hemodynamic alterations due to MCT: Hemodynamic,

blood gas and histologic alterations in lungs of rats fed ground C. spectabilis seeds
in the diet have been studied (Meyrick et al., 1980). No significant changes in
blood gas composition, pH, hematocrit, arterial oxygen saturation or blood HCO3-
content occur until the animals are near death. The first histologic changes that
occur after the start of dietary MCT are in the pulmonary vasculature and are
marked by appearance of new muscle and increased medial thickness of arteries
less than 200 um in diameter. These changes are first significant at 14 days. At
about this time, cardiac index and pulmonary arterial pressure increase. Subse-
quently, medial thickness increases in larger arteries and vascular lumen dia-
meter, measured in arteriograms, decreases. The magnitude of the increased
pressure is correlated with the extent of medial thickness in arteries and other
morphometric parameters of vascular injury (Meyrick et al., 1980).

These results suggest that hypoxia is not a cause of
increased pulmonary arterial pressure since arterial oxygen content is not
decreased until long after pulmonary hypertension is evident. Meyrick et al.
(1980) also suggested that vasoconstriction does not appear to be the initial cause
of the pulmonary hypertension since cardiac index is increased and pulmonary
vascular resistance is decreased when pulmonary hypertension is first evident.
This conclusion is based on the assumption that if vasoconstriction were involved,
then increased pulmonary vascular resistance and decreased cardiac index would
have been observed. One problem with this conclusion, however, is that rats
treated with MCT did not gain weight as fast as controls. Cardiac index was
normalized to body weight, and thus, values obtained for cardiac index may have
been artifactually increased. Similarly, calculations of pulmonary vascular
resistance were also normalized to body weight and thus may have been

artifactually low, making the conclusion incorrect.
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These data were the first describing the association be-
tween morphometric vascular changes and hemodynamic alterations that occur
after feeding MCT. The results indicate that significant changes in pulmonary
vascular structure occur about the same time as increased pulmonary arterial
pressure, but it was not possible to distinguish which comes first.

In a similar study, Ghodzi and Will (1981) evaluated the
hemodynamic and structural changes in lungs of rats after one dose of MCT. The
findings were similar to those of Meyrick et al. (1980), except that medial
thickness of small pulmonary vessels was increased one week after MCT followed
by increased pulmonary arterial pressure and RVH at 2 weeks. Since medial
thickening occurred prior to the increases in pulmonary arterial pressure, Ghodzi
and Will (1981) concluded that injury occurs first at the level of the vasculature
and that vascular remodelling with increased pulmonary arterial pressure is
secondary to initial endothelial cell injury.

Kay et al. (1982) evaluated morphometric and hemodyna-
mic changes in rats given a single injection of MCT. There were no significant
changes in the lungs of treated rats at 1, 3, and 5 days after MCT. The first
significant change was medial hypertrophy of muscular pulmonary arteries at 7
days. At 10 days after MCT, there was significantly increased pulmonary arterial
pressure and extension of smooth muscle into peripheral arteries. At 12 days,
there was RVH. Thus, it is apparent that changes in the vasculature precede the
development of increased pulmonary arterial pressure and that RVH is secondary
to the increased pressure.

McNabb and Baldwin (1984) evaluated hemodynamic
changes in MCT-treated rats during exercise. After 35-37 days of feeding ground
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