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ABSTRACT

THE EFFECT OF MONOCROTALINE PYRROLE ON CELL PROLIFERATION
AND DNA SYNTHESIS IN VITRO AND IN VIVO

By

Patrick Bruce Lappin

Monocrotaline pyrrole [MCTP], a toxic pyrrolizidine alkaloid metabolite,
causes pulmonary hypertension in vivo and inhibits cell proliferation in vitro. It
has been hypothesized that pulmonary endothelial cell [EC] injury after MCTP is
the forerunner of vascular leak and arterial medial remodeling in the lung,
processes which may be exacerbated by MCTP-induced alterations in the
cellular proliferative response to injury. The research described herein was
designed to identify the effects of MCTP on cell replication processes in vitro and
in vivo.

The disruption of cell proliferation by MCTP in vitro was characterized by
the analysis of treated EC cell cycle progression. Bovine endothelial cells
[BECs] were chemically synchronized and exposed to MCTP during limited cell
cycle phases prior to, during or after DNA synthesis. Using fluorescence
activated cell sorting [FACS] flow cytometry, cells exposed to MCTP during the
initiation of DNA synthesis were arrested prior to mitosis but continued to
synthesize DNA, a pattern not identified in other treatment groups. The
disconnection of DNA synthesis and mitosis implied that MCTP caused the

disruption of a premitotic checkpoint.



Patrick B. Lappin

In vivo, the impact MCTP on EC proliferation and DNA synthesis was
measured as the change in cell density and the nuclear incorporation of
bromodeoxyuridine [BrdU], respectively. Within 3 days of MCTP administration,
ECs lining small muscular arteries exhibited an increase in DNA synthesis which
persisted through day 7. By day 8 there was no increase in the EC density in
arteries from MCTP-treated rats, indicating that increased DNA synthesis
induced by this toxicant was not followed by cell proliferation.

Using techniques described for the in vivo evaluation of ECs, an increase
in medial thickness of pulmonary arteries after MCTP administration was
characterized as vascular smooth muscle cell [VSMC] hypertrophy, based on an
increase in medial thickness and enlargement of VSMCs. VSMCs actively
synthesized DNA for up to 8 days after MCTP but did not undergo cell division,
suggesting that MCTP may induce VSMC mitogenesis but block subsequent
proliferation.

In summary, MCTP alters cell proliferation and DNA synthesis in vitro and
in vivo. Cultured endothelial cells undergo inhibition of mitosis but continue to
synthesize DNA, a pattern which is cell cycle phase-dependent. After MCTP
exposure in vivo, pulmonary artery endothelial and smooth muscle cells have a
persistent increase in DNA synthesis but do not proliferate. Interestingly, the
cycle phase most responsive to the effects of MCTP in vitro constitutes the
predominant cell cycle phase of both endothelial and smooth muscle cells in

pulmonary arteries in vivo, suggesting similar mechanisms may be at work.
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Chapter |

INTRODUCTION



One in ten of the plants found throughout the world contain one or
more alkaloid compounds, some of which are harmful (Culvenor, 1980). The
ingestion of plants containing alkaloids may be intentional, as with psychotropic
drugs [ie, cocaine], or accidental, through the ingestion of contaminated foods
and herbal medicaments. As many as 3% of the world's flowering plants,
including the genera Heliotropium, Senecio and Crotalaria contain pyrrolizidine
alkaloids [PAs] (Zalkow et al, 1979; Culvenor, 1980; Smith and Culvenor, 1981),
many of which have been associated with acute and chronic injury in both
humans and animals (Mattocks, 1986; Huxtable, 1989). The ubiquitous
distribution of plants containing these alkaloids provides a readily avaliable

source of contamination of both human and animal foods (Bull et al, 1968).

B.  Human and Animal Exposure

PAs intoxication occurs in humans with the use of some traditional
medicinal herbs or "bush teas" (Stuart and Bras, 1957; McGee et al, 1976;
Stillman et al, 1977; Huxtable, 1980; Arseculeratne et al, 1981; Roitman, 1981;
Ridker et al, 1985; Arseculeratne et al, 1985; Kumana et al, 1985; Sper et al,

1995), or following the consumption of contaminated foods (Mohabbat et al,



1976; Tandon et al, 1976; Ghanem and Hershko, 1981; Ridker et al, 1985).
Acute or chronic liver injury have been most often reported, but sporadic cases
of pulmonary artery injury have also been attributed to PA intoxication (Heath et
al, 1975; McGee et al, 1976). The accidental ingestion of PAs leading to liver
disease has also been reported in horses (Lessard et al, 1986; Mendel et al,
1988), pigs (Harding et al, 1964; Hooper and Scanlan, 1977; Peckham et al,
1974), cattle (Johnson and Molyneux, 1984; Odriozola et al, 1994) and other
ruminants (Goeger et al, 1982; Seaman, 1987; Winter et al, 1990).

The administration of PA compounds to experimental animals has
been used to characterize the mechanism of toxicant bioactivation and to study
injury to the liver or lung which ensues. PA toxicosis has been most extensively
studied in the rat (Christie, 1958; Hayashi and Lalich, 1967; Kay et al, 1967;
Newberne and Rogers, 1973; Meyrick et al, 1980; Bruner et al, 1983; Wilson et
al, 1989). Other species have been exposed to a variety of PA compounds to
examine variabilty in metabolism and toxicologic effect, including mice
(Rosenfeld and Beath, 1945; Hooper, 1974), monkeys (Allen et al, 1967,
Chesney and Allen, 1973), cattle (Bras et al, 1957; Dickenson et al, 1976;
Johnson et al, 1985; Pringle et al, 1991), dogs (Atkinson et al, 1977; Miller et al,
1978; Epstein et al, 1992), pigs (McGrath et al, 1975; Hooper and Scanlan,
1977), chickens (Allen et al, 1970; Hooper and Scanlan, 1977) and trout

(Hendricks et al, 1981). The results and conclusions derived from these and



similar studies have been the subject of several review papers (McLean, 1970;

Huxtable, 1990).

The basic structure of all naturally occurring PAs is an hydroxylated
1-methylpyrrolizidine composed of two, fused five-member rings (necine or
pyrrolizidine nucleus) with a common nitrogen at the bridgehead (position 4 of
the pyrrolizidine nucleus) and unsaturation at the 1-2 position of the 3-pyrroline
ring as shown in Figure 1 (Mattocks, 1972b; Mattocks, 1986). Toxic PAs are
unsaturated necines with branching ester groups at positions 7 and/or 9 of the
pyrrolizidine nucleus (Schoental and Mattocks, 1960; Culvenor et al, 1962;
Cheeke, 1988; Winter and Segall, 1989). The conformation of each base
alkaloid [pyrrolizidine ring and attached ester groups] dictates the relative
cytotoxicity of each PA (Schoental and Mattocks, 1960; Mattocks, 1972b; Kim et
al, 1993); monoesterified PAs are the least toxic, whereas cyclic diesters are

associated with the greatest toxicity (Winter and Segall, 1989).

D.  Pathophysiology of Toxic PAs

The alkaloid base extracted from leaves, seeds and stems of a PA-

containing plants may be directly injurious to cells (Sullman and Zuckerman,



Figure 1. Basic pyrrolizidine alkaloid structure.

Fused, 5-member rings with a common nitrogen at position 4 [bridgehead]
constitute the core structure of pyrrolizidine alkaloids. The addition of carboxylic
acid residues at R’ and R” dictate the ability to produce toxicity. Cyclic diesters
formed from esterification with dicarboxylic acids demonstrate the greatest
toxicity.



1969; Baybutt et al, 1994) but it is generally considered to produce little toxicity
without metabolic modification of that base (Frayssinet and Moulé, 1969;
Mattocks, 1971; Mattocks, 1972b; Armstrong et al, 1972). In vivo, the liver is
responsible for metabolism of the parent alkaloid (Mattocks, 1968; Hilliker et al,
1983; Lafranconi and Huxtable, 1984), a process which results in the formation
of both nontoxic and toxic intermediates (Mattocks, 1968; Mattocks, 1971b;
Monks et al, 1990). Toxic PA metabolites cause injury which is dose- (Bull and
Dick, 1960; Lalich and Merkow, 1961; Plestina and Stoner, 1972; Hurley and
Jago, 1975; Lalich et al, 1977; Cheeke and Pierson-Goeger, 1983; Okada et al,
1995¢) and species-dependent (McLean, 1970), and can be influenced by the
age and sex of the exposed individual (Chesney and Allen, 1973b; Cheeke and
Pierson-Goeger, 1983; Cheeke, 1989).

The liver is most often affected after PA exposure (Davidson, 1935;
Christie, 1958; Barnes et al, 1964; Jago, 1970), by virtue of its proximity to sites
of reactive metabolite formation (McLean, 1970). Acute, hepatic necrosis and
hemorrhage are seen after a large dose of a toxic PA (Christie, 1958; Culvenor
et al, 1976), whereas smaller, single or multiple doses result in more limited
acute cell death but produce chronic persistent injury to the liver and other
organs (Davidson, 1935; Bames et al, 1964; Jago, 1970; McLean, 1970;
Culvenor et al, 1976; Odriozola et al, 1994). Cells of lungs (Davidson, 1935;

Harris et al, 1942; Kay et al, 1967; Wagenvoort et al, 1974a; Meyrick and Reid,



1979), kidney (McGrath et al, 1975; Hooper and Scanlan, 1977; Kurozumi et al,
1983), heart (Rosenfeld and Beath, 1945; Lalich and Merkow, 1961) spleen and
thymus [ie, immunocytes] (Deyo and Kerkvliet, 1990; Deyo and Kerkvliet, 1991;
Deyo et al, 1994) may also be affected by PA exposure.

In addition to the cytotoxic effects produced by PA intoxication,
these compounds are genotoxic (Williams and Mori, 1980; Bruggeman and
Vanderhoeven, 1985; Mori et al, 1985; Sanderson and Clark, 1993), mutagenic
(Green and Christie, 1961; Martin et al, 1972; Yamanka et al, 1979; Wehner et
al, 1979; Miller et al, 1992), carcinogenic (Newberne and Rogers, 1973; Allen et
al, 1975; Schumaker et al, 1976; Hirono et al, 1977; Mattocks and Cabral, 1982;
Candrian et al, 1985), and cause the inhibition of mitosis (Davidson, 1935;
Peterson, 1965; Downing and Peterson, 1968; Svoboda et al, 1971; Peterson et
al, 1972; Mattocks and Legg, 1980). The property of mitotic inhibition prompted
testing of indicine N-oxide as an anticancer drug in the late 1970's (Powis et al,
1979; Kovach et al, 1979). It has been hypothesized that PA exposure results in
the inhibition of proliferation through mitotic arrest and thereby delays repair,
substantially contributing to the progressive nature of PA-induced disease
(Schoenthal and Magee, 1959; McGrath and Duncan, 1975; Reindel and Roth,

1991).



E. PAs: Summary

PAs are a class of plant-derived alkaloid toxins which are
associated with morbidity and mortality in both humans and animals. PA
intoxication in humans is most often the result of intentional or accidential
ingestion. Although hepatic injury is a major effect of PA intoxication, other
tissues are susceptable to both acute cytotoxicity and chronic disease. Chronic
injury may be an effect of altered repair processes associated with PA-induced
inhibition of mitosis. Among the hundreds of potentially harmful PAs, several
have been studied extensively, not only for their impact on human health, but in

experimental animals as models of human pulmonary diseases.

Il. Monocrotaline and Monocrotaline Pyrrole

PA-containing plants of the family Leguminosae comprise several species
including Crotalaria (Bull et al, 1968; Huxtable, 1989). Crotalaria spectabilis is
common to central and southern India, Jamaica, and the southeastern United
States (Huxtable, 1989; Kay and Heath, 1969). A closely related species, C.
fulva, is also abundant in India, Sri Lanka, Indonesia and the Caribbean. Both
plant species have been associated with poisoning of humans and animals (Bras

et al, 1957; Stuart and Bras, 1957; Pringle et al, 1991).



C. spectabilis contains several types of PAs including monocrotaline
(MCT), spectabiline and retusine (Huxtable, 1989). MCT is a cyclic diester of the
pyrrolizidine, retronecine, and is the primary PA constituent of C. spectabilis (Bull
et al, 1968; Culvenor, 1980; Smith and Culvenor, 1981). Other alkaloids
extracted from C. spectabilis are considered toxic but have been less well
characterized (Huxtable, 1989). The harmful effects of C. spectabilis have been
well documented (Lalich and Merkow, 1961; Kay et al, 1967; Peckham et al,
1974; Smith and Heath, 1978; Meyrick and Reid, 1979; Meyrick et al, 1980).
The leaves and seeds of the C. spectabilis plant contain the greatest amount of
alkaloid; these constituents and purified MCT have been used to produce
experimental liver and lung injury (Kay et al, 1967; Kay et al, 1971). MCT has
also been used to study DNA damage produced by this alkylating agent (Petry et

al, 1984; Mori et al, 1985; Mdller et al, 1992).

The toxic effect of MCT in vivo is due to reactive intermediates
derived from the structural modification of the parent alkaloid by hepatocellular
metabolism (Mattocks, 1968; Mattocks, 1972b; Lafranconi and Huxtable, 1984;
Buhler et al, 1990; Pan et al, 1991). The toxicity of a large dose of

unmetabolized MCT applied to cultured cells has been reported (Baybutt et al,
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1994; Deyo et al, 1994; Sullman and Zuckerman, 1969). Toxicity resulting from
the metabolism of MCT to one or more toxic intermediates by extrahepatic cells
has also been suggested (Baybutt et al, 1994; DeLeve et al, 1996). Whether the
cytotoxicity of large doses of MCT applied to such cells requires metabolism or
occurs by other means has not been resolved (Mattocks, 1968; Armstrong and
Zuckerman, 1970; Hilliker et al, 1983; Lafranconi and Huxtable, 1984; Lafranconi

et al, 1985; Pan et al, 1991).

1. Pathways of MCT Bioconversion

Three major pathways responsible for the structural
conversion of MCT and other PAs in vivo have been described: N-oxidation,
hydrolysis and dehydrogenation (Mattocks, 1972b; Chesney and Allen, 1973b).
Additional, less well characterized pathways which result in the conjugation of
sulfur-containing amino acids or proteins to MCT or other MCT metabolites have
also been described (White, 1976; Estep et al, 1990b; Huxtable et al, 1990;
Monks et al, 1990; Pan et al, 1993; Yan and Huxtable, 1995b). All of the
common pathways result in the production of nontoxic and readily excretable
products except dehydrogenation, which produces reactive pyrrolic metabolites
(McLean, 1970; Winter and Segall, 1989). An example of these common

metabolic pathways with MCT is shown in Figure 2.
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Figure 2. Metabolic products of monocrotaline.

Hydrolysis [A] and N-oxidation [B] of monocrotaline [1] result in the formation of
nontoxic monocrotalic acid and retrorsine [2], and N-oxide [3], respectively.
Dehydrogenation [C] produces toxic monocrotaline pyrrole [4].
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The formation of PA N-oxides is catalyzed by hepatic
microsomal enzymes (Parkinson, 1995). N-oxides are highly water-soluble and
readily excreted in the urine (Winter and Segall, 1989). They are considered
nontoxic when administered by parenteral routes unless given in amounts equal
to or greater than a dose of MCT which causes toxicity (Mattocks, 1971a;
Culvenor et al, 1976). N-oxides added to microsomal preparations are generally
not metabolized to reactive intermediates by P-450 enzymes (Mattocks and
White, 1971; Mattocks, 1971b; Mattocks, 1972b). When given orally, however,
N-oxides of some PAs can be reduced to their corresponding alkaloid base by
the gastrointestinal flora, be absorbed and subsequently metabolized by hepatic
microsomal enzymes to toxic pyrroles (Mattocks and White, 1971; Mattocks,
1972a).

The hydrolysis of MCT results in the formation of
retronecine and monocrotalic acid [Figure 2]. Carboxylesterase enzymes in the
liver are responsible for hydrolysis, and the products formed are rapidly excreted

(Winter and Segall, 1989).
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b.  Pyrrolic Intermediates of MCT

Derivatives of esterified PAs responsible for toxicity
are produced by the enzymic dehydrogenation of the necine nucleus, resulting in
the formation of a pyrrole [see Figure 2] (Mattocks, 1968; Winter and Segall,
1989). This structural conversion causes a shift in molecular electrons, the loss
of one or more ester groups from the PA molecule and the generation of
positively-charged reactive sites (Mattocks, 1972b; Petry et al, 1984).
Dehydrogenation occurs through the action of P-450 enzymes located in the
microsomal fraction of hepatocytes (Williams et al, 1989; Glowaz et al, 1992;
Parkinson, 1995). Two specific isoforms of P-450 responsible for the
bioactivation of PAs in the male rat [UT-A and PCN-E] have been identified
(Williams et al, 1989). The PCN-E form of P-450 appears more active in the
formation of pyrrolic metabolites (Williams et al, 1989). In humans, P-450I11A4 is
both structurally and functionally similar to the PCN-E isoform found in the rat
(Miranda et al, 1991).

Among the metabolites isolated from the medium of
isolated livers perfused with MCT is monocrotaline pyrrole [MCTP or
dehydromonocrotaline] (Yan and Huxtable, 1994). MCTP is highly reactive and
responsible for most, if not all of the toxicity ascribed to MCT (Butler et al, 1970;

Winter and Segall, 1989; Pan et al, 1993; Yan and Huxtable, 1994). MCTP and
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pyrroles of other alkaloids readily bind to proteins (White, 1976; Robertson et al,
1977, Niwa et al, 1991) or DNA (Petry et al, 1984; Hincks et al, 1991). The cyclic
diester structure of MCT contributes to the bifunctional alkylating ability of MCTP
(Mattocks, 1968; Suliman and Zuckerman, 1969; White, 1976; Niwa et al, 1991).
Cysteinyl-, glutathione- and glutathionyl-pyrrole
conjugates are also formed in the liver and found in the perfusate or bile of
isolated liver preparations treated with MCT (Estep et al, 1990; Huxtable et al,
1990; Lamé et al, 1990). These conjugates have been proposed to stabilize
reactive, pyrrolic intemediates sufficiently to allow transit from the liver to the lung
or other tissues (White, 1976; Estep et al, 1990; Lamé et al, 1990; Pan et al,
1991; Estep et al, 1991). Such a mechanism could stabilize pyrroles which
otherwise can rapidly polymerize and are inactivated in the aqueous environment
of the plasma (Mattocks, 1969; Bruner et al, 1983; Mattocks and Jukes, 1990a).
In vivo, MCT metabolism and the tissue distribution of
its intermediates is rapid (Mattocks, 1968; Lamé et al, 1995). A colorimetric
assay [Ehrlich assay] which identifies the pyrrolic forms of PAs has been used to
characterize the pharmacokinetic fate of MCT pyrrole in tissue and blood
(Mattocks, 1968; Mattocks and White, 1970; Mattocks, 1986). "Metabolic"
pyrroles produced by liver bioconversion are detected in the liver within 10
minutes of administration and have been identified in other tissues including the

lungs, heart and kidneys within several hours (Mattocks, 1968; Mattocks and
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White, 1970). "Metabolic™ pyrroles persist in the liver and other tissues for up to
48 hours, while the parent alkaloid is often excreted completely within 24 hours
(Mattocks, 1968). The rapid metabolism of MCT and tissue distribution of its
intermediates has also been quantified by high performance liquid
chromatography and gas chromatography/mass spectrophotometry (Monks et al,
1990; Lamé et al, 1990; Pan et al, 1993; Yan and Huxtable, 1994; Yan and
Huxtable, 1995), and after the administration of radiolabeled MCT to rats (Estep

et al, 1990a; Estep et al, 1991; Lamé et al, 1991).

Prior to alkylation of cellular macromolecules, reactive
pyrroles can be inactivated by hydrolysis and thiol-conjugation (Mattocks, 1986).
MCTP is converted to dehydroretronecine and monocrotalic acid [Figure 2] by
hydrolysis in basic or neutral aqueous solutions (Mattocks, 1969). Although
dehydroretronecine is considerably less cytotoxic than dehydromonocrotaline
(Mattocks, 1986), it can cause mitotic inhibition (Shumaker et al, 1976) and has
been associated with the induction of neoplasia (Mattocks and Legg, 1980). The
generation of monocrotalic acid is of little toxicologic consequence (Mattocks,

1969).
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Cysteine or glutathione conjugation to pyrrolic
intermediates results in the formation of polar molecules which are rapidly
excreted (Pan et al, 1993; Yan and Huxtable, 1994; Yan and Huxtable, 1995a).
Conjugates of MCTP comprise a sizable portion of the PA metabolites identified
in bile, urine or plasma after MCT administration to rats (Yan and Huxtable,
1994). Although injury has been reported in the isolated, perfused lung after
exposure to a conjugated pyrrole hydrolysis product (Huxtable et al, 1990),
glutathione and cysteine pyrroles are nontoxic when administered in vivo (Pan et
al, 1993). The enhancement of hepatic glutathione concentration through
glutathione precursor supplementation reduces the proportion of reactive
pyrroles in the liver, increases conjugated pyrroles in the bile and liver tissue
after MCT (Yan and Huxtable, 1995b) and decreases the pneumotoxicity of MCT

in rats (Yan and Huxtable, 1996).

2. Variability in the Metabolism of MCT

The sensitivity of different animals to the toxic effects of
MCT and other PAs is influenced by the age, sex, and animal species. Many of
these influences on sensitivity can be explained by differences in PA metabolism
(Allen and Chesney, 1972; Chesney and Allen, 1973; Cheeke and Pierson-

Goeger, 1983; Cheeke, 1989). Much of the variability is dictated by differences



17

in the type, amount and activity of enzymes necessary for PA metabolism
(Cheeke and Pierson-Goeger, 1983; Kiyatake et al, 1992). Newbom rats lack
sufficient P-450 monooxygenase activity to convert PAs to reactive metabolites;
within 24 hours of birth the activity of PA-metabolizing P-450 enzymes increases
as does the injury produced by MCT and other PAs (Mattocks and White, 1973).
Male rats have more PA-metabolizing P-450 activity than do female rats,
produce more pyrrolic metabolites of MCT and are more sensitive to the toxic
effects of MCT (Ratnoff and Mirier, 1949; Kay et al, 1982; Williams et al, 1989).
Chronic supplimentation of sex hormones can alter the gender differences in
sensitivity to MCT and other PAs; female rats receiving testosterone or
methylandosterone prior to MCT respond to MCT exposure in a manner similar
to male rats (Goldenthal et al, 1964). Neutered males treated with estrogen prior
to MCT survive longer after MCT exposure than intact males treated with MCT
only (Goldenthal et al, 1964; Farhat et al, 1993).

Species-related variation in the sensitivity to PA-induced
toxicity usually involves differences in the relative activity of opposing
bioactivating and detoxification systems. This is evident in the comparison of the
rat to the guinea pig (Chesney and Allen, 1973). The rat has functional
pathways for the dehydrogenation and N-oxidation of PAs, the guinea pig has a
predominance of detoxifying carboxylesterase enzymes but relatively little

pyrrole-forming P-450 activity (Mattocks et al, 1986; Dueker et al, 1992a; Dueker
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et al, 1992b). As such, the guinea pig is highly resistant to most PAs (Mattocks,
1972b; Cheeke, 1989); other resistant species may exhibit a similar disparity of
metabolic pathways. These differences in metabolism-dictated sensitivity can be
abolished by the direct administration of reactive pyrroles (Mattocks, 1972b;
Chesney and Allen, 1973).

In addition to the normal constitutive activity of PA-
converting pathways, the inducibility of each metabolic pathway can also dictate
the response of different animal species to each PA (White and Mattocks, 1971;
Williams et al, 1989; Mattocks et al, 1986). The degree of toxicity induced by
pyrrolic metabolites can be altered by chemicals which up- or down-regulate the
activity of PA bioconversion pathways (Allen et al, 1972; Chesney et al, 1974b;
White and Mattocks, 1971; Mattocks et al, 1986). For example, the metabolism
of PAs to pyrroles and ensuing toxicity can be enhanced by the induction of P-
450 enzyme activity with phenobarbital (White et al, 1973; White et al, 1983).
Likewise, the suppression of esterase activity, a detoxification pathway, can

enhance the toxicity of a PA (Mattocks et al, 1986).

B.  Pathophysiology of MCT In Vivo

The early 20" century marked the first association of PA exposure

with toxicity in the United States (reviewed by Bull et al, 1968b). Horses in lowa
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and Nebraska developed a progressive wasting disease associated with
ambulatory difficulty, coma and death. A Crotalaria sp. plant was abundant on
farms in the region and suspected to be the cause of this condition. Several
initial attempts to recreate the condition with experimental exposure to plant
extracts met with failure, but C. sagitallis was ultimately determined to be the
cause. Livestock with Winton disease, a clinical neurologic disorder were
determined to have consumed hay contaminated with common ragwort, a weed
which contains the alkaloid Senecio jacobaea. Hepatic cirrhosis was the primary
lesion in affected horses and cattle seen at necropsy and hepatic dysfunction
thought to be the cause of clinical signs involving the nervous system.

The involvement of specific organs in the expression of PA-
associated toxicity is somewhat determined by the derivation of a particular PA.
Unsaturated alkaloids extracted from Senecio and Heliotropium are almost
exclusively hepatotoxic (Peterson et al, 1972), whereas those derived from
Crotalaria sp. plants are hepatotoxic, but can induce significant pneumotoxicity
(Harris et al, 1942; Barnes et al, 1964). The manifestations and severity of C.
spectabilis or MCT intoxication are highly dependent on the cumulative dose of
alkaloid administered (Jago, 1970; Huxtable et al, 1978; Shubat et al, 1989; Kim
et al, 1993). The pattem of toxicity attributed to MCT is highly reproducible and

not affected by the route of MCT administration (Schoental and Head, 1955).
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1.  MCT-induced Hepatotoxicity

Hepatotoxicity constitutes the most frequent presentation of
PA intoxication in humans (Stuart and Bras, 1957; Kumana et al, 1985; Sperl et
al, 1995) and several domestic animal species (Mendel et al, 1988; Odriozola et
al, 1994). The liver participates in the pathogenesis of PA toxicity because of its
role in the bioconversion of alkaloid to reactive and unstable intermediates

(Mattocks, 1968; Mattocks, 1986).

a.  Acute Hepatotoxicity

The clinical presentation of animals acutely
intoxicated with MCT almost uniformly reflects the severity of liver injury.
Affected animals are distressed, weak and dyspneic (Mendel et al, 1988;
Odriozola et al, 1994). At necropsy, the liver is firm, congested and granular in
appearance; hemorrhagic ascitic fluid may also be present (Mattocks, 1986).
Hepatic parenchymal cell necrosis is the most notable histologic change in the
liver, and the centrilobular and midzonal hepatocytes are the most severely
affected (Bull and Dick, 1959; Jago, 1970). The hepatic sinusoids may be
dilated with blood, some to an extent which obscures visualization of other

parenchymal landmarks. These so-called "blood lagoons" have been proposed
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as sites of hemorrhage secondary to massive sinusoidal endothelial cell damage
(Bames et al, 1964, Green and Christie, 1961). Endothelial cells lining the
hepatic sinusoids, central veins and sublobular veins consistently exhibit a
greater degree of damage than the adjacent hepatic parenchyma; the damaged
endothelial cells are swollen and rupture acutely (Davidson, 1935). In animals
which survive the acute toxic effect, endothelial cells enlarge and/or proliferate,
while damaged hepatocytes may be replaced by connective tissue (Davidson,
1935; McLean, 1970). Primary injury to the microvasculature resulting in
hemorrhage has also been identified in the heart and kidney after PA exposure
(Rosenfeld and Beath, 1945). Injury to the vasculature or vaso-formative
mesenchyme has been blamed for PA-induced malformations of the fetus in rats
exposed during pregnancy (Green and Christie, 1961).

Acute PA exposure typically results in death in 1-4
days (Mattocks, 1986). In those animals which survive, clinical recovery may be
followed by a prolonged course of decline, due to chronic effects of the alkaloid
metabolites on hepatic cells.

Cellular metabolism is responsible for the regional
pattern of injury in the liver after MCT (Mattocks, 1986). The midzonal and
centrilobular portions of the liver lobule represent the areas of the liver in which
hepatocytes contain the greatest relative concentration of P-450 enzymes

responsible for pyrrole formation (Mattocks, 1986). Regional metabolism and
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pyrrolic reactivity predisposes hepatocytes and other cells in the centrilobular

and midzonal parts of the lobule to immediate alkylation, resulting in injury.

b.  Chronic Hepatoxicit

MCT and similar PAs produce chronic changes in the
liver after a cumulative, sublethal exposure (Schoental and Head, 1955; Allen et
al, 1967; Peckham et al, 1974). Clinical signs include a progressive decline in
body weight and appetite and the development of an unkempt appearance
(Schoental and Head, 1955; Peckham et al, 1974). Abdominal distention is not
uncommon in humans and some animal species, often representing the
accumulation of extravascular fluid (Stuart and Bras, 1957). Other physical
findings may include jaundice and peripheral edema. The time course leading
clinical symptoms may be weeks to years (Stuart and Bras, 1957; Kumana et al,
1985).

The gross and histologic liver lesions represent
stages of injury and repair, and the extent of each component varies with time
after injury. Early after PA exposure, hepatocellular necrosis may be the
dominant lesion, although to a lesser extent than that seen with acute toxicity
(Rosenfeld and Beath, 1945). With time, the appearance of the liver reflects

scarring or fibrosis; the liver lobes are shrunken, firm and granular to knobby
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(Mattocks, 1986; Epstein et al, 1992). Histologically, the distortion of the lobular
architecture is often extensive (Allen et al, 1967). Hepatic lobules and clusters of
hepatocytes may be encompassed by dense, fibrous connective tissue which
can extend from the portal region to the central vein (Shulman et al, 1987). The
lumen of the central vein may be obliterated by the hyperplasia of cells
presumed to be of endothelial origin, or substantially reduced in size by
encroaching connective tissue in the perivascular adventitia (Stuart and Bras,
1957; McGee et al, 1976; Shulman et al, 1987). The latter alteration is the basis
for hepatic venoocclusive disease [VOD] frequently reported in humans after the
ingestion of "bush teas" brewed from Crotalaria sp. plants (Stuart and Bras,
1957; Huxtable, 1980).

Extraordinary cellular enlargement or megalocytosis
is a consistent finding in animals with chronic liver disease due to intoxication by
MCT (Allen et al, 1970b; Chesney and Allen, 1973a) or other PAs (Davidson,
1935; Bull and Dick, 1959; Jago, 1970). The histologic presence of
megalocytosis is almost uniformly synonymous with PA poisoning. Megalocytic
cells often have more and larger intracellular organelles, enlarged nuclei and
large and/or muitiple nucleoli (Afzelius and Schoental, 1967; Samuel and Jago,
1975; Mattocks and Legg, 1980). Megalocytosis associated with PA intoxication
is thought to represent mitotic inhibition (Bull, 1955; Allen et al, 1970a; Mattocks

and Legg, 1980; Cheeke, 1988). Cell loss is not a prerequisite for megalocytosis
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to occur, but concurrent cell death exacerbates the extent of cell enlargement
(Schoental and Magee, 1954). Interestingly, megalocytosis occurs more often in
the periportal regions of the hepatic lobule, whereas hepatocellular necrosis
affects the centrilobular hepatocytes (Schoental and Magee, 1957; Downing and

Peterson, 1968; Rogers and Newberne, 1971).

2. Cardiooul Toxicity after MCT

PA-induced lung injury is somewhat unique to the
predominantly hepatotoxic alkaloids (Kay and Heath, 1966; Allen et al, 1967;
Kay et al, 1967; Wagenvoort et al, 1974; Smith and Heath, 1978; Meyrick and
Reid, 1979; Meyrick et al, 1980). In the rat, the Crotalaria-derived PAs MCT and
fulvine cause acute hepatocellular necrosis and death only when administered at
a high dose, but when given at a sublethal dose, are almost uniformly
pneumotoxic, producing pulmonary hypertension with minimal hepatocellular
injury (Lalich and Merkow, 1961; Allen and Carstens, 1970a; Kay et al, 1971;
Huxtable et al, 1978). Unlike the rapid development of clinical signs and lesions
seen with acute hepatotoxicity, the onset of pneumotoxicity is delayed several
days after MCT administration (Kay et al, 1971; Meyrick and Reid, 1979).

Biologically relavent metabolism of MCT does not appear to occur in the lungs
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(Mattocks, 1968; Hilliker et al, 1983; Lafranconi and Huxtable, 1984; Lafranconi
et al, 1985; Pan et al, 1991).

MCT-induced pneumotoxicity is characteristically chronic; a
dose of MCT large enough to be acutely pneumotoxic would likely cause death
from massive liver necrosis (Hilliker et al, 1982). Acute pulmonary toxicity can be
produced by the intravenous administration of a large dose of chemically-
synthesized MCTP directly upstream of the lung (Hurley and Jago, 1975; Bruner
et al, 1983). Cardiopulmonary toxicity after MCT(P) administration to the rat has

been studied as a model of several human pulmonary vascular diseases.

a. Clinical Effects/Necropsy Results

A cumulative MCT dose of 20-100mg/kg by any route
causes predominantly lung injury in the rat (Kay and Heath, 1966; Meyrick and
Reid, 1979; Sugita et al, 1983). Clinical indications of toxicity are nonspecific
and initially recognized as reduced body weight gain, hypothermia and the
development of an unkempt appearance (Hayashi and Lalich, 1967; Wagenvoort
et al, 1974b; Meyrick and Reid, 1979). Within 3-4 weeks, rats exposed to MCT
are lethargic and anorexic (Wagenvoort et al, 1974b). Physical signs consistent
with pneumotoxicity may not be evident for 28-35 days and consist of dyspnea

and cyanosis (Meyrick and Reid, 1979). Sporadic deaths occur over the first 21
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days, but the rate of mortality increases dramatically in the late stages of this 4-6
week time course. Interestingly, the severity of clinical signs and the rate of
mortality are reduced significantly by dietary restriction during the first 2-4 weeks
after MCT administration (Hayashi et al, 1979).

MCT-induced pneumotoxicity occurs in a delayed and
progressive manner (Roth et al, 1989). The reduction in body weight gain
associated with anorexia is accompanied by loss of body fat and dehydration
(Hayashi and Lalich, 1967). Gross lesions are usually confined to the thoracic
cavity, but evidence of hepatic necrosis preceeding the development of
pulmonary lesions has been reported in some rats treated with a pneumotoxic
dose of MCT or fulvine (Kay et al, 1971; Bames et al, 1964; Wagenvoort et al,
1974b). MCT-treated rats may have pleural effusion (Hayashi and Lalich, 1967)
and occasionally have subcutaneous and peritoneal fluid accumulation (Allen
and Carstens, 1970b). Lung lesions consist of patchy to generalized
consolidation with hemorrhage and are present 2-3 weeks after MCT (Hayashi
and Lalich, 1967). Enlargement of the heart, suggested by rounding of the
cardiac shape, becomes evident by 4 weeks after MCT (Allen and Carstens,

1970b).



27

b.  Pulmonary Pathophysiology

During the 4-5 week time course of events which
follow the administration of MCT to rats, sequential changes occur in the
pulmonary vasculature, parenchyma and heart (Allen and Carstens, 1970;
Meyrick et al, 1980). Although these changes occur as a continuum, they can be
catagorized into three components (Kay and Heath, 1967; Meyrick and Reid,
1979). Early events [injury to the endothelium and associated vascular leak]
occur within the first 7-10 days after MCT. The second group of changes can be
described as delayed events which comprise the vascular remodeling and the
apparent repair response to injury, and occur within 2-3 weeks of MCT. Late
events represent the hemodynamic and cardiophysiological response to lung
vascular injury and repair and may take up to 6 weeks to become evident.
Although the reported times of initiation and duration of MCT-associated events

vary, the order in which changes occur is consistent and predictable.

1. Eady Events

Metabolic pyrroles of MCT which escape the
liver parenchyma gain access to the systemic circulation and encounter the lung

as the first downstream microvascular bed. @ The pulmonary vascular
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endothelium is the primary target of blood-bome MCTP (Allen and Carstens,
1970; Butler, 1970; Meyrick et al, 1980; Wilson et al, 1992). Affected pulmonary
vascular endothelial cells (ECs) exhibit vesiculation, pallor, swelling and a
reduction of microfilaments within the first 4-96 hours of MCT administration
(Valdivia et al, 1967b; Miller et al, 1978; Rosenberg and Rabinovitch, 1988).
ECs death and loss is limited in distribution and confined to individual or small
groups of cells; overt necrosis and sloughing of ECs does not occur (Valdivia et
al, 1967a; Miller et al, 1978; Rosenberg and Rabinovitch, 1988; Wilson et al,
1989; Wilson and Segall, 1990).

Injury to pulmonary vascular endothelial cells is
reflected not only as a change in cell morphology, but also by the disruption of
normal cellular functions. Serotonin (5-hydroxytryptamine or 5-HT) is a
vasoactive agent present in platelets and mast cells and is actively removed from
the blood by pulmonary endothelium (Gillis, 1973). Serotonin uptake by the lung
vasculature is markedly decreased within the first 7 days after MCT (Huxtable et
al, 1978; Hilliker et al, 1983; Hayashi et al, 1984; Molteni et al, 1986), a
measurement that has been used as a marker of endothelial cell injury.

Concurrent with endothelial cell injury induced
by MCT is the development of pulmonary vascular leak (Valdivia et al, 1967b;
Allen and Carstens, 1970b; Meyrick et al, 1980; Molteni et al, 1984). Pulmonary

vascular leak after MCT is caused by an increase in pulmonary microvascular
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permeability (Kido et al, 1981; Molteni et al, 1984). The pulmonary arterial
pressure is not involved in the initiation of vascular leak and remains normal until
vascular structural remodeling is well established [14-21 days] (Kay et al, 1967;
Meyrick et al, 1980). Evidence of vascular leak has been reported as early as 2
hours in a canine pulmonary hypertension model (Miller et al, 1978) but more
typically occurs 2-3 days after MCT administration to the rat (Kido et al, 1981;
Sugita et al, 1983). Vascular leak after MCT is progressive (Valdivia et al,
1967b; Sugita et al, 1983) and ultimately results in distention of the perivascular
space, dilation of lymphatic channels within the perivascular adventitia (Plestina
and Stoner, 1972) and pulmonary edema (Valdivia et al, 1967b).

Other changes which occur in the first 10 days
after MCT administration include a decrease in the number of circulating
platelets and platelet sequestration in the lung (Hilliker et al, 1982), pulmonary
vascular thrombosis (Allen and Carsten, 1970b; Chesney and Allen, 1973a;
Lalich et al, 1977; Hayashi et al, 1984) and pulmonary inflammation (Valdivia et
al, 1967b; Hayashi et al, 1984; Wilson et al, 1989). The reduction in the number
of circulating platelets after MCT corresponds to the accumulation of platelet and
fibrin thrombi in the lung (Valdivia et al, 1967b; Kay et al, 1971; Hayashi et al,
1984). In addition, messenger RNAs for several components of the basement
membrane produced by endothelial cells are increased by 4 days and elevated

for up to 14 days after MCT administration (Lipke et al, 1993).
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Mononuclear cells and mast cells accumulate
in the perivascular adventitia of pulmonary vessels after the administration of
MCT to rats (Valdivia et al, 1967b; Wilson et al, 1989). Mononuclear cells may
act as purveyors of cytokines involved in lung injury and vascular leak. For
example, the activity of interleukin-1 is elevated in lungs affected by MCT
(Gillispie et al, 1988; Gillispie et al, 1989a). Mast cells have also been identified
in increased numbers in the perivascular adventitia (Kay et al, 1967; Wagenvoort
et al, 1974b) and, although hypothesized to be contributors of vasoactive
mediators which could induce vasoconstriction, have not been shown to be
involved causally in MCT-induced pneumotoxicity or vascular remodeling

(Valdivia et al, 1967a; Kay et al, 1969).

2. Delayed Events

On the heels of pulmonary endothelial cell
injury and vascular leak are a series of structural changes in the pulmonary
arterial microvasculature which constitute vascular remodeling (Hislop and Reid,
1974). Endothelial cell swelling immediately after MCT administration
contributes to a reduction of the pulmonary microvascular surface area (Meyrick
and Reid, 1979). Pulmonary vascular compliance is decreased and arterial

resistance increased in conjunction with an increase in the arterial medial
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thickness and muscularization of precapillary arteries (Meyrick and Reid, 1979).
An increase in pulmonary arterial pressure, first significant at 14-21 days after
MCT, closely follows the increase in arterial medial thickness and reduction in
vascular compliance (Kay and Heath, 1966; Wagenvoort et al, 1974b; Arcot et
al, 1993).

Thickening of the medial layer of pulmonary
arteries after MCT comprises an increase in smooth muscle cell mass and the
production of collagen (Wagenvoort et al, 1974b; Meyrick et al, 1980; Ghodsi
and Will, 1981). The enlargement of smooth muscle cells [hypertrophy] or
smooth muscle cell proliferation [hyperplasia] may contribute to the increase in
medial cell mass (Owens, 1989). Vascular smooth muscle cells (VSMCs) revert
from contractile cells to a synthetic phenotypic capable of cell division (Thyberg
et al, 1983), presumedly in response to a mitogenic stimulus after MCT
(Wagenvoort et al, 1974a; Chesney and Allen, 1973a). Rats fed C. spectabilis
seeds have an increase in radiolabeled thymidine incorporation in pulmonary
VSMCs, a process consistent with increased DNA synthesis and presumed to
lead to an increase in artery medial mass through cell proliferation (Meyrick and
Reid, 1982). In addition to an increase in muscle cell mass after MCT, arterial
wall cells contribute acellular components the medial layer of pulmonary arteries

through the production of collagen (Kameji et al, 1980).
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Muscularization of nonmuscular arteries is
thought to represent the migration of smooth muscle cells from adjacent
muscular arteries or the differentiation of smooth muscle cell precursors present
in the subintimal layer of precapillary vessels (Meyrick and Reid, 1979; Meyrick
et al, 1980; Rosenberg and Rabinovitch, 1988). Factors generated by cellular
injury or the increase in vascular premeability could induce either change (Bobik
and Campbell, 1993); abnormal muscularization decreases the cross-sectional
area of the smallest pulmonary arteries resulting in increased vascular resistance
(Meyrick et al, 1980).

Additional changes in the lung within 2 weeks
of MCT administration include neutrophilic arteritis, perivascular neutrophil
accumulation (Kay et al, 1971; Molteni et al, 1984) and hyaline thrombi in the
alveolar capillaries (Hayashi et al, 1984). Megalocytosis of type || pneumocytes
and interstitial cells, and to a lesser extent, endothelial cells and VSMCs is
evident (Merkow and Kleinerman, 1966; Valdivia et al, 1967a; Chesney and
Allen 1973a; Wilson and Segall, 1990); enlarged type Il pneumocytes have more
prominent synthetic organelles and VSMCs contain fewer contractile elements

(Wagenvoort et al, 1974a).



33

The increase in pulmonary arterial pressure
which follows vascular medial thickening and muscularization of small
precapillary arteries has been reported as early as 8 days (Ghodsi and Will,
1981), or as long as 6 weeks (Kay et al, 1969; Meyrick et al, 1980; Lipke et al,
1993) after MCT, but more typically becomes evident after 3 weeks (Kido et al,
1981; Huxtable et al, 1978; Arcot et al, 1993). The most striking gross physical
change that occurs during this interval is the increase in right ventricular weight,
corresponding to an increase in the right ventricular muscle mass (Kay et al,
1971; Meyrick and Reid, 1979). The right heart weight changes in response to
the progressively increasing pulmonary arterial pressure which accompanies
vascular remodeling (Huxtable et al, 1978; Gillespie et al, 1985b; Wilson et al,
1989). Impaired gas exchange and decreased lung compliance and capacity
(Gillespie et al, 1985b), as well as increased pulmonary vascular resistance
(Meyrick et al, 1980) also characterize this stage.

Late stage vascular inflammation accompanies
crenation of the arterial elastic laminae and vascular necrosis (Merkow and
Kleinerman, 1966; Kay and Heath, 1966; Wagenvoort et al, 1974a). Persistant
arterial contracture has been proposed as a cause of the vascular necrosis

(Merkow and Kleinerman, 1966; Smith and Heath, 1978). Pulmonary vascular
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thrombosis has been reported but with lower frequency than earlier after MCT
administration (Allen and Carstens, 1970b; Lalich et al, 1977; Meyrick et al,
1980). MCT-induced perivascular edema persists (Hayashi and Lalich, 1967),
and megalocytosis of epithelial and intersititial cells is more evident in a greater
number of cells (Kay et al, 1969). In addition, alveolar septal or perivascular
fibrosis (Lalich et al, 1977; Wilson et al, 1989), fragmentation of the elastic
laminae of pulmonary arteries (Allen and Carstens, 1970b; Todorovich-Hunter et
al, 1992; Zhu et al, 1994) and pleural surface neovascularization (Schraufnagel,

1990) have been described.

C.  MCTP-induced Pneumotoxicity

Chemically synthesized MCTP causes liver and/or lung injury
similar to that attributed to MCT (Butler et al, 1970). Compared to MCT, the
timecourse over which MCTP-induced injury develops is reduced, perhaps
because further metabolism of pyrrole is not required for toxicity (Mattocks, 1970;
Bruner et al, 1986). The instability of MCTP requires that it be given by an
intravascular route immediately upstream of the target organ [ie, lung] to
maximize its delivery and to minimize inactivation in blood (Mattocks, 1968;

Butler et al, 1970; Hooson and Grasso, 1976; Mattocks 1986).
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MCTP administered at a dose of 3-5mg/kg via the tail vein of
the rat causes lung injury leading to pulmonary hypertension, a process which
requires approximately 2 weeks for full expression (Butler, 1970; Bruner et al,
1983; Reindel et al, 1990). W.ithin 2-4 hours of the administration of MCTP,
there is a transient increase in lung weight followed by a slow, but steady rise in
bronchoalveolar fluid protein and inflammatory cells over 3-4 days (Plestina and
Stoner, 1972; Kido et al, 1981; Schultze et al, 1991b). Similar to MCT, the first
measurable change in lung structure is endothelial cell swelling and blebbing of
the cell membrane, noted 2-3 days after MCTP exposure (Kido et al, 1981;
Reindel et al, 1990). Endothelial cell injury is minimal but may be reflected in the
release of an endothelial isoform of lactate dehydrogenase (Schultze et al,
1994), which accumulates in bronchoalveolar fluid within 2-4 days of MCTP
administration (Roth, 1981; Bruner et al, 1983). A progressive increase in lung
weight reflects the increase in pulmonary vascular permeability and the
accumulation of extravascular water (Bruner et al, 1983; Reindel et al, 1990).

Pulmonary arterial remodeling is first evident by 5-7 days
after MCTP and consists of muscularization of normally nonmuscular,
precapillary arteries and medial thickening of larger, muscular arteries (Reindel

et al, 1990). At that time, the increase in pulmonary vascular permeabilty is
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evident histologically as widening of the perivascular space and dilation of
adventitial lymphatic channels. Ultrastructurally, there is mild hypertrophy of
endothelial cells of both small pulmonary arteries and lymphatic vessels (Reindel
et al, 1990). By day 7, the pulmonary arterial pressure is elevated (Bruner et al,
1983) and by day 8-10, there is patchy alveolar edema (Reindel et al, 1990).
The right ventricular weight increases by day 10-12 in response to the persistant
increase in pulmonary arterial pressure (Chesney et al, 1974a; Reindel et al,
1990). Pulmonary vascular leak, increased pulmonary arterial pressure,
vascular remodeling and right ventricular mass continue to increase through
days 14-21. Terminally, the increase in pulmonary vascular permeability may be
manifest as pleural, pericardial or peritoneal effusion (Butler et al, 1970).
Enlargement of endothelial, interstitial and type Il epithelial cell profiles, first
evident by 5-7 days after MCTP, becomes more prominent by day 14 and
beyond (Reindel et al, 1990).

Several changes ascribed to MCT-induced pneumotoxicity
do not occur with regularity following MCTP. Vasculitis, perivasculitis and
vascular necrosis, a presumed response to acute vascular injury, are rare with
MCTP-induced pneumotoxicity suggesting that overt damage to the subintimal
layer of pulmonary arteries is not necessary for vascular remodeling. Both
MCTP and MCT cause platelet sequestration in the lung (White and Roth, 1988);

unlike MCT, however, there is no concurrent reduction in the number of
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circulating platelets with MCTP, a change which may reflect more severe
pulmonary vascular injury after MCT (Bruner et al, 1983; White and Roth, 1988).
MCTP-associated pulmonary vascular thrombosis, associated with decreased
blood and lung fibrinolytic activity (Schultze and Roth, 1993), occurs less often
than with MCT (Chesney et al, 1974; Lalich et al, 1977). In addition, the
synthesis and deposition of extracellular matrix components in the vascular
media and adventitia, a component of arterial wall remodeling after MCT, is not
reported with MCTP-induced pulmonary vascular remodeling. An increase in
cellular fibronectin has been identified in the plasma of MCTP-treated rats
(Schultze et al, 1996); the role of cFN in vascular remodeling, however, is

unclear.

2. High Dose MCTP

When administered to rats at a dose of 15-30mg/kg, MCTP
causes more acute and severe pulmonary vascular leak which often culminates
in death within 24-48 hours (Butler et al, 1970; Plestina and Stoner, 1972; Hurley
and Jago, 1975). MCTP at this dose causes extensive interstitial and alveolar
edema and pleural effusion within 24 hours (Hurley and Jago, 1975). Although
pulmonary vascular permeability is increased at this elevated MCTP dose, the

degree of overt endothelial injury may not be different from that reported after
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MCTP at a lower dose (Hurley and Jago, 1975). Pulmonary hypertension and

right ventricular hypertrophy do not develop over this short time course.

D.  Eactors Contributing to PH after MCT/MCTP

An increase in vascular pressure can occur either by changes in
vascular tone or by structural alteration of vessels. Generally speaking, an
increase in the sensitivity of arteries to contractile stimuli or the attenuation of the
pathways which cause vasodilation can result in vascular hypertension (Rubin et
al, 1996). Altered vasoreactivity leading to hypertension may also be manifest
as a response to the increased release or decreased degradation of endogenous
contractile mediators (Vita et al, 1996). Structurally, an increase in vascular
medial thickness due to smooth muscle cell growth and/or proliferation can
contribute to the elevation of arterial pressure and vascular resistance. Smooth
muscle cell growth and proliferation initiated by vascular injury can be
accentuated by mitogenic proteins (Bobik and Campbell, 1993). Alterations in
vasoreactivity and/or the expression of vasoactive agents, and upregulation of
cell growth or proliferation, perhaps via the release of mitogenic growth factors
have been hypothesized to be involved in the development of pulmonary

hypertension in rats after MCT or MCTP administration. Each of these
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possibilities is discussed in the following sections. Where similar results are

described for MCT and MCTP, the acronym MCT[P] is used.

1. Vasoreactivity after MCT/MCTP

The increase in pulmonary arterial pressure after the
administration of MCT[P] to rats follows changes in the vascular medial layer
leading to decreased compliance and increased resistance (Gillespie et al,
1985b; Meyrick et al, 1980). Structural remodeling has been proposed to follow
the persistent increase in vascular tone due to altered vasoreactivity (Gillespie et
al, 1985b; Rosenberg and Rabinovitch, 1988; Huxtable, 1990). The role of
vasoreactivity in MCT[P]-induced pulmonary hypertension, however, is unclear
and reports describing the response of vessels to MCT[P] are contradictory.

An early and transient increase [within 4-7 days] in the
response of arteries from MCT-treated rats to vasoconstrictors such as
angiotensin |l and hypoxia has been reported (Gillespie et al, 1986; Shubat et al,
1987). That transient change is followed by inconsistent responses in pulmonary
arteries or perfused lungs from MCT-treated rats to a number of exogenously
applied mediators including angiotensin |, isoproterenol, hypoxia and potassium
chloride (Altiere et al, 1986; Gillespie et al, 1986; Rosenberg and Rabinovitch,

1988). The cumulative results weigh more heavily in favor of increased vascular
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responsiveness after MCT, but only after arterial medial thickening and
increased arterial pressure have been established (Rosenberg and Rabinovich,
1988; Huxtable, 1990). Alterations in the vasoreactivity after MCTP have been
less thoroughly examined, but also suggest that pulmonary arterial
responsiveness is increased after vascular remodeling has been established
(Hilliker and Roth, 1985a; Shubat et al, 1987; Langleben et al, 1988; Madden et

al, 1994).

Pulmonary vascular endothelial cell injury after
MCTIP] is characterized by changes in cell morphology and the reduction in
serotonin uptake by the lungs (Huxtable et al, 1978; Gillis et al, 1978; Lafranconi
and Huxtable, 1984; Hilliker and Roth, 1985). A decrease in the uptake or
metabolism or an increase in the synthesis and release of a number of
endogenous vasoactive agents may induce critical functional disturbances in
endothelial cells exposed to MCT[P]. The persistance of vasoactive agents in
the blood might contribute to vascular remodeling and pulmonary hypertension

after MCT[P].
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Serotonin [5-hydroxytryptamine] is released from
activated platelets, causes pulmonary vasoconstriction and is taken up and
metabolized by the endothelial cells of the liver and lung (Gillis, 1973; Ryan,
1990). In rats exposed to MCT[P] and in perfused lungs isolated from MCT[P]-
treated rats, serotonin uptake is decreased (Gillis et al, 1978; Hilliker et al, 1984).
The administration of serotonin to blood-perfused lungs from MCTP-treated rats
causes an increase in perfusion pressure (Hilliker and Roth, 1985a). The
inhibition of serotonin synthesis reduces the severity of pulmonary hypertension
induced by MCT (Kay et al, 1985). However, the concurrent use of serotonin
receptor antagonists provides only partial protection (Kanai et al, 1993) or fails to
protect (Ganey et al, 1986) against the development of pulmonary hypertension.

The endothelium also produces angiotensin
converting enzyme (ACE) responsible for the conversion of angiotensin | to the
vasoconstrictor angiotensin Il (Ryan, 1990). ACE activity in lung tissue is either
increased (Molteni et al, 1984), decreased (Hayashi et al, 1984) or unaffected
(Huxtable et al, 1978; Lafranconi and Huxtable, 1983) by MCT and decreased in
cultured endothelial cell exposed to MCTP (Hoom and Roth, 1993). The
discrepancies reported have been attributed to differences in the amount of
reactive metabolite, degree of endothelial cell injury and the lack of endothelial
cell metabolism of MCT by isolated lung preparations or cultured cells (Huxtable

et al, 1978). The activity of ACE in the plasma (Hayashi et al, 1984) or perfusate
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from the isolated lung (Lafranconi and Huxtable, 1984) from MCT-treated rats is
not altered by this toxicant. Inhibitors of ACE synthesis provide partial protection
against MCT-induced pulmonary hypertension and right ventricular hypertrophy
(Molteni et al, 1986). The protective effect of ACE inhibitors, however, may be
due to interference with collagen synthesis and prevention of perivascular
fibrosis (Molteni et al, 1985).

The role of other endothelium-associated vasoactive
agents or their enzymatic activators has been examined. The vasodilator
prostaglandin |, [PGIl,] is synthesized by endothelial cells (Ryan, 1990).
Inconsistent patterns of release of PGl, after MCT[P] exposure are reported
(Stenmark et al, 1985; Ganey and Roth, 1988a; Ganey and Roth, 1988b).
Inhibition of prostaglandin synthesis either protects (Kato et al, 1989) or does not
affect the severity of pulmonary hypertension after MCT (Stenmark et al, 1985;
Ganey and Roth, 1987). The infusion of a stable PGI, analog protects against
MCT-induced pulmonary hypertension (Miyata er al, 1996).

Additional mediators with vasoconstrictive or
vasorelaxant properties may contribute to MCT-induced vascular remodeling.
The endothelium-derived vasoactive mediator, platelet activating factor [PAF], is
increased in the blood 1-3 weeks after MCT; PAF receptor antagonists reduce
the severity of vascular leak and pulmonary hypertension associated with PAF

(Ono and Voelkel, 1991; Ono and Voelkel, 1992). Endothelium-derived relaxing
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factor [EDRF] is decreased (Ito et al, 1988) and endothelin-1 [ET-1], a potent
vasoconstrictor released from endothelial cells, is increased (Miyauchi et al,
1993; Okada et al, 1995b; Mathew et al, 1995) after MCT[P] exposure. Although
specific modulators of EDRF or ET-1 activity have not been tested, the
continuous inhalation of nitric oxide, intended to induce vasodilation after
toxicant exposure, does not alter the course of pulmonary hypertension

(Katayama et al, 1994; Maruyama et al, 1997).

Platelets become sequestered in the lungs in
association with MCT[P], and thrombi composed of platelets have been identified
in injured pulmonary microvessels (Chesney and Allen, 1973a; Hilliker et al,
1982). Platelets contain a number of vasoactive and mitogenic factors (Bobik
and Campbell, 1993). Platelet depletion during the genesis of pulmonary
hypertension provides protection against increased pulmonary arterial pressure
after the administration of MCTP (White et al, 1989). The protective effect
requires moderate platelet depletion [10-20% of normal] (Ganey et al, 1988) and
occurs only when depletion is targeted to 3-5 or 6-8 days after MCTP

administration (Hilliker et al, 1984). Interestingly, platelet depletion does not
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interfere with lung injury after MCTP [characterized by lung vascular leak]
(Hilliker et al, 1984).

Although the depletion of platelets results in
protection against pulmonary hypertension and right ventricular hypertrophy after
MCTP, the specific role of vasoactive mediators produced or released by
activated platelets is unclear. Thromboxane A, a platelet-derived
vasoconstrictor, is increased in the perfusate of lungs isolated from MCTP-
treated rats (Ganey and Roth, 1988b). Antagonism of thromboxane activity,
synthesis or receptor binding, however, does not interfere with the development
of pulmonary hypertension after MCT[P] (Langleben et al, 1986; Ganey and

Roth, 1987).

3.  Pathways of Cell Growth/Metabolism

The upregulation of pathways involved in cell growth and/or
proliferation contribute to an increase in the thickness of the media of pulmonary
arteries after MCT[P]. Polyamines are important in cell proliferation and
differentiation (Heby, 1981); an increase in the synthesis of polyamines may play
a role in abnormal cell growth/proliferation or repair of injury (Orlinska et al, 1988;
Olson et al, 1989). The polyamine content of the lungs and the activity of

enzymes responsible for the synthesis of polyamines increase after MCT but
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prior to the development of pulmonary hypertension (Olson et al, 1984a). A
polyamine synthesis inhibitor, a-difluoromethylomithine [DFMO], reduces the
degree of vascular remodeling and pulmonary hypertension after MCT (Olson et
al, 1984), even when administered as late as 10 days after MCT (Olson et al,
1989b). Pulmonary vascular leak after MCT is also prevented by the
administration of DFMO (Olson et al, 1985). MCT-associated polyamine
synthesis has been linked with early airway bronchoconstriction (Zhou and Lai,
1992), the increase in vascular responsiveness to a contractile stimulus
(Gillespie et al, 1985a) and the upregulation of DNA synthesis in lungs from
MCT-treated rats (Hacker, 1992). All of these effects can be reduced or
abolished by the administration of DMFO prior to or near the time of MCT
exposure.

Other pathways involved in the regulation of cell growth may
contribute to MCT[P]-induced vascular remodeling. The inhibition of
farnesyltransferase activity, responsible for the synthesis of cholesterol
precursors, protects against MCT-induced pulmonary hypertension (Touvay et
al, 1995). General dietary restriction sufficient to inhibit weight gain [growth]
delays the onset of pulmonary arterial hypertension and right ventricular
hypertrophy in young rats subsequently treated with MCT[P] (Hayashi et al,
1979; Ganey et al, 1985). Dietary restriction sufficient to inhibit MCT-induced

pulmonary hypertension also suppresses DNA and polyamine synthesis (Hacker,
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1993). These results suggest that one or more growth stimuli may be required
for the expression of MCT[P] pneumotoxicity and that polyamines may be one

such stimulus.

4, Mitogenic Growth Factors

Smooth muscle cell mitogens are present in the blood and in
cells and acellular components of the vascular wall (Bobik and Campbell, 1993).
VSMC growth/proliferation may be influenced by factors released from activated
or injured cells (Grotendorst et al, 1982; Reidy, 1992) or from storage sites in the
extracellular matrix of vessels (Molteni et al, 1989; Bobik and Campbell, 1993;
Zhu et al, 1994). Growth factors have been proposed to participate in the
structural remodeling in pulmonary arteries seen after MCT[P] exposure of rats
(Gillespie et al, 1989b; Arcot et al, 1993).

Platelets contain smooth muscle cell mitogens (Bobik and
Campbell, 1993). The depletion of platelets from 3-5 or 6-8 days after MCTP
administration results in a significant reduction in pulmonary hypertension and
right ventricular hypertrophy (Hilliker et al, 1984; Ganey et al, 1988; White et al,
1989). Platelets and other cells of the blood and vascular wall contain and/or
synthesize and release growth factors [eg. platelet-derived growth factor or
PDGF] which can induce smooth muscle cell migration (Grotendorst et al, 1992;

Jawien et al, 1992), a process which may be involved in vascular remodeling
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after MCT[P] (Meyrick and Reid, 1979a). Epidermal growth factor [EGF] is
released from activated platelets and other cells is present in blood plasma
(Bagby et al, 1992; Bobik and Campbell, 1993) and accumulates in the lungs
after the administration of MCT (Gillespie et al, 1989b). Rats infused with human
recombinant EGF develop pulmonary arterial medial thickening and increased
pulmonary arterial pressure, an increase in lung polyamine content as well as an
increase in the activity of a polyamine synthesis-associated enzyme, omithine
decarboxylase [ODC] (Gillespie et al, 1989b). The expression of the gene for
transforming growth factor-p [TGF- B] is increased after MCT (Arcot et al, 1993);
TGF- B synthesis and release has been associated with collagen synthesis and
deposition in pulmonary hypertension (Botney et al, 1994).

The activity of elastase produced by cells of the pulmonary
arterial wall increases after MCT administration (Todorovich-Hunter et al, 1992),
an action which may contribute to the release of matrix bound smooth muscle
cell mitogens (Molteni et al, 1989; Zhu et al, 1994). The inhibition of elastase
activity reduces MCT-induced right ventricular hypertrophy and vascular

remodeling (llkiw et al, 1989; Ye and Rabinovitch, 1991).
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5. Pt logical Inf tion Studies: Int tati

As is evident in the section above, inconsistencies are
widespread in the response of vessels and/or cells to agents intended to
modulate the hypertensive effect of MCT[P]. As such, solid conclusions as to the
mechanism of MCT[P]-induced pulmonary vascular injury leading to pulmonary
hypertension have not been described, and the credibility of this model as
representative of human pulmonary hypertension has been questioned (Heath,
1992).

Bioactivation is required for toxicity and, as previously
described, compounds which reduce the activity of enzymes responsible for
dehydrogenation [ie, pyrrole production] or increase the level of N-oxidation
reduce the toxicity of MCT and other PAs [see section |I.A.2]. Modulators used
to affect MCT-induced toxicity may alter these enzymes; reports cited above
typically lack any characterization of ancillary effects of these modulators on
hepatic enzymes. Similarly, pathways of detoxification may be influenced by
these pharmacologic agents. In addition, the reduction of body weight gain
through dietary restriction provides a protective effect against MCT[P]-induced
pulmonary vascular injury and hypertension (Hayashi et al, 1979; Ganey et al,
1985). The effect of various pharmaceuticals on body weight and the indirect

contribution of reduced body weight gain to any protective effect needs to be
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identified. Additional work will be necessary to determine the involvement of
these nonspecific influences for each modulator of MCT[P]-induced vascular

toxicity.

A large number of complex and interrelated events connect the
administration of MCT[P] to the development of pulmonary hypertension. Early
cellular structural and functional alterations identified after MCT[P] is
administered in vivo occur in the pulmonary microvascular endothelial cell
treated with MCTP (Hoom and Roth, 1993; Hoorn et al, 1993; Thomas et al,
1996). As such, cultured endothelial cells exposed to MCTP have been used to
characterize some of the early events as they relate to vascular injury and the
response to injury. Other types of vascular and nonvascular cells have been

exposed to MCTP to determine the direct cellular effects of this toxicant.

1. Cel Viability and Morphol

In vivo, MCTP causes limited, yet progressive pulmonary
vascular endothelial cell injury manifest as cell swelling and membrane blebbing

and the leakage of the cytosolic enzyme, lactate dehydrogenase [LDH] [see
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II.C.1. above]. In vitro, endothelial cells derived from the rat pulmonary
microvasculature exhibit a similar change upon exposure to MCTP (Hoom et al,
1993). Cultured bovine pulmonary artery endothelial cells [BECs] respond to
MCTP in a manner similar to rat vascular endothelial cells in vitro and have been
used for much of the characterization of cell injury and alterations in structure
(Reindel and Roth, 1991; Hoorn et al, 1993). Porcine pulmonary artery
endothelial cells [PECs] are less sensitive to the cytotoxic effect of MCTP, but
have provided evidence of the ability of MCTP to alter cell function without
causing overt cell injury (Reindel et al, 1991).

A limited evaluation of the direct effects of MCT[P] on the
viability and morphology of other cell types has also been done. Bovine vascular
smooth muscle cells from the pulmonary artery respond to MCTP in a manner
similar to that of PECs (Reindel and Roth, 1991). Murine hepatic sinusoidal
endothelial cells are more sensitive to MCT-induced toxicity than hepatocytes, a
process which may reflect the inability to sinusoidal endothelial cells to generate
cytoprotective thiols [ie, glutathione] in response to pyrrole exposure (Deleve et
al, 1996).

In vitro, the response of endothelial cells to MCTP-induced
injury is dose-dependent and varies with cells derived from different animal
species (Reindel et al, 1991). In BECs and rat ECs [RECs], LDH release after

MCTP is significantly increased by 48 hours and remains elevated for 7-14 days
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(Reindel et al, 1991; Hoorn et al, 1993). Overt cell loss from the monolayer is
limited in scope but persistent after MCTP exposure. Injured cells become
swollen, develop irregular membrane protrusions and may detach from the
monolayer. Cells which remain attached extend pseudopodia into gaps left by
cell loss (Reindel and Roth, 1991). With time and continued cell loss, RECs and
BECs exposed to MCTP enlarge but show no indication of proliferation in
response to cell injury (Reindel et al, 1991; Hoomn et al, 1993). Despite the
massive enlargement of some surviving endothelial cells, gaps may remain in
the monolayer. By contrast, PECs which are resistant to the cytotoxic effect of
MCTP [minimal LDH release even after exposure to a large concentration of
MCTP] suffer minimal cell loss and show no overt megalocytosis unless exposed

to MCTP while growing at a subconfluent density (Hoomn and Roth, 1992).

2.  Cell Enlargement and Proliferation

In addition to the structural and functional effects of MCTP
on cultured endothelial cells, the ability of cells to undergo clonal expansion is
also impacted by this toxicant. Whereas injury after MCTP is dependent on the
toxicant dose, the cell type exposed and animal origin of specific cells used for
exposure, the effect of this toxicant on cell proliferation is uniform across cell

types tested and apparent at a low concentration of MCTP (Reindel and Roth,



52

1991). MCTP causes a significant reduction in the colony forming efficiency of
BECs. This inhibition of cell proliferation occurs at one-tenth the dose required
to produce minimal cytotoxicity in these cells. At the same range of
concentration, the inhibition of proliferation by MCTP occurs in PECs, bovine
arterial smooth muscle cells, Madin-Darby canine kidney cells and
undifferentiated human keratinocytes (Reindel et al, 1988; Reindel et al, 1991).
MCTP causes the suppression of blastogenesis in splenic lymphocytes isolated
from mice, an effect which may contribute to the suppression of immune
response seen in vivo after treatment of mice with MCT (Deyo and Kerkvliet,
1990; Deyo et al, 1994). It has been hypothesized that DNA crosslinking
associated with the administration of MCT and other PAs causes the inhibition of
mitosis and contributes to the development of megalocytosis (McLean, 1970).
MCT metabolites crosslink DNA and protein in the liver
(Petry et al, 1984; Petry and Sipes, 1989). Subconfluent, log phase growth
endothelial cells exposed to MCTP in vitro also develop DNA and protein
crosslinks (Wagner et al, 1993). Covalent binding of MCTP to DNA of cultured
endothelial cells has been suggested as the cause for inhibition of cell
proliferation (Wagner et al, 1993; Thomas et al, 1996). Crosslinking of DNA by
other alkylating agents has been associated with the inhibition of mitosis

(Takanari and lzutsu, 1983; Kharbanda et al, 1994; Hoorn et al, 1995).
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Although the ability of cells to complete cell division is
presumed to be disrupted by the DNA crosslinking ability of MCT[P], the
synthesis of nucleic acids and protein continues (Hsu et al, 1973; Hoom and
Roth, 1992). PECs exposed to a concentration of MCTP which inhibits
proliferation continue to synthesize DNA, RNA and protein at a rate comparable
to vehicle-treated cells (Hoorn and Roth, 1992). Prolonged synthesis of cellular
macromolecules in the presence of mitotic inhibition has been proposed as a
cause of megalocytosis (Davidson, 1935; Bull, 1955; Jago, 1970; Cheeke,

1988).

F. Human Cardiopulmonary Disease

The administration of MCT[P] to experimental animals has been
used to generate models of several human diseases which alter the pulmonary
circulation. Primary pulmonary hypertension and acute respiratory distress
syndrome both have components involving endothelial damage and vascular

remodeling which can contribute to pulmonary hypertension.



Pulmonary hypertension occurs when the cardiac output
increases beyond the limits of distensiblity of the pulmonary vasculature [ie, left
to right cardiac shunts] or when the pulmonary vascular resistance increases
(Rubin et al, 1996). In humans, pulmonary hypertension due to increased
vascular resistance is most common and frequently accompanies chronic
parenchymal disease with fibrosis, pulmonary thromboembolism, pulmonary
veno-occlusive disease and collagen vascular disease (Mooi, 1987). Cor
pulmonale denotes an increase in right ventricular wall mass and occurs with the
above-listed forms of pulmonary hypertension as a response to a sustained
increase in pulmonary arterial pressure.

Human PPH is a condition in which cor pulmonale occurs
without underlying cardiac or pulmonary parenchymal disease (Fishman and
Pietra, 1980; Pietra and Rittner, 1987). Changes in the pulmonary vascular
structure reported with PPH occur in arteries between 50-500um in diameter and
include an increase in pulmonary arterial medial thickness, intimal fibrosis,
perivascular inflammation and, in some instances, the development of "plexiform
pulmonary arteriopathy” (Heath and Smith, 1977; Fishman and Pietra, 1980), an
occlusive lesion thought to be produced by the intimal proliferation of endothelial

cells (Rich and Brundage, 1989). The increase in medial thickness seen with
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many forms of PPH resembles that seen with MCT or MCTP (Anderson et al,
1973; Fishman and Pietra, 1980). The cause of PPH is unknown, but hypoxia,
abnormal growth factor expression and the uncontrolled growth of cells in
response to damage have been suggested.

PPH has been reported after the comsumption of aminorex
fumarate [2-amino-5-phenyl 2-oxazoline] (reviewed in Heath and Smith, 1977)
and dexfenfluramine (Cacoub et al, 1995), both used as appetite suppressants
to aid in weight loss. Attempts to reproduce aminorex-induced PPH in
experimental animals has been unfruitful (Smith et al, 1973; Heath and Smith,
1977). As such, the mechanism of action responsible for the induction of PPH
after the use of these chemicals is not known with certainty.

The MCTI[P] rat model of pulmonary hypertension has been
criticized, being labeled as a poor model of human PPH because the vascular
lesions which accompany the development of hypertension in each are dissimilar
(Heath, 1992). Pulmonary hypertension associated with MCT[P] admininstration
does not produce plexogenic lesions in the arteries nor intimal proliferation of
smooth muscle cells, both of which are seen frequently with human PPH
(Fishman and Pietra, 1980). As such, MCT[P]-induced pulmonary hypertension
may better serve as a general model of mechanisms of puimonary vascular

remodeling leading to hypertension.
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2.  Acute Respiratory Distress Syndrome [ARDS]

ARDS is a clinical complication of serious pulmonary and
extrapulmonary processes including sepsis, aspiration of gastric contents and
trauma (Lamy et al, 1976; Cunningham, 1991). The diagnosis of ARDS is based
on several criteria: decreased oxygenation of the blood, generalized pulmonary
infiltrates [proteinaceous fluid and/or cells] and the absence of cardiac failure
[based on a normal pulmonary arterial occlusion pressure of less than 18 mm Hg
(Stevens, 1982; Cunningham, 1991). The causes of ARDS are not known, but
speculation abounds that one or more infectious agents or their associated
toxins are involved. The development of ARDS concurrent with injury, infection
or chronic lung/heart disease is associated with increased mortality (Stevens,
1982).

The pathophysiology of ARDS is divided into 3 phases
(Lamy et al, 1976; Cunningham, 1991). The acute phase of ARDS is
characterized by the disruption of the alveolar-capillary membrane, resulting in
an increase in lung vascular permeability and severe, and often fatal pulmonary
edema (Lamy et al, 1976; Holter et al, 1986). The degree of endothelial cell
injury reported with early ARDS is variable, while notable injury to type |
pneumocytes occurs (Cunningham, 1991). Neutrophils are consistently present

within pulmonary infiltrates and around pulmonary blood vessels, suggesting the
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involvement of an infectious agent. The direct role of neutrophils is uncertain,
however, as patients deficient in neutrophils but affected by ARDS have been
reported (Maunder et al, 1986; Laufe et al, 1986).

Patients who survive the acute phase of ARDS may recover
fully or continue to manifest progressive lesions. Occurring 5-7 days after the
onset of vascular leak, the subacute phase of ARDS is marked by the
organization of proteinaceous alveolar exudate, alveolar fibrosis and extensive
hyperplasia of type Il pneumocytes (Cunningham, 1991). There is considerable
accumulation of fibrous connective tissue within the interstitium of the lung which
results in a loss of lung compliance (Cunningham, 1991). The chronic stage of
ARDS is a maturation process for the subacute phase and in which there is
continued organization of fibrous connective tissue in the interstitium, as well as
perivascular and alveolar regions. These can reduce pulmonary compliance
(Jones and Reid, 1991). Vascular remodeling has also been described as a
component of chronic ARDS. Perivascular fibrosis and remodeling with ARDS
can reduce the pulmonary microvascular area, increase the pulmonary arterial
resistance, and lead to the development of pulmonary hypertension (Lamy et al,
1976; Cunningham, 1991).

The time courses to development of chronic ARDS and
pulmonary hypertension after MCT are similar as are the clinical changes and

histologic lesions present during the acute, subacute and chronic phases
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(Langleben and Reid, 1985; Jones and Reid, 1991). Both ARDS and MCT-
induced pulmonary injury start as cellular injury and vascular leak. With both
[when ARDS does not resolve after the acute phase], parenchymal and/or
vascular remodeling follow. The end result of both syndromes is the
development of chronic lung disease and pulmonary hypertension, neither of
which resolve spontaneously in either condition. The cause of the
pathophysiologic changes that occur in the early stages of ARDS are unknown.
Endothelial cell injury and increased vascular permeability appear to play an
early and important role in ARDS and may be responsible for the downstream

effects.

G.  Summary

MCT is metabolized in the liver to produce a number of
intermediates; the reactive pyrrolic metabolite of MCT causes injury to the liver
and lungs. The character of the injury produced is highly dose-dependent and
influenced by the age, sex and species of animal exposed. Humans exposed to
plant components containing MCT most often develop hepatic necrosis followed
by fibrosis and cirrhosis. A large dose of MCT in most experimental animals
causes a similar result. When a small dose of MCT[P] is administered to the rat,

delayed and progressive cardiopulmonary injury occurs which is characterized
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by vascular leak, arterial remodeling and pulmonary hypertension leading to right
heart hypertrophy.

Pulmonary vascular endothelial cells are the primary target of
MCT[P], and the structural and functional alterations produced in these cells
precede changes in other components of the lungs. The smooth muscle medial
layer of small pulmonary arteries increases in thickness, and normally
nonmuscular precapillary arteries acquire a muscular layer. This transformation
is followed by an increase in pulmonary arterial resistance and pressure. Efforts
to understand how MCT[P] causes pulmonary hypertension have concentrated
on the study of mechanisms which could induce an increase in the amount of
subintimal smooth muscle and cause the sustained elevation of vascular
resistance.

An increase in the reactivity to contractie agonists, the
overexpression of endogenous vasoactive mediators and the upregulation of
pathways involved in cell growth and proliferation all occur to some extent after
MCT[P] administration to rats. Inhibitors of the synthesis of or the receptor
binding of certain vasoactive chemicals impede the development of pulmonary
vascular remodeling and hypertension. The interpretation of many of these
findings is problematic, given the potential nonspecific actions of the drugs used.
Disruption of specific cell growth pathways or general animal growth [ie,

restriction of caloric intake] effectively halts the development of medial thickening
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and right heart enlargement. Collectively, these studies indicate that muitiple
pathways may contribute to arterial medial hypertrophy after MCT[P]. How these
diverse pathways are upregulated is not known.

Interestingly, the endothelial cell plays a role in the control of
vasoreactivity, in the synthesis, release or metabolism of vasoactive mediators
and in the induction of growth or proliferation of vascular smooth muscle cells.
Pulmonary endothelial cell injury after MCT[P] in vivo is followed by vascular
leak, which continues for several days before pulmonary arterial pressure
becomes elevated. In vitro, limited injury and loss of endothelial cells precedes
the protracted reformation of a confluent monolayer. Monolayer repair is
hampered by an inability of cells to proliferate in spite of continued cell
enlargement. The result is megalocytosis with the persistence of gaps in the
monolayer. A similar delay in repair after MCT[P] in vivo could result in the
exposure of subintimal cells [ie, smooth muscle cells] to growth factors from
plasma, the expression of vasoactive or mitogenic substances released by
activated endothelial cells or platelets, and the induction of growth factor
synthesis or release in medial smooth muscle cells. An understanding of normal
vascular repair, and repair deficiencies which can result in chronic disease, may
provide mechanistic clues to the progression of initial pulmonary artery injury

after MCT[P] that leads to vascular remodeling and pulmonary hypertension.
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. Cell Injury, Repair, and Altered Repair Responses

In higher mammals, the compensatory response of a tissue
or organ to an increase in workload or the repair of injury occurs through the
dynamic growth and/or proliferation of cells (Cotran et al, 1994). The pattern of
response is dictated by the type of stimulus and the ability of the stimulated cell
to undergo growth or cell division. All of the cells which make up an organism
are described as permanent, labile or stable, a classification which defines their
ability to respond to growth or mitogenic stimuli. Permanent cells [ie, neurons]
are terminally differentiated and typically unresponsive to growth stimuli. If
permanent cells are lost due to senescence or injury, they are not replaced.
Labile cell populations [ie, gastrointestinal epithelium or circulating blood celis]
are the product of the proliferation of undifferentiated precursor or stem cells.
Labile cells have a relatively short half-life and require continuous production to
provide for rapid tumover. A third group of cells [stable cells] are terminally
differentiated but have retained the capacity to dedifferentiate and undergo

hypertrophy [growth in cell size and the duplication of structural and functional
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components without cell division] or hyperplasia [cell proliferation] in response to
a mitogenic stimulus.

Endothelial cells, smooth muscle cells [and their precursors]
and fibroblasts comprise most of the cellular content of arteries, capillaries and
veins (Wagenvoort and Wagenvoort, 1979). All three differentiated cell types are
considered stable cells, each with a low turnover rate but capable of a growth or
proliferative response after injury (Schwartz et al, 1980). Smooth muscle cell
precursor cells are incompletely differentiated, have contractile properties and
can be induced to grow or proliferate prior to terminal differentiation (Davies et al,

1986; Shepro and Morel, 1993).

2. Optimal Repair of Inj

The circulation of the respiratory tract comprises two
separate vascular systems which carry blood derived from the right heart [ie,
pulmonary arteries] and the left heart [ie, bronchial arteries] (Wagenvoort and
Wagenvoort, 1979). The pulmonary arterial circulation is a high volume, low
pressure system with the exchange of respiratory gases as its primary
responsibility. The bronchial arterial compartment is part of the systemic

circulation [ie, higher pressure system] and will not be considered further.
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The pulmonary vasculature can be injured by mechanical
forces, changes in oxygen tension, toxins and infectious agents and may
undergo functional disruption without overt cell injury or loss (Wagenvoort and
Wagenvoort, 1979). Limited, localized injury to the vascular cells may be of little
consequence to the overall health of an individual because of the large functional
reserve of the lung and the active mechanisms responsible for repair of injury
(Bowden, 1983). In contrast, more severe and widespread injury to the arteries,
capillaries or veins of the lungs can have devastating results, not only in the
reduced ability to oxygenate the blood, but in the alteration of lung vasoreactivity
and vascular pressure, altered production and removal of biologically active
agents, activation of the coagulation system, and the increased permeability to
blood fluid and proteins (Heath and Smith, 1979; Cotran, 1994). When
mechanisms responsible for the repair of injured lung vascular tissue are
incapable of rapid or complete regeneration of normal cell components, each of

these effects may be exacerbated.

The intima consists of a single layer of endothelial
cells resting on a circumferential elastic lamina and the intervening basement

membrane (Wagenvoort and Wagenvoort, 1979; Reid and Meyrick, 1982). The
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endothelium is the primary target for blood-borne pathogens or irritants and the
repair response by endothelial cells is dictated by the size of the injury and the
health of endothelial cells adjacent to the injury site (Ettenson and Gotlieb, 1992;
Ettenson and Gotlieb, 1994). Minor injuries with limited cell loss in vitro are
repaired by extentions of the endothelial cell membrane [lamellipodia] and
migration by endothelial cells immediately adjacent to the site of injury [Figure 3]
(Wong and Gotlieb, 1984). The lamellipodia fill gaps in the monolayer left by
injured cells in an apparent attempt to restore monolayer confluence. When the
injury is more extensive, cytoplasmic extension alone may be insufficient to
reform the endothelial monolayer adequately (Schwartz et al, 1980; Ettenson
and Gotlieb, 1992; Ettenson and Gotlieb, 1994). As such, cell spreading is
usually followed by the proliferation of endothelial cells behind the row of
advancing cells (Schwartz et al, 1980; Wong and Gotlieb, 1988; Ettenson and
Gotlieb, 1992). The combination of cell spreading, migration and proliferation
results in a rapid reformation of monolayer confluence.

Injury to the intimal monolayer initiates repair but can
result in actions which impact other vascular cells [ie, smooth muscle cells,
fibroblasts]. The loss of monolayer confluence can result in the leak of plasma
from the affected blood vessel, resulting in subintimal fluid accumulation [Figure
3]. Blood plasma contains several protein growth factors capable of inducing

migration, growth or proliferation of endothelial, smooth muscle and epithelial
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Figure 3. Vascular repair after endothelial cell injury.

Panel A depicts the normal morphology of a small biood vessel.
Endothelial cells [ECs] and type | alveolar pneumocytes [APCs]
are shown. With injury [B] and adequate repair [cell enlargement,
migration and proliferation [C]] the monolayer is reformed and
vascular leak resolved [D]. After MCTP-induced injury, continuous
cell loss and defective replication impede repair, possibly resuiting
in persistant vascular leak [G]. X's denote concurrent or impending
cell loss.
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cells (Bagby et al, 1992; Bobik and Campbell, 1993). The endothelium can
produce both mesenchymal and epithelial cell growth factors in response to
injury (Collins et al, 1987), and platelets activated by endothelial injury can
release mitogenic factors (Bobik and Campbell, 1993). Some vasoactive
mediators produced or metabolized by the endothelium can have mitogenic
effects on smooth muscle cells (Owens, 1991; Jackson and Schwartz, 1992).
Rapid regrowth of the endothelium is necessary to reestablish vascular
homeostasis, but it also serves to reduce smooth muscle cell migration and
mitogenesis which can occur after intimal injury (Bjomsson et al, 1991). The
endothelium produces heparan sulfate proteoglycan, an extracellular matrix
component which binds protein growth factors produced by vascular cells and
inhibits smooth muscle cell mitogenesis (Lindner et al, 1991; Campbell et al,

1992; Nugent et al, 1993).

The vascular media comprises smooth muscle cells,
collagen, elastic fibers and proteoglycan ground substance. These components
vary in amount and orientation dependent on the size and type of vessel
(Wagenvoort and Wagenvoort, 1979). Muscular pulmonary arteries contain one

or more layers of smooth muscle within the media, whereas small precapillary
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arteries have an incomplete or no differentiated muscle layer and smooth muscle
cell precursor cells [intermediate cells or pericytes] (Reid and Meyrick, 1982;
Shepro and Morel, 1993).

Smooth muscle cells in vivo are contractile with little
capacity to divide; isolated smooth muscle cells retain their contractile phenotype
for several days to weeks in vitro before converting to a synthetic conformation
capable of proliferation (Thyberg et al, 1983). When the vessel wall sustains
damage deep enough to affect the medial layer, smooth muscle cells in the
region of the wound convert from a contractile form to a synthetic form which is
highly responsive to mitogenic growth factors (Cuevas et al, 1991). After injury,
DNA synthesis in smooth muscle cells is delayed 24 hours or longer, presumedly
to accomodate the phenotypic conversion, and significant cell proliferation may
not be seen for an additional 24-48 hours (Goldberg et al, 1979; Clowes et al,
1983). The complete regeneration of the medial layer of muscular arteries may
take weeks to months (Clowes et al, 1983) and ideally results in a medial muscle
mass comparable to that before injury [Figure 4].

Smooth muscle cells produce and release mitogens
which can be involved in the reformation of the medial layer after injury (Jackson
and Schwartz, 1992) or can induce endothelial cell proliferation (Lindner et al,
1990). Smooth muscle cells also contribute matrix proteins which, when

excessive, can compromise the complete cellular regeneration of the vascular
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Figure 4.

Panel A represents the normal endothelial [EC]-smooth muscle cell
[VSMC] relationship in pulmonary arteries. MCTP causes injury to
endothelial cells resulting in vascular leak [B,E]. Vascular smooth
muscle cells may undergo hypertrophy [B-D] or hyperplasia [E-G]
in response to MCTP-induced proliferative stimuli, resulting in
arterial medial thickening. X's denote concurrent or impending cell
loss.
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media (Jackson and Schwartz, 1992). With optimal repair of arterial
medialinjury, cell regeneration must be balanced by cell loss to prevent the

development of medial hypertrophy (Clowes et al, 1983).

The adventitia of pulmonary arteries and
veins is composed of loosely arranged fibroblasts and collagen fibers which
connect the vessel with the surrounding lung parenchyma. Fibroblasts respond
to chronic injury by replication, but more importantly, by the production of
connective tissue elements (Kameji et al, 1980; Reid and Meyrick, 1982). The
adventitial response to injury is often late in the timecourse of vascular repair
(Kameiji et al, 1980; Cunningham, 1991). Vascular injury severe enough to
involve the adventitia can result in complete obliteration of the vessel lumen.

After the administration of either MCT or MCTP to rats, pulmonary
vascular leak is followed by distention of the perivascular adventitia [ie, fluid
accumulation] (Meyrick et al, 1980; Bruner et al, 1983). As stated previously,
factors present in plasma may induce subintimal cell proliferation or, in the case
of fibroblasts, the production of extracellular matrix components. Adventitial
fibrosis is significant only after MCT, possibly reflecting the longer time course

required for maturation of vascular remodeling. Because the accumulation of
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connective tissue in the perivascular adventitia of pulmonary arteries from
MCTP-treated rats is insignificant or considered a minor contributor to vascular

remodeling, adventitial fibrosis will not be considered further in this dissertation.

B.  MCT[P}-Induced Vascular Injury

Ideal vascular repair after injury results in the restoration of the
normal structure and function to all cell layers. Faulty repair can be associated
with vascular occlusion, reduction in vascular distensibility or compliance,
thrombosis, and, in the lungs, reduced gas exchange and pulmonary
hypertension. Faulty repair is associated with incomplete tissue regeneration,
excessive cell proliferation or repair by second intention [ie, scar tissue
formation]. Each of these components are suggested by the effects of MCT[P]
on the pulmonary vascular structure. Because MCTP-induced vascular injury
does not result in excessive collagen deposition, repair by second intention will

not be considered further.

1. Incomplete Repair

Limited endothelial cell injury and loss lead to an increase in

pulmonary vascular permeability in the rat after MCT[P] administration (Meyrick
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et al, 1980; Reindel et al, 1990). Increased vascular pressure is not involved in
vascular leak initially as the pulmonary arterial pressure does not become
significantly elevated until approximately 7 days after MCTP (Bruner et al, 1983)
or longer after MCT (Meyrick and Reid, 1979a). MCT[P]-induced pulmonary
vascular leak is progressive, leading to perivascular and alveolar edema
(Valdivia et al, 1967b; Reindel et al, 1990).

The unrelenting nature of vascular leak after seemingly
inconsequential endothelial structural damage and loss suggests that MCT[P]
alters the mechanisms responsible for rapid regeneration of a confluent
monolayer. As previously indicated, endothelial monolayer repair after injury
occurs through a combination of cell spreading, migration and proliferation. The
participation of each component is dependent on the severity of the injury
(Schwartz et al, 1980; Wong and Gotlieb, 1984; Ettenson and Gotlieb, 1992;
Ettenson and Gotlieb, 1994). Endothelial cells exposed to MCTP in vitro
possess the ability to spread and enlarge in response to cell loss (Reindel and
Roth, 1991; Hoorn et al, 1993); the progression of cell loss is not followed,
however, by cell proliferation. It has been hypothesized that the inhibition of cell
proliferation causes a delay in the repair of lung vascular injury after MCT[P], and
that inadequate repair results in persistant vascular leak, possibly leading to
pulmonary hypertension (Roth and Reindel, 1990; Hoorn et al, 1993). There are

several lines of evidence to support the involvment of the inhibition of cell
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proliferation in MCT-induced liver injury; a similar process could provide a
mechanism by which MCT[P] causes progressive lung injury and pulmonary
hypertension.

After the administration of a necrogenic, hepatotoxic PA, the
observed repair does not correspond with the normal repair response. The liver
has an extraordinary capacity to regenerate after acute necrosis or hepatectomy.
For example, the administration of a single dose of carbon tetrachloride causes
extensive hepatocellular necrosis which is rapidly repaired by hepatocellular
proliferation, resulting in the reformation of the hepatic parenchyma (Herbst et al,
1991). By contrast, a single administration of a PA can cause a similar degree of
hepatocellular necrosis, but the consequent regeneration is confined to scattered
foci separated by thick connective tissue cords [ie, faulty repair with incomplete
regeneration of normal tissue] (Allen et al, 1967; Butler et al, 1970).

Cell proliferation is critical to the development of fetal
organs. Disruption of cell growth or proliferation during organ growth can result
in organ malformation [eg. hydrocephalus of the cerebral hemispheres] or, in
severe cases, the absence of an entire organ [eg. ancephaly] (Rogers and
Kavlock, 1995). Arrest of cell development or the inhibition of cell proliferation
necessary for organ maturation is thought to be responsible for incomplete lung
development and fetal death after exposure of a pregnant rat to MCT (Todd et al,

1985) and for other nonfatal malformations in fetal rats exposed to PA
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metabolites during intervals of critical tissue growth (Green and Christie, 1961).
The inhibition of proliferation after lung injury by MCT[P] could delay repair.

Megalocytosis of hepatocytes and other cell types occurs
after the administration of MCT[P] and other PAs, and is thought to represent the
inhibition of cell proliferation in cells induced to undergo replication (Allen et al,
1970b; Jago, 1970). Megalocytosis in the liver is most prevalent in the periportal
regions of the lobule while regenerative foci [see above] are localized to areas
most affected by necrosis (Davidson, 1935; Allen et al, 1970b). In the lung,
overt injury to type |l pneumocytes is not evident after exposure of rats to
MCTIP], yet these cells become megalocytic; other cells [endothelial, smooth
muscle and interstitial cells] enlarge and there is a distinct absence of mitotic
figures in each population (Reindel et al, 1990; Wilson and Segall, 1990).

In vitro studies showning the antiproliferative effect of MCTP
on endothelial and other cultured cells have provided support for the role of
disrupted repair in PA-induced injury (Reindel and Roth, 1991; Hoorn and Roth,
1992). Similar effects appear to occur in vivo, evident by the prolonged
incorporation of *H-labeled thymidine [ie, a marker of DNA synthesis] (Meyrick
and Reid, 1982) absence of mitotic figures in injured pulmonary arteries [ie,
inhibition of proliferation], the increase in endothelial cell size and the persistence

of vascular leak after MCT[P] (Butler, 1970; Chesney et al, 1974, Hurley and
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Jago, 1975; Reindel et al, 1990). Both in vitro and in vivo effects have been

described [see above].

2.  Vascular Medial Hypertrophy

Exactly how the increase in thickness of the medial layer of
pulmonary arteries is initiated after MCT[P] and how medial smooth muscle cells
growth processes are involved in medial hypertrophy are not known. A number
of mitogenic stimuli have been studied for their potential role in this model; the
participation of some has been supported by the protective effect of various
inhibitors or blocking agents [see above]. The induction of smooth muscle cell
proliferation after MCT[P] by the direct activation of intracellular proliferation
pathways by the toxicant has also been proposed and defended by the
modulating effect of pathway inhibition. Some clues may be gleaned from the
characterization of vascular remodeling in the systemic circulation.

In systemic arteries, hypertension is associated with
vascular smooth muscle cell hypertrophy or hyperplasia (Owens and Schwartz,
1983; Owens and Reidy, 1985; Owens et al, 1988b). The existence or
preponderence of hypertrophy or hyperplasia is determined by the type of injury,
the acuteness and severity of the injury, and the size and location of the artery

involved in that injury. The character of that injury may also be influenced by
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injury to other cell layers [ie, endothelium] and/or the presence of vascular leak
(Owens and Reidy, 1985). Vascular smooth muscle cells in large conduit
vessels become hypeftrophic and synthesize additional DNA in response to
sustained elevation of the intravascular pressure (Owens and Schwartz, 1983),
whereas persistent hypertension in small mesenteric arterial branches causes
hyperplasia with little hypertrophy (Owens et al, 1988b). By contrast, acute
systemic hypertension with endothelial denudation and vascular leak following
aortic coarctation causes smooth muscle cell hyperplasia in the thoracic aorta
(Owens and Reidy, 1985). Endothelial cell injury may contribute through the
generation of growth factors or the exposure of subintimal cells to blood-borne
mitogens via increased vascular permeability (Owens and Reidy, 1985).

The administration of MCT[P] to rats causes endothelial cell
injury, pulmonary vascular leak and arterial remodeling which culminates in
pulmonary hypertension. The administration of MCT to rats causes an increased
number of medial smooth muscle cells to incorporate *H-thymidine within 3 days,
consistent with increased DNA synthesis (Meyrick and Reid, 1982). In that
study, increased incorporation continued for 14 days, several days beyond the
establishment of a thickened arterial media. The sustained increase in VSMC
DNA synthesis preceded an increase in medial thickness, but it was not
accompanied by an obvious increase in muscle cell numbers consistent with

proliferation (Meyrick and Reid, 1982). A detailed morphologic study of the
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pulmonary vasculature after MCTP has not demonstrated overt cell proliferation
[ie, lack of vascular wall cell mitotic figures); however, vascular and nonvascular
lung cells do undergo enlargement after exposure to MCT[P] (Reindel et al,
1990; Wilson and Segall, 1990). These results suggested that proliferation was
not essential for some of the vascular changes associated with MCT[P]
administration. The role of incomplete proliferative stimuli [ie, growth factors
unable to induce cell actions necessary for mitosis] (Owens, 1991; Bagby et al,
1992; Reidy, 1992; Rothman et al, 1994) and the inhibition of mitosis by a toxic
effect of MCT[P] (Raczniak et al, 1979; Mattocks, 1986; Wilson and Segall, 1990;
Reindel and Roth, 1991) were considered in the design of experiments described
in this dissertation. The ability of MCT[P] to inhibit cell proliferation became the

focus of the work described herein.

The process of cell proliferation requires the activation of a
complex series of interrelated events, resulting in the complete duplication of all
cell components and the generation of two daughter celis (Alberts et al, 1989).
The events which constitute the interval between mitogenic stimulation and cell
division define the cell cycle. Noxious agents can interfere with cell cycle

progression by creating structural damage or inactivating critical enzymes
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(Takanari and lzutsu, 1983; Usui et al, 1991; Kharbanda et al, 1994). MCT[P]

may cause the inhibition of cell proliferation through cell cycle arrest.

1. The Cell Cycle

Stable cells which grow in a monolayer and are exposed to
a proliferative stimulus can proceed through several rounds of cell division before
replication is inhibited by confluence. The interval of time between mitoses is
one cell cycle and the component parts of that cycle are often depicted as
fractions of a circle [Figure 5] (Alberts et al, 1989). The cell cycle is composed of
4 phases. Each cell cycle phase is identified by its duration relative to the entire
cycle; the length of each phase and of the entire cell cycle can vary considerably
among cell types (O’Farrell and Dealtry,1992).

Phases of the cell cycle consists of one or more processes
including the synthesis, assembly and/or destruction of proteins, lipids and
nucleic acids. The interaction of each component results in a cell functions
necessary for mitosis. G, S, G, and M phases characterize actively cycling cells,
whereas those in G, are metabolically active but noncycling cells which can
reenter the cycle after the appropriate stimulus (Hartwell and Weinert, 1989).

Each phase has a single major function related to cell proliferation.
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Figure 5. Stages of the cell cycle.

GO - Noncycling, proliferation competent cells
G1 - Cells preparing for DNA synthesis

S - Cells undergoing DNA synthesis

G2 - Cells preparing for mitosis

M - Cells undergoing mitosis

Cells in GO-G1 contain a diploid DNA complement [2nDNA]
while cells in G2-M contain a replicated diploid DNA
complement [4nDNA].
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G, phase constitutes those activities necessary to prepare
cells for the replication of DNA. Proteins necessary for the synthesis of DNA are
snythesized and activated during G, (Pardee, 1989; Reddy, 1994). S phase is
the interval during which cells duplicate their DNA. Events which occur during S
phase include unwinding of duplex DNA, assembly of the replication forks, the
construction of daughter DNA strands and the reformation of duplicated
chromosomes (Alberts et al, 1989). The gap [G,] between S phase and mitosis
is involved in the surveillence of replicated DNA [ie, detection of damage] and in
the preparation of the cell for mitosis (Hartwell and Weinert, 1989; Elledge,
1996). M phase encompasses nuclear and cytoplasmic division [mitosis] (Doree
and Galas, 1994; Kaufmann and Paules, 1996). Following mitosis, cells can

reenter the cycle at G,, or stop cycling and enter G, (Cotran et al, 1994).

2. Control of the Cell Cycle

The initiation of events in each phase requires the orderly
completion of events in the previous phase (Hartwell and Weinert, 1989). The
fidelity of cell cycle progression is controlled by regulatory ‘checkpoints’ [Figure
6] (Elledge, 1996). Checkpoint functions serve to ensure that the cells have
acquired all of the necessary structural modifications and have undergone the

phase-related functional changes required to proceed into the next cell cycle
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G2

G1

Figure 6. Cell cycle checkpoints.

1. G1 - Prior to DNA synthesis
2. S - During DNA synthesis

3. G2/M - Prior to mitosis

4. M - During mitosis [proposed]

Checkpoints responsible for the initiation of cell cycle delays
for DNA damage repair, completion of DNA replication and
assembly of mitotic spindle [proposed].
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phase (Stillman, 1996). Checkpoint activity can upregulate DNA repair
processes or cause cell death (Elledge, 1996). Checkpoint controls also
regulate entry of cells into DNA synthesis if a previous mitosis has not occurred
and the inhibition of mitosis if the DNA has not been replicated (Hartwell and
Weinert, 1989; Stillman, 1996). Checkpoint controls are composed of two
classes of regulatory circuits; intrinsic mechanisms act during each cell cycle to
control the sequence of phase-related functions, and extrinsic mechanisms occur
only after induction when a defect is detected (Elledge, 1996). Checkpoints
occur at the G,-S interface, during DNA synthesis, at G, prior to mitosis and
during formation of the mitotic spindle [Figure 6] (Elledge, 1996).

In G,, negative and positive environmental signals, as well
as attaining a critical cell size, control whether or not the cell enters S phase
(Peeper et al, 1994). In addition to the general production of proteins necessary
for DNA synthesis (Hamilton et al, 1992), specific enzymes and their protein
substrates must be present and of sufficient activity to initiate S phase (Pardee,
1989; Dorée and Galas, 1994).

The G, checkpoint consists of both intrinsic and
extrinsic components. Specific cyclin-dependent kinase [Cdk] subtypes and
cyclins, the activating subunits for the Cdks, dimerize during G,, are
phosphorylated, and promote the transiton to S phase (Elledge, 1996).

Insufficient amounts of either Cdk or cyclin, inhibition of Cdk-cyclin binding or a
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lack of posphorylation of the Cdk-cyclin complex prevent G, cells from entering S
phase (Dorée and Galas, 1994). The major extrinsic control of G,-S transition is
a protein transcription factor derived from the anti-oncogene, p53 (Dorée and
Galas, 1994; Kaufmann and Paules, 1996) which acts by inhibiting Cdk activity
(Reddy, 1994; Kaufmann and Paules, 1996; Elledge, 1996). The inhibition of G,-
S transition can be induced by certain types of DNA damage which upregulate
p53 expression (Kaufmann and Paules, 1996).

An S phase checkpoint is involved in the regulation of
DNA synthesis through the control of replicon initiation (Kaufmann and Paules,
1996). The replicon is a cluster of enzymes necessary for the unwinding,
separation and replication of the DNA duplex (Alberts et al, 1989). DNA damage
in the form of strand breaks or mismatches initiates S phase-dependent repair
mechanisms which inhibit replicon activity and delay transit through S phase
(Elledge, 1996). The S phase checkpoint may actually comprise a series
checkpoints spread through the interval of DNA replication (Kaufmann and
Paules, 1996).

The transition of cells from S phase through mitosis is
controlled by a third checkpoint which resides at the G, gap phase. Cell cycle
arrest prior to mitosis occurs by the activation of an intrinsic checkpoint
mechanism involving inhibition of Cdk-1 activity or the reduction of its respective

subunit, cyclin B (Nurse, 1990; Elledge, 1996). The increase in cyclin B, its
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binding to Cdk-1, phosphorylation of the complex and subsequent degradation
are strictly ordered events necessary for the initiation and completion of mitosis
(Dorée and Galas, 1994; Kaufmann and Paules, 1996). The Cdk-1/cyclin
complex plays a role in unwinding and relaxation of DNA, assembly of the mitotic
spindle and cytoskeletal alterations needed for shape change during cell division
(Hartwell and Weinert, 1989; Nurse, 1990). Interestingly, antibodies to the
homologous enzyme in yeast inhibits mitosis but does not affect DNA synthesis
(Riabowol et al, 1989).

A specific extrinsic checkpoint factor associated with G,
arrest has not been characterized. DNA damage and incomplete DNA
replication can activate the G, checkpoint, possibly through mechanism similar to
those described for the G, checkpoint above (Hartwell and Weinert, 1989).
Activation of the G, checkpoint provides additional time for repair of DNA
damage prior to cells undergoing mitosis (Hawn et al, 1995). Insufficient activity
of the G, checkpoint allows chromosomal aberrations to become fixed in
proliferating cells and is a common initiating step in cell transformation (Elledge,
1996).

An additional checkpoint in mammalian cells may be active
during M phase to regulate the proper formation of the mitotic spindle (Elledge,
1996). This assembly checkpoint has been proposed to prevent the onset of

anaphase and the segregation of chromosomes until the spindie has formed, the
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chromosomes have attached to the spindle and the chromosomes are properly
aligned on the metaphase plate.

The events comprising the cell cycle constitute a means by
which tissue damage can be repaired in a timely fashion, yet provide
mechanisms which halt cell division and prevent the clonal expansion of
defective or abnormal cells. Disruption of the orderly progression of cell cycle
events or defects in the signalling mechanisms which trigger checkpoint activity

can markedly delay tissue repair or result in attempted repair by abnormal celis.

3.  The Cell Cycle and MCTP-induced Injury

MCTP inhibits cell proliferation in all cultured cells tested and
causes megalocytosis in vitro when exposed cells are stimulated to proliferate.
Hepatocytes and, to a limited extent, cells in the lungs undergo changes
suggesting that a similar effect of PAs occurs in vivo. A limited evaluation of the
effect of MCTP on cell cycle progression in cultured endothelial cells indicates
that cells are arrested prior to mitosis, the pattern of which is dose-dependent
(Thomas et al, 1996). The ability of MCT[P] to bind covalently and to crosslink
DNA (Petry et al, 1984; Wagner et al, 1993; Thomas et al, 1996) suggests that

DNA damage may induce cell cycle arrest.
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Whether MCT[P]-induced cell cycle arrest occurs in
pulmonary vascular cells in vivo is not known. Cell cycle arrest has been
identified in hepatocytes in vivo following the administration of the PA,
lasiocarpine to rats; similar to the effect of MCTP on cultured endothelial cells,

affected hepatocytes were arrested at G,-M (Samuel and Jago, 1975).

D. Summary

After injury, cellular repair is initiated by stimuli which promote cell
enlargement, migration and/or proliferation. The extent of involvement of each is
dictated by the severity of injury and capacity of the cell to participate in the
repair response.

Several terminally differentiated cell types comprise pulmonary
arteries and veins. In response to injury or other mitogenic stimuli, each cell type
is able to undergo cell division. The rapid repair of lung vascular injury
encompasses the regeneration of vascular wall cells and matrix components.
When the repair of injury is incomplete or delayed, chronic processes such as
scarring and tissue hypertrophy can impede normal lung vascular function.

A single administration of MCT[P] to the rat causes limited injury to
endothelial cells in small pulmonary arteries. This injury proceeds to persistant

pulmonary vascular leak, arterial remodeling and hypertension leading to right
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ventricular hypertrophy, which can take several weeks to develop. The extent of
vascular remodeling which occurs after endothelial cell injury seems excessive
relative to the degree of endothelial cell injury caused by MCT[P]. This toxicant
may cause excessive vascular remodeling in response to its long-lasting effect
on tissue repair and not so much to its ability to induce cytotoxicity. The
alteration in the ability to undergo repair may occur in one or more individual cell
types.

Tissue repair requires cell enlargement or proliferation, possibly
through the successful coupling of a mitogenic stimulus to a series of functional
and structural events leading to the replacement of tissue mass by hypertrophy
or hyperplasia. The cell cycle consists of many interrelated and complex events,
all of which must occur in the proper sequence and at the appropriate level to
result in growth and proliferation. The disruption of any one of these events can
result in cell cycle arrest and the inhibition of mitosis. Cell cycle progression is
regulated through biochemical pathways [checkpoints] which work to insure that
cell division results in the production of normal daughter cells. Cell cycle arrest
provides delays for the repair of damage or the correction Qf other intracellular
deficiencies. The pattern of cell cycle arrest [ie, checkpoint initiation] is
determined by the cellular abnormality and the phase in which that abnormality

occurred [eg, DNA damage during late S phase results in G, arrest].
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The exposure of cultured endothelial cells to MCTP causes cell
cycle arrest prior to mitosis. The pattern of cell cycle arrest has been correlated
with the degree of covalent DNA binding and crosslinking by MCTP. DNA
damage can activate one of several cycle phase checkpoints resulting in cell
cycle delay or arrest. MCTP inhibits cell proliferation in vitro at a dose
comparable to that which produces cell cycle arrest. Although mitosis is
impeded by MCTP, DNA synthesis continues at a normal or above normal rate,
suggesting that cell cycle arrest induced by MCTP may occur through a
mechanism not involving extensive DNA damage.

Clarification of the cause of mitotic arrest with continued DNA
synthesis in vitro after MCT[P] requires the dissection of complex events which
occur during the cell cycle. Determining the importance of cell cycle arrest and
the inhibition of cell proliferation to the development of MCTP-induced pulmonary
hypertension will require the identification of similar patterns of mitotic arrest and
DNA synthesis in vivo. A hypothetical pathway of MCTP-induced cell cycle
arrest, inhibition of cell proliferation and the development of vascular changes

which leads to pulmonary hypertension is shown in Figure 7.
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Panels A-D are described in Figure 3 [panels A,E-G].

The proposed effect of MCTP on the progression of the cell cycle
is depicted in panel F, showing inhibition of the cell cycle at the
G2 checkpoint [3] [see Figure 6]. Continued DNA synthesis could
contribute to the increase in endothelial cell size and may result in

polyploidy.
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IV.  Research Goals

MCTP targets the pulmonary vascular endothelium, resulting in a finite
structural injury to a small fraction of cells, but an apparent functional disruption
in many cells which reduces the ability of cells to proliferate after injury. The
inability to proliferate in response to injury and loss of endothelial cells may result
directly in delayed and progressive vascular leak and indirectly in vascular
remodeling and pulmonary hypertension.  Therefore, understanding the
characteristics of mitotic inhibition is crucial to determining its role in MCTP-
induced vascular disease.

The first objective of this dissertation was to test the hypothesis that
MCTP inhibits mitosis by interrupting cell cycle progression. Previously defined
DNA crosslinking after MCT[P] prompted the expectation that the most striking
alteration in cell cycle activity would occur during S phase. Thus, cycle phase-
specific effects of MCTP were considered. In previous studies, MCTP had been
applied to the culture medium of cells for periods of 24 hours or longer. To
mimic more closely the endothelial exposure interval presumed to occur in vivo
after MCTP administration [instability of MCTP and redistribution of the original
bolus dose by the circulation] and to limit MCTP exposure of cells to specific cell
cycle phases, cultured endothelial cells were treated with MCTP for only 4 hours.

Cell cycle analysis was done using fluorescence-activated cell sorting [FACS].
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This method allows the definition of cell cycle stages at specific points in time
based on the determination of DNA content in individual cells of a population.
Chemically synchronized BECs undergoing log phase growth were exposed to
MCTP during different cell cycle phases and examined for differences in DNA
distribution patterns at 24 hours.

A second component of this dissertation research was to characterize the
effect of MCTP on endothelial cell proliferation and DNA synthesis in vivo and to
determine the presence of effects in vivo similar to those reported in vitro and
anticipated from the experiments comprising the first research goal [see above].
It was expected that the results generated would further support the hypothesis
that mitotic inhibition and the disruption of repair play a role in the prolonged
course of events leading to vascular remodeling and pulmonary hypertension
after MCTP. Unfortunately, the technology necessary for cell cycle analysis in
specific populations of cells from the microvasculature in vivo does not yet exist
and alternative, less direct methods to identify the effect of MCTP on cell growth
and replication had to be used. Two specific hypotheses were proposed: 1]
MCTP causes the upregulation of DNA synthesis in endothelial cells, and this
synthesis corresponds chronologically to the earliest damage recognized in
pulmonary vascular endothelial cells, and 2] endothelial cell proliferation, as an
important component of vascular repair, does not follow that injury. Rats were

treated with MCTP or vehicle and the level of DNA synthesis in endothelial cells



o1

of small pulmonary arteries was quantified by the measurement of
bromodeoxyuridine incorporation. In addition, the endothelial cell density of
those same arteries was determined over 8 days to determine if cell proliferation
occurred in response to endothelial cell injury. The results were compared to the
data generated in vitro and to previous reports showing the effects of MCT on
DNA synthesis and cell proliferation in vivo.

Although changes in the endothelium constitute the first readily
observable alteration in the pulmonary microvasculature after MCT[P], an
increase in the medial thickness of small pulmonary arteries is instrumental in
the development of pulmonary hypertension. It has been suggested that medial
thickening after MCT administration is associated with increased DNA synthesis,
but the subsequent proliferation of smooth muscle cells has not been clearly
identified (Meyrick and Reid, 1982). The antiproliferative action of MCTP may
extend to subintimal cells as is suggested by the enlargement of type I
pneumocytes in MCT-treated rats (Wilson and Segall, 1990). Experiments were
done to test the hypotheses that [1] MCTP causes an increase in vascular
smooth muscle cell DNA synthesis prior to evident medial hypertrophy, and [2]
medial thickening is the result of smooth muscle cell proliferation. An alternative
hypothesis [2b] is that MCTP causes an increased arterial medial thickness
through cellular enlargement or hypertrophy in the absence of smooth muscle

cell proliferation. Rats exposed to MCTP were examined for DNA synthesis and
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cell proliferation in smooth muscle cells of small precapillary arteries; the method
of measurement was similar to that defined above for endothelial cells in vivo.
The results were to be correlated with those generated by in vitro and in vivo
studies with endothelial cells [see above].

Overall, the data generated and presented in this dissertation has
extended the body of knowledge conceming the antiproliferative effect of MCTP
in vitro. In addition, the reported effect of MCTP on cellular DNA synthetic and
proliferative patterns in vivo correlate with the pattern identified in vitro,
suggesting that similar mechanisms may be involved in both systems. This work
has established the framework for additional studies to characterize the role of
inhibition of cell proliferation in MCTP-induced pulmonary hypertension and to
study mechanisms necessary for the induction, completion and regulation of cell

proliferation present during specific cell cycle phases.
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Summary of Chapter |l

Monocrotaline pyrrole (MCTP) causes pulmonary vascular endothelial cell (EC)
injury followed by progressive pulmonary vascular leak in vivo. When MCTP is
applied to ECs in vitro, cell injury is associated with the inhibition of proliferation.
The inhibition of proliferation in vivo after MCTP could postpone monolayer
repair and contribute to progressive pulmonary vascular leak. To determine the
effect of MCTP on cell cycle progression as it relates to the inhibition of
proliferation, fluorescence-activated cell sorting [FACS] was used to measure
alterations in the distribution of DNA within a cell population and to identify
differences in DNA synthesis related to altered cell cycle patterns. Subconfluent
cultures of BECs were allowed to cycle randomly or were synchronized with
aphidicolin [APH], a reversible G,-S phase inhibitor. Upon removal of APH,
BECs were exposed to MCTP [5ug/ml] or its vehicle for a 4 hour interval
corresponding to either the G,-S, S-G, or G, through mitosis (M) phases of the
cell cycle. Unsynchronized cells were treated with a single administration of
MCTP or vehicle for 4 hours. The transit of S phase cells through the cycle was
characterized using the thymidine analog, bromodeoxyuridine (BrdU). During
the 24 hours after release from APH, cells exposed to MCTP between mid S-G,
or G, through M were briefly delayed in G,-M at 12 hours, but underwent cell

division by 24 hours. Likewise, unsynchronized cells exposed to MCTP for 4
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hours were delayed in late S but proceeded through mitosis. In contrast, BECs
treated with MCTP immediately after release from APH block became arrested in
G,-M at 24 hours and showed evidence of hypertetraploidy, but they did not
divide. In summary, MCTP inhibits mitosis in a cycle phase-dependent manner
in BECs in vitro, but DNA synthesis continues. These data suggest that MCTP
inhibits monolayer repair by blocking mitosis and causing the disconnection of
DNA synthesis from cell division. This cell cycle arrest and consequent failure of
replicative repair may contribute to the persistent pulmonary vascular leak

characteristic of MCTP-induced lung injury in the rat.

Pyrrolizidine alkaloids [PAs] cause limited, direct cell injury which
progresses to chronic and severe hepato- or pneumotoxicity (Kay et al, 1967;
Allen and Carstens, 1970a; Culvenor et al, 1976; Meyrick et al, 1980; Reindel et
al, 1990). The apparent discrepancy between the severity of initial injury and the
long-term results of intoxication suggests that PAs induce functional alterations
in cells which may impede their ability to repair damage.

In vitro, the alkaloid metabolite monocrotaline pyrrole [MCTP] inhibits the
proliferation of endothelial cells [ECs] (Reindel et al, 1991; Hoom and Roth,

1992) and inhibits cell cycle progression in cultured BECs, with cells arresting at
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late S to G,-M after a 24 hour exposure (Thomas et al, 1996). Porcine ECs
exposed to MCTP continue to produce DNA, RNA and protein but are unable to
divide (Hoom and Roth, 1992). Accordingly, the antiproliferative effect of
pyrrolizidine alkaloids appears to result from the arrest of nuclear and cellular
division, while other cell functions, such as macromolecule synthesis, continue.
The inhibition of cell proliferation by MCTP and other PAs may, in turn, be
responsible for the long term and progressive effects of these toxicants.

The cell cycle comprises a series of events which result in DNA replication
and mitosis after a proliferative stimulus (Nurse, 1990; Dorée and Galas, 1994).
It has been hypothesized that PAs inhibit cell proliferation by interfering with the
progression of the cell cycle (Mattocks, 1969). Previous studies (Hsu et al, 1973;
Samuel and Jago, 1975) showed that hepatocytes, from PA-treated rats which
were subsequently exposed to a mitogenic stimulus, became arrested in the late
S or G, phase of the cell cycle and did not divide. Likewise, subconfluent,
cultured hepatocytes are unable to progress through mitosis after exposure to
MCT (Skilleter et al, 1988).

The inhibition of mitosis may be initiated at one or more points in the cell
cycle (Hartwell and Weinert, 1989). Cycle progression in somatic cells requires
the completion of early events (ie, DNA synthesis) prior to the initiation of late
events (ie, mitosis) and is regulated by a series of checkpoints (Hartwell and

Weinert, 1989; Kaufmann and Paules, 1996). Major checkpoints allow cells to
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enter S phase from G, and undergo DNA replication (Peeper et al, 1994), to
continue DNA synthesis (Hartwell and Weinert, 1989) and to divide after the
completion of DNA synthesis (Nurse, 1990; Laskey et al, 1989). Flow cytometry
can be used for the analysis of cell cycle dynamics allowing the identification and
characterization of disruptions of cycle progression, including the loss of
checkpoints (Dolbeare et al, 1983; Gray et al, 1986).

This study was designed to characterize further the antiproliferative action
of MCTP on ECs in vitro. Heretofore, in most studies done to examine the effect
of MCTP on cell replication, the exposure intervals have encompassed one or
more complete cell cycles and all of the functions which occur therein. Given the
number and complexity of early cell cycle events and the potential for mitotic
inhibition with disruption of one or more of these events, short [4 hours] MCTP
exposures were used in this study to determine how MCTP influences
progression through the cell cycle. Using synchronized cells, we tested the
hypotheses that [1] a limited time of exposure of BECs to MCTP would cause
disruption of the cell cycle and [2] the pattern of inhibition varies in a cell cycle

phase-dependent manner.
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Preparation of MCTP: Monocrotaline pyrrole was synthesized from

monocrotaline [Trans World Chemical, Rockville, MD] using the method
described by Mattocks et al (Mattocks et al, 1989). Briefly, monocrotaline was
converted directly to MCTP using o-chloranil, a quinone which readily
dehydrogenates pyrrolizidine alkaloids to pyrrolic compounds. MCTP generated
by this method has Ehrlich activity (Mattocks and White, 1971) and a structure
consistent with MCTP as determined by mass spectrometry and nuclear
magnetic resonance (Bruner et al, 1986). MCTP was maintained in N, N'-
dimethylformamide [DMF; Sigma Chemical Co., St. Louis, MO] under nitrogen at
-20°C and was diluted to working concentrations with DMF immediately before
use. Unless otherwise indicated, the concentration of MCTP used for each

experimental application in medium was 5ug/ml of medium.

Preparation of Endothelial Cells: Bovine endothelial cell lines [BECs] were

isolated from segments of the pulmonary artery removed from freshly killed
young cattle, as described by Reindel et al (1991). Arteries were collected
aseptically, rinsed gently in sterile Hank's balanced salt solution [HBSS; Sigma]
containing calcium and magnesium, and place into cold, sterile Puck’s saline

[HBSS with calcium and magnesium, bicarbonate and glucose] containing 3%



99

antibiotic/antimycotic solution [300 units/ml penicillin, 300 pg/ml streptomycin,
0.75ug/ml Fungizone; GIBCO, Grand lIsland, NY] on ice for transport. In a
laminar flow hood using sterile instruments, the adventitia and external lamina
were removed by blunt dissection. The artery was cut into 2 cm squares and
placed endothelium side down into 100 mm culture plates containing
collagenase [Type 1A-S, 0.1%, Sigma). After incubation at room temperature for
3-5 minutes, the endothelial surface was gently scraped with a rubber policeman
and the scrapings were resuspended in fresh calcium/magnesium-free HBSS.
Using an inverted phase contrast microscope [Nikon TMS-F, Tokyo, Japan],
clusters of endothelial cells were isolated with a micropipettor and removed to
individual 23mm wells of a multi-well culture plate [Becton Dickinson, Franklin
Lakes, NJ] containing 0.5 ml Dulbeco's Modified Eagles Medium [DMEM] or
Medium 199 [M199] [GIBCO, Grand Island, NJ], containing 10% fetal bovine
serum [FBS, Intergen, Purchase, NY] and 1% antibiotic/antimycotic [PSF
containing penicillin {100 units/mi}, streptomycin {100 ug/mi}, fungizone
{0.75ug/ml}; GIBCO, Grand Island, NJ]. Plates were incubated for 5-9 days at
37° Cin 5% CO,. At that time, uniform colonies of cells exhibiting a cobblestone
morphology and free spindle cells were passed into larger wells. For cell
passage, individual colonies were isolated with sterile, plastic O-rings, exposed
to 0.025% trypsin/0.01M EDTA [GIBCO] for 5 minutes, removed by gentle

aspiration and placed into a new culture well. These cells were then grown to
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confluence and were subsequently passed if they remained a uniform population
of cells with a cobblestone morphology. Cultures were split at a ratio of 1.5 at
weekly intervals by dissociation with trypsin/EDTA. BECs used in this study
were from 3 different cell lines between passages 3 and 20. Culture medium
was changed every second day, unless otherwise noted.

The presence and purity of each endothelial cell line derivation was
confirmed by their ability to take up acetylated low-density lipoprotein labeled
with the fluorescent marker 1,1'-dioctadecyl-1-3,3,3',3'-tetramethyl-indo-
carbocyanine perchlorate [Biomedical Technologies, Inc., Stoughton, MA] and
the positive staining with factor Vlii-related antigen:fluorescein isothiocyanate
[FITC] conjugate [Biogenix Laboratories, Dublin, CA]. Both markers were
visualized using a fluorescence binocular microscope [Olympus BX50, Olympus

Optical Co., Ltd., Tokyo, Japan] equipped with an FITC detection system.

Cell Cycle Progression of Unsynchronized Subconfluent BECs: To obtain
subconfluent log phase growth cultures, confluent monolayers of BECs were
dissociated enzymically with trypsin/EDTA and plated into 35mm wells in plastic,
muitiwell plates [Becton Dickinson, Franklin Lakes, NJ] at a concentration of 2-3
X 10° cells/2 ml medium. To determine the interval required for the resumption
of cell cycling after passage, BECs were collected from individual, subconfluent

wells at 4-6 hour intervals through 24 hours after passage. In a later study,
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BECs exposed to ethanol [final concentration, 0.2%; vehicle for the
synchronizing agent aphidicolin] were collected at 3 hour intervals for 40 hours,
starting 24 hours after passage [corresponding to the point of removal of
aphidicolin from synchronized cells] to determine the pattern of cell cycle
progression once cycling resumed. The cells were fixed and stained for

quantitation of DNA content by flow cytometry, as described below.

Cell Synchronization and MCTP Exposure: BECs were synchronized

chemically with, aphidicolin [APH; Sigma], a reversible DNA polymerase-a
inhibitor (Huberman, 1981). Cells were passed from confluent plates as
described above. Two hours after passage (for cell attachment), APH [2 uM]
was added to the medium and cells were incubated at 37° C in 5% CO, for 24
hours to allow cells to synchronize at the G1-S interface [ie, prior to DNA
synthesis]. To initiate cell cycling, the medium containing APH was removed,
and the monolayers were washed twice with warm calcium/magnesium-free
HBSS followed by application of warm APH-free medium. This technique
initiates cell cycling within 30-60 minutes [see Results]. Synchronized BEC
samples were collected every 3 hours over a 40 hour interval to determine the
time course of cell cycle progression.

The exposure of synchronized BECs to MCTP [Sug/ml] or vehicle was

limited to 4-hour intervals corresponding to discrete phases of the cell cycle [see
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Results]. Unsynchronized BECs treated for 24 hours with APH vehicle [ethanol -
0.2% final concentration] were washed and exposed to MCTP or its vehicle for 4-
hour intervals commencing approximately 26, 30 or 34 hours after cells were

passed from confluence.

Cell Viability: Lactate dehydrogenase [LDH] release, an indicator of
cellular injury, was measured up to 24 hours after MCTP or vehicle, and up to 72
hours after APH removal using the method of Bergmeyer and Brent (1974).
Briefly, medium from above monolayers was removed and conserved, and the
cells were washed twice with HBSS. Triton-X 100 [0.01%, Sigma] in HBSS was
used to lyse the cells. The percent LDH release was determined by the following

formula:

% LDH release = LDH in medium above the monolayer

LDH from lysed cells + LDH in medium above the monolayer

BrdU Labeling of BECs: The kinetics of the cell cycle were studied by
exposing synchronized BECs to 2-bromo-5-deoxyuridine [BrdU, Sigma] to label

cells actively synthesizing DNA. Briefly, medium containing APH was removed,
and cells were washed twice with warm medium. BrdU was added to the

rmedium 1 hour after APH was removed, to achieve a BrdU concentration of
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20uM. The one hour delay allowed synchronized cells to resume cycling. After
a thirty minute BrdU exposure, the medium was removed and the cells were
washed twice with fresh medium containing no BrdU. BECs exposed to BrdU
were collected at 1.5, 4, 8, 12, and 24 hours after APH removal to examine cell
cycle progression. MCTP or vehicle applied to BECs from 0-4 hours was
removed with BrdU-containing medium after the 30 minute pulse, but was
replaced in fresh medium that was subsequently applied to the cells. The
second application of MCTP at 1.5 hours did not change the pattern of cell cycle
progression by BECs through 24 hours compared to cells exposed to MCTP
continuously for the 0-4 hour interval [data not shown]. Cells which had
incorporated BrdU were identified with an antiBrdU immunoglobulin [Becton

Dickinson, San Jose, CA] [see below].

Cell Preparation for Flow Cytometry: At specified times after the removal

Of aphidicolin or vehicle [1.5, 4, 8, 12, and 24 hours], medium was removed from
Wwvells and cells were washed twice with HBSS. Trypsin/EDTA [see above] was
axpplied, and cells were incubated at 37° C for 5-7 minutes to detach them from
the plate. The cells were resuspended in 2 ml DMEM [0.5-1 X 108 cells] and
Spun at 500 X G at 10° C. The cell pellet was fixed by resuspension in fetal

B ovine serum [FBS] to reduce cell clumping followed by the addition of HBSS



104

and 70% ethanol [final concentration - 20% FBS and 40% ethanol]. The cell
pellet was stored in FBS/HBSS/ethanol at 4°C for a minimum of 1 hour. Fixed
BECs to be analyzed only for DNA distribution were spun at 500 X G at 10° C for
10 minutes. The supernatant fluid was decanted, and the cell pellet was
resuspended in propidium iodide [PI] stain (Telford et al, 1991) in phosphate-
buffered saline [PBS] containing EDTA and RNAse A. Triton X-100, a cell
permeant, was eliminated from the original stain mixture (Telford et al, 1991) as
it caused excessive clumping of cells. Cells were incubated for a minimum of 30
minutes at room temperature in the dark prior to analysis. Unfixed chicken red
blood cells [cCRBCs] were lysed to isolate cell nuclei (Pollock, 1990) and stained
with propidium iodide as above. Labeled cRBC nuclei, used to standardize the
measurement of DNA content, were added to stained BEC samples (Vindelpv
and Christensen, 1990). Additional steps required for the preparation of BECs

€ Xxposed to BrdU for kinetic analysis are described [see below].

Flow Cytometric Analysis: Fluoroscein isothiocyanate-conjugated
Antibromodeoxyuridine [FITC-antiBrdU}- and/or Pl-fixed and stained cells were
Analyzed using a Becton Dickinson FACS Vantage [Becton Dickinson
"’“munocytometry Systems, San Jose, CA] equipped with an argon laser, pulse

Processing circuitry and a Consort 32 computer system with Lysis Il software.
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FITC and Pl were excited at 488 nm, and their fluorescent emissions were
quantified at 530+15 and 630111 nm, respectively. Electronic color
compensation was used to correct for spectral overlap of Pl in the FITC detection
channel using single color-stained controls. Pl fluorescence data, a measure of
DNA content, were collected from 5,000-10,000 single cells through a doublet
discrimination DNA fluorescence gate. Negative controls used to calibrate the
FACS included BECs not exposed to BrdU but stained with FITC-conjugated
antiBrdU [FITC negative] and unstained BECs [Pl negative]. Additional
treatment groups were analyzed for FITC-antiBrdU, indicative of BrdU
incorporation, and PI, both used to identify cells labeled during S-phase as these
cells progressed through the cell cycle. In selected experiments, BECs from
gated populations were sorted onto microscope slides and examined for the
P resence of cell aggregates that might be detected as a single event by FACS
|analysis. Doublets or higher order aggregates were not apparent in any of the

9 ated regions examined.

Measurement of Total DNA and Analysis of Cell Cycle Data: From DNA

histograms of Pl fluorescence in untreated, cycling BECs spiked with Pl-stained
CRBCs, the peaks corresponding to cRBC nuclei [approximately 0.3n
™Mammalian DNA; Vindel¢v and Christensen, 1990], G,-G, [diploid or 2n DNA]

and G,-M [tetraploid or 4n DNA] populations of cells were identified. The median
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fluorescence intensity of each of these three peaks was defined as the channel
containing the greatest number of events. The width of each peak measured in
channels was determined at the baseline [X-axis]. The channel positions of the
G,-G, and G,-M peaks were normalized to the cRBC nuclei by calculating the
ratios of G,-G,/cRBC and G,-M/cRBC. The average width of the G,-G, and of
the G,-M peaks was normalized in a similar manner. S phase was defined by
the area under the curve between the G,-G, and G,-M distributions, which were
assumed to be Gaussian. The resulting ratios between G,-G,/cRBC and G.-
M/cRBC and the calculated range comprising S-phase were applied
subsequently to treated BEC samples containing cRBC nuclei and analyzed by
computer using the Modfit software program [version 5.2, Verity Software House,
Imc., Topsham, ME]. The assignment to specific cycle phases was accomplished
by applying a "best fit" mathematical model [non-linear, least-squares analysis]
to each data set, incorporating defined ratios [see above]. Each data set
Consisted of 34 replicates, each of which comprised cells from different
PPassages or from different cell lines.
Correctness of fit to the model was defined by a Chi-square value for each
data set. Data that fit appropriately to the model had a Chi-square value of 1-3
Modfit Operations Manual], and values greater than 3 were excluded from the

COmparison.
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Identification of BrdU-Containing Cells: Synchronized BECs to be

evaluated for cycle kinetic changes were collected and fixed as described above.
AnN FITC-conjugated anti-BrdU immunoglobulin [Becton Dickinson, San Jose,
CA] was used to identify cells which had incorporated the thymidine analog, and
the manufacturer's protocol for labeling cells was followed with minor
modifications. Cells were pelleted by centrifugation [500 X G at 10°C for 10
minutes] between treatment steps. Briefly, fixed cells were denatured with
hydrochloric acid [2N for 30 minutes, room temperature] followed by
neutralization with a 0.1M sodium borate solution. An additional wash was
added after neutralization to assure neutral pH conditions for the binding of
immunofluorescent antibody. After incubation with FITC-antiBrdU for 30 minutes
in HBSS containing 1% BSA [Bayer Corp., Kankakee, IL] and 0.5% Tween-20
[Sigma], cells were pelleted by centrifugation, resuspended in propidium iodide
Stain mixture and incubated at room temperature, protected from light, for 30-60

Minutes.

Evaluation of Cell Cycle Kinetics: BECs pulse-loaded with BrdU were
Collected, fixed and labeled as described above. DNA histograms of the relative

P21 fluorescence [DNA content] and contour plots of Pl vs FITC fluorescence [ie,

Brdu positive and negative cells] were generated simultaneously to define G,-G,,
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S and G,-M phases in each plot, as well as to identify the progressive movement
of BECs after pulse-labeling. The collection of serial samples over 24 hours after
the removal of APH allowed the identification of cycle transition by cells

containing BrdU.

Statistical Analysis: Qualitative data which were normally distributed were
analyzed by one way analysis of variance [ANOVA] (Steel and Torrie, 1980). All
data expressed as percentages were arcsin square root transformed and
analyzed by ANOVA. Multiple comparisons were made using Student-Newman-
Keuls method (Steel and Torrie, 1980). When the homogeneity of variance test
failed, data were analyzed by the Kruskal-Wallis One Way ANOVA and

comparisons between groups made by Dunn's method. Statistical significance

Wwwas defined as a p < 0.05.

Results

Data Presentation: For orientation purposes, representative plots of cell
Cycle and kinetics data are shown. Cell cycle data are represented as
l"‘iStograms with the DNA content of cells on the X-axis [Pl fluorescence] and cell
Number on the Y-axis [Figure 8]. The X-axis labels indicating G,, S, and G,-M

Phases are derived from the analysis of populations of untreated, cycling BECs



109

Number |
of Cells

Bl  =m

Relative DNA Content

Figure 8.

The X-axis delfines the cell cycle phases determined by the propidium iodide [PI]
fluorescence. The intensity of P| fluorescence corresponds directly to the DNA
content of the nucleus. The Y-axis is the number of cells counted.
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as described in the Materials and Methods. Data showing the cell cycle kinetic
pattems by the distribution of cells which had synthesized DNA [cycled through S
phase] during the BrdU pulse [at 1-1.5 hours after APH removal] are plotted as
contours with the X-axis indicating DNA content [P| fluorescence] and the Y-axis
representing the relative incorporation of BrdU [Figure 9]. The Y-axis labels
indicating BrdU positive cells delimit that proportion of the population containing

BrdU:FITC fluorescence at levels above background.

Unsynchronized BECs: Cell Cycle Pattern: The progression of the

cell cycle for the initial 24 hours after BECs were passed from a confluent state is
shown in Figure 10. Cells retained a confluent pattern for approximately 16
hours after passage. By 24 hours, a contingent of cells began to move into S
Phase, indicating the resumption of cell cycling. The DNA distribution patterns of
cells collected at 26, 30, 34 and 38 hours after passage represent the distribution

of BECs present at 0, 4, 8 and 12 hours of treatment with MCTP or vehicle.

Cell Synchronization with Aphidicolin: [Figure 11] BECs in log phase

growth that were exposed to APH for 24 hours arrested at the G,-S interface,
Which was maintained for at least 1 hour after APH removal. Replacement with
APH-free medium resulted in the progression of cells into S phase at 1.5 hours,

tomid s by 4 hours, G,-M by 8 hours and through M to G,-G, by 12 hours. By
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Figure 9. BrdU Incorporation.

The X-axis constitutes the cell cycle phases [see Figure 8] based on the
relative intensity of Pl fluorescence. The Y-axis differentiates the proportion

of cells within the population which have incorporated BrdU during S phase
[DNA synthesis).
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Figure 10. Cell cycle progression of unsynchronized BECs.

Confluent BECs were disassociated with trypsinfEDTA and replated at a
subconfluent density. Cell samples were collected at the intervals indicated,
fixed, stained with propidium iodide [PI] and the DNA quantified by fluorescence
activated cell sorting [FACS] analysis. DNA histograms collected at 26, 30, 34,
and 38 hours show the pattern of DNA distribution during each treatment interval
[see Materials and Methods]. The X-axis is the Pl fluorescent intensity [DNA
content] which defines the cell cycle phases. The Y-axis is the number of cells
counted.
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Figure 11. Cell cycle progression of synchronized BECs.

BECs were exposed to APH for 24 hours to synchronize cells at the G,-S
interface. Cells were collected at the times indicated after APH removal, fixed
[see Materials and Methods] and stained with Pl. The X-axis is the DNA content
based on the PI fluorescence. The shaded boxes reflect the cell cycle phases.
The Y-axis is the number of cells counted.
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24 hours, cells had become asynchronous with many cells in G, through late S
phases. The predominant cell phases present in synchronized BECs between 0-
4 hours, 4-8 hours, and 8-12 hours after release from APH block were G,-mid S,
mid S-G,, and G,-through mitosis, respectively [Figure 11].

The time required for completion of a single cell cycle after release from
APH block was approximately 21 hours. Cell cycle progression was not affected

by APH vehicle [0.2% ethanol - final concentration].

Cytotoxicity: Exposure of BECs to vehicle or to MCTP at 5 pyg/ml for 4
hours caused no significant LDH release by 24 hours [data not shown]. This
result confirmed data previously reported (Reindel and Roth, 1991). Cells
exposed to APH at doses sufficient to induce synchronization caused no

increase in LDH release compared to controls at 24, 48 or 72 hours [data not

shown).

MCTP-Induced Cell Cycle Arrest: BECs were exposed to MCTP or vehicle

from 0-4, 4-8 or 8-12 hours after the removal of APH or its vehicle. These 4 hour
eXposure intervals were chosen based on the APH studies described above as
répresenting cells predominantly in G1-early S, mid S-G, and G, through mitosis,

respectively.
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Unsynchronized BECs treated with vehicle [DMF] for 4 hour intervals
corresponding to the preparation and treatment schedule for APH synchronized
BECs [see Materials and Methods] continued to cycle and had DNA distribution
in all cycle phases [Figure 12A, C or E]. The cell cycle pattemm of
unsynchronized cells exposed to MCTP for corresponding 4 hour increments
consisted of a greater percent of cells in S phase and fewer cells in G, [Figure
12B, D or F] compared to their respective controls. There was no difference in
the cycle phase distribution pattern of unsynchronized, vehicle-treated BECs
across the three exposure intervals, nor was there a difference in MCTP-treated
cells similarly analyzed [Figure 13].

Synchronized cells treated with vehicle from 0-4 hours, 4-8 hours or 8-12
hours after APH removal, and evaluated at 24 hours had an asynchronous cell
cycle pattern [Figure 14A, C, or E]. By 24 hours after APH removal,
synchronized cells treated with MCTP for the initial 4 hour interval [0-4 hours]
became inhibited at G2-M [Figure 14B]. A proportion of the cells had greater
fluorescence than that predicted for G2-M cells [ie, > G2-M], consistent with a
hypertetraploid DNA content [Figure 14B]. Conversely, synchronized cells
treated with MCTP for 4 hours starting at 4 or 8 hours after release from APH

accumulated in late S phase at 24 hours [Figure 14D and F, respectively].
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Figure 12. Cell cycle pattern in unsynchronized BECs exposed to vehicle or
MCTP.

BECs were treated with vehicle [A, C, or E] or MCTP [B, D, or F]. The
exposure intervals corresponded to those used for synchronized cells [see
Materials and Methods]. The X-axis is the measure of DNA content based on
propidium iodide [PI] fluorescence [see Figure 8]. Chicken red blood cells
[cRBCs] were added to each sample as a DNA standard [see Materials and
Methods]. The Y-axis represents the number of cells counted.
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Figure 13. Cell cycle phase distribution in unsynchronized BECs.

Confluent BECs were disassociated and passed into wells at a
subconfluent density. For 4 hour intervals starting 26, 30 or 34 hours
after passage, the cells were exposed to MCTP or its vehicle. Cells
were collected 24 hours after the start of the initial exposure interval
[0-4 hours - see Materials and Methods]. The results represent the
of three replicates using cells of different lineage.

The error mean square = 0.01
a = different from respective vehicle control; p < 0.05.
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Figure 14. Cell cycle pattern in synchronized BECs exposed to vehicle or MCTP.

The plots represent BECs 24 hours after removal of APH and the subsequent
exposure to vehicle [A, C, or E] or MCTP [B, D, or F]. The exposure intervals
were from 0-4 hours [A and B], 4-8 hours [C and D] or 8-12 hours [E and F]
after the removal of APH. The X-axis delimits the DNA content of cRBCs [a

DNA standard] or the cell cycle phases [G1, S, or G2/M]. The Y-axis is the
number of cells counted.
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MCTP-Induced Changes in Cell Cycle Phase Distribution: Twenty four

hours after release from APH, the cell cycle phase distribution of vehicle-treated
BECs consisted of a predominence of G, and S cells, similar to that of
synchronized, untreated cells. Compared to vehicle-treated cells, synchronized
BECs exposed to MCTP from 0-4 hours after removal of APH had a large
increase in the fraction of cells in G,-M and a corresponding decrease in G,-G,
cells with no significant change in S phase cells [Figure 15]. In contrast, BECs
treated with MCTP at 4-8 or 8-12 hours after the resumption of cell cycling had
an increase in the proportion of cells in S phase with a corresponding decrease

in G,-G, phase cells [Figure 15].

Cell Cycle Kinetics after Aphidicolin: One hour after the removal of APH,

untreated BECs were exposed to BrdU in the medium for 30 minutes, allowing
incorporation of BrdU into cells synthesizing DNA during that period. Cells were
subsequently collected and processed for FACS identification of BrdU-positive
BECs within a cycling cell population. Results are presented in Figure 16; the
DNA histograms from samples collected over 24 hours were shown previously in
Figure 11 and are included in Figure 16 [A] for orientation. During the 24 hours
after APH was removed, synchronized cells which had incorporated BrdU
[BrdU+] [Figure 16 B] proceded from the G,-S interface [ie, the APH arrest site]

to mid S phase by 4 hours, to G,-M by 8 hours, into and partially through cell
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Figure 15. Cell cycle phase distribution in synchronized BECs treated

Synchronized BECs were exposed to MCTP or its vehicle from 0-4
hours, 4-8 hours or 8-12 hours after APH removal. Cells were collected
24 hours after APH removal for analysis of the cell cycle pattern. The
results represent the mean of three replicates using cells of different
lineage.

The error mean square = 0.01

a = different from respective vehicle control; p < 0.05.
b = different from MCTP 0-4 hour treatment group; p < 0.05.
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Figure 16. Cell cycle kinetic pattern in untreated. synchronized BECs.

Column A represents DNA distribution histograms of BECs collected at times
over 24 hours after the removal of APH. The cell cycle phases are defined by
the relative propidium iodide fluorescence as an indicator of DNA content [X-
axis]. Column B shows the cycle location of BECs at times over 24 hours
which had incorporated bromodeoxyuridine [BrdU+] between 1 and 1.5 hours
after APH removal.
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division by 12 hours [note at this time the appearance of cells with reduced FITC
fluorescence {due to cell division} at the G,-S interface; Figure 16. 12hours] and
well into a subsequent S phase by 24 hours. The changes in percentage of
BrdU-labeled cells in G,-G, and G,-M from 8 to 24 hours [Figure 17] reflect cell
division.

In a separate experiment, the percentage of noncycling cells in each
treatment group was identified by continuous exposure to BrdU through 24 hours
after APH removal. A representative series of contour plots shows the
progressive incorporation of BrdU as cells resumed cycling over 24 hours [Figure
18]. The fraction of cells that failed to incorporate BrdU during this 24 hour

period ranged from 5-10% for all treatment and control groups.

MCTP-Induced Changes jn Cell Cycle Kinetics: Synchronized BECs

treated with vehicle [Figure 19A] had a cycle progression pattern similar to that of
untreated, synchronized cells [Figure 16]. Synchronized BECs treated with
MCTP from 0-4 or 4-8 hours after APH removal [Figure 19B or C, respectively]
progressed from G,-S to G,-M over a timecourse similar to untreated,
synchronized cells [Figure 16] until 12 hours. At 12 hours, BrdU-labeled BECs
from both MCTP-treated groups were delayed in G,-M [ie, fewer cells of reduced
FITC fluorescence at the G,-S interface {Figure 19B, C} compared to vehicle-

treated cells {Figure 19A}]. By 24 hours, BrdU-labeled BECs exposed to MCTP
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Figure 17. Progression of BrdU+ BECs after removal of APH.

One hour after APH was removed from the medium, cells were pulse labeled
with BrdU for 30 minutes. The X-axis is the DNA content of BECs based on the
Pl fluorescence, reflected by the limits of each cell cycle phase [G,, S, G,/M].
The Y-axis depicts the incorporation of BrdU. The number values in parentheses
represent the percent of cells within G, or G,/M and show the progression of
cells to G,/M by 8 hours * and cell division by 12 hours **.
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Figure 18. Progressive entry of untreated. synchronized BECs into the cell cycle.

BECs were exposed to BrdU for 24 hours starting immediately after removal of
APH. Cells were collected at the indicated intervals after APH removal, fixed
and labeled with a FITC-labeled antiBrdU to delineate cells which had
incorporated BrdU. The numbers in parentheses represent the percent of BrdU+
and BrdU- cells in G,, S and G,/M at each time point. The data presented were
representative of vehicle- and MCTP-treated cell groups.
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Figure 19. Cell cycle kinetic pattern after exposure of synchronized BECs to
vehicle or MCTP.

BECs were treated with [A] vehicle from 0-4 hours, [B] MCTP from 0-4 hours or
[C] MCTP from 4-8 hours after APH removal. The axes labels are as described
in Figure 9. Column B [24 hours] - *|Cells emitting PI fluorescence greater than
that expected from normal G2/M cells, suggesting hypertetraploid cells. Number
values in parentheses indicate the percent of cells within a specific cycle phase
labeled with BrdU [BrdU+].
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from 0-4 hours after APH removal accumulated in G,-M with very few undergoing
cell division through 24 hours [Figure 19B], whereas cells exposed to MCTP from
4-8 hours [Figure 19C] entered and completed mitosis between 12 and 24 hours.
The change in the relative percent of cells in G,-G, and G,-M between 1.5 and
24 hours in vehicle- and MCTP-treated BECs are noted [%] [Figure 19]. In BECs
exposed to MCTP from 04 hours after APH removal, 5-11% of the cells
registered a Pl fluorescence emission greater than the predicted range for G,-M
cells [Figure 19B, 24 hours], suggesting a population of BECs with a DNA
content greater than 4n. At 24 hours, both MCTP treatment groups had cell
fractions of low BrdU content at the junction of S and G,-M [# in Figures 20B and
21B, 24 hours]. Synchronized BECs treated with MCTP from 8-12 hours had a

cycle progression pattern similar to that of cells treated from 4-8 hours.

MCTP administered intravenously to rats causes a limited, but continuous
loss of endothelial cells which is accompanied by progressive pulmonary
vascular leak (Reindel et al, 1990). The mechanism of increased vascular
permeability is not fully understood, but it is thought to reflect the protracted loss
of or damage to cells from the endothelial monolayer. /n vitro, BEC cultures

treated with MCTP have a similar degree of cell loss, but subsequent reformation
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Figure 20. Effect of MCTP exposure [0-4 hours after APH removal] on the cell
e kieti .

BECs were synchronized for 24 hours with APH. Upon removal of APH, cells
were exposed to MCTP. BrdU was added to the medium for 30 minutes [1 hour
after APH removal]. Column A represents the change in DNA distribution over
time and column B shows the cycle progression of BECs which had incorporated
BrdU. Comparable DNA histograms [column A] and contour plots [column B] of
untreated, synchronized BECs are shown in Figures 11 and 17, respectively.

# = BECs arrested in G2/M which had incorporated little or no BrdU.
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Figure 21. Effect of MCTP exposure [4-8 hours after APH removal] on the cell
e Kinetic pattern.

BECs were synchronized for 24 hours with APH. Four hours after removal of
APH, cells were exposed to MCTP. BrdU was added to the medium for 30
minutes [1 hour after APH removal]. Column A represents the change in DNA
distribution over time and column B shows the cycle progression of BECs which
had incorporated BrdU. Comparable DNA histograms [column A] and contour
plots [column B] of untreated, synchronized BECs are shown in Figures 11 and
17, respectively.
# = BECs arrested in G2/M which had incorporated little or no BrdU.
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of a confluent monolayer does not occur at nominal MCTP concentrations
greater than 1.5uM due to inhibition of cell proliferation (Reindel et al, 1991).
Others have shown that MCTP causes cell cycle inhibition in a pattem which
varies as the concentration of MCTP applied to the cells changes (Thomas et al,
1996). The pulmonary vascular endothelial cell injury seen after the
administration of MCTP to rats may be compounded by cell cycle arrest and
inhibition of proliferation, resulting in a deficient repair response and vascular
leak that is protracted and progressive.

Exactly how MCTP causes inhibition of mitosis is unclear, but its ability to
bind to cellular macromolecules suggests that its interference with an essential
cellular function or structure may be involved. MCTP is a bifunctional alkylating
agent, capable of crosslinking DNA and protein (Petry et al, 1984; Wagner et al,
1993), an attribute which suggests that it may arrest cell cycle progression by
interfering nonspecifically with a process common to more than one cycle phase
[eg, protein or DNA synthesis]. Previous studies have used extended exposure
intervals [24 hours or longer], potentially involving and interfering with all cycle
phases (Reindel and Roth, 1991; Reindel et al, 1991; Thomas et al, 1996). We
proposed that cell cycle inhibition was due to a phase-specific event and tested
this hypothesis by limiting the exposure of BECs to MCTP to 4-hour intervals
corresponding to different parts of the cell cycle and therefore to different phase-

specific events. Cell cycle inhibition due to a phase-independent event should
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occur irrespective of the timing of the MCTP exposure. In contrast, the
interaction of MCTP with a phase-specific process should result in a unique
pattern of cell cycle progression or inhibition depending on the phase of the cycle
during which cells were exposed.

Preliminary studies characterized the transition of synchronized cells
through the cell cycle during the 24 hours after APH removal [Figures 11 and
16]. This allowed the delineation of cell cycle phases which would be impacted
during each of three, 4-hour MCTP exposure intervals. Although APH uniformly
inhibited cycle progression at the G,-S interface, not all of the cells moved
synchronously into and through S, G, and M phases after APH removal [Figures
11 and 16). The lack of 100% synchronous cycling after APH removal
suggested a noncycling cell fraction or incomplete synchronization. The true
fraction of cycling BECs after APH was determined by continous 24 hour
exposure to BrdU after APH removal. Over that 24 hour period, the proportion of
BrdU negative cells remaining in G,-G, gradually decreased; 90-95% of BECs
had traversed at least a portion of S phase by 24 hours [Figure 18], consistent
with passage out of G, and incomplete synchronization. Although the method of
reversible cell cycle arrest used in the present work failed to synchronize 100%
of exposed BECs, it provided a synchronous, cycling population of BECs [50%)}

to allow the evaluation of the phase-specific effects of MCTP.
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Unsynchronized BECs treated with MCTP accumulated in S and G2/M at
the time of examination [see Materials and Methods] regardless of the exposure
intervals [Figure 12B,D, and F]. Synchronized BECs treated with MCTP during
late G, to mid S phase were arrested at G,-M by 24 hours and exhibited mitotic
inhibition [Figure 19B]. In addition, a fraction of cells [6-10%)] in that group were
hypertetraploid. In contrast, synchronized cells treated from mid S through mid
G,, or mid G, through mitosis were transiently delayed in G,-M at 12 hours but
proceeded through mitosis to G, by 24 hours [Figure 19C represents the pattern
seen with MCTP exposure from 4-8 or 8-12 hours after APH removal]. A portion
of synchronized BECs exposed to MCTP from 0-4 hours or 4-8 hours after APH
removal were located near the level of detection of FITC-BrdU positivity at the S-
G, interface at 24 hours [# in Figure 20B and 21B]. The incomplete
synchronization of BECs with APH and gradual entry of remaining
nonsynchronous G, cells into S phase suggests that these cells at the S-G,
interface are ones which incorporated a small amount of BrdU in early S phase
but were delayed in their transit through S phase to G,-M. In addition, G, cells
which resumed cycling during MCTP exposure [either 0-4 hours or 4-8 hours] but
after the BrdU pulse could contribute to this fraction.

These results confirmed that the exposure of BECs to MCTP for 4 hours
results in cell cycle inhibition, and that the pattern of inhibition was phase-

specific. In all MCTP exposure groups there was cell cycle delay as cells
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entered G,-M, but arrest and inhibition of mitosis only occurred when BECs were
exposed from late G, to mid S phase. Furthermore, this arrest of BECs prior to
mitosis did not halt DNA synthesis, suggesting a disconnection of these two
events, possibly through the disruption of the G,-M checkpoint (Hartwell and
Weinert, 1989; Kaufmann and Paules, 1996).

The pattern of cell cycle inhibition and mitotic arrest described above
suggests that MCTP disrupts a cell process initiated during G,-mid S but not
expressed until G,-M. By contrast, cells exposed to MCTP after G,-mid S did not
demonstrate inhibition of mitosis [Figure 15C]. The G,-S phases of the cell cycle
include steps required in the preparation for and initiation of DNA replication
(reviewed in Alberts et al, 1989; Pardee, 1989). Phosphorylation events late in
G, result in the production or activation of enzymes necessary for DNA synthesis
[ie, thymidine kinase, ribonucleotide reductase; (Pardee, 1989)], as well as
proteins which are required later in the cell cycle [ie, cyclins; (Reddy, 1994))].
Protein synthesis is markedly reduced in cells deprived of isoleucine and
affected cells arrest in G, (Bhuyan and Groppi, 1989). Likewise, the absence of
a specific protein[s] required for DNA synthesis can cause G, or S phase arrest
(Bhuyan and Groppi, 1989). Previous work has shown that MCTP-treated
pulmonary artery endothelial cells maintain normal to elevated protein and DNA
synthesis for up to 7 days after exposure (Hoorn and Roth, 1992). In the present

study, the exposure of BECs to MCTP during G,-S did not cause G, arrest,
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suggesting that the protein requirements for DNA synthesis were met. It is
possible, however, that MCTP exposure at this time affects the production of a
protein or the replication/transcription of a gene required for the transition from
G,to M.

Cell cycle arrest at G,-M may result from preexisting DNA damage or from
the interruption of serial processes necessary to prepare the chromatin for
separation (Reddy, 1994). The transition from G, into M phase is regulated by
p34cde2 kinase, the purported 'master control enzyme' (Nurse, 1990; Norbury et
al, 1991). This enzyme controls DNA condensation, chromatin cutting and
unwinding (decatenation), nuclear membrane dissolution and actions of the
mitotic spindle (Datta et al, 1996; Andreassen and Margolis, 1994). The complex
scheme of p34cdc2 phosphorylation and dephosphorylation, and subsequent
binding to cyclin are necessary for the initiation of mitosis and must be
completed before the next round of DNA synthesis (Hartwell and Weinert, 1989;
Kaufmann and Paules, 1996). A number of diverse agents cause G,-M arrest
with continued DNA synthesis concurrent with the inhibition of p34cdc2 kinase.
These agents include protein kinase inhibitors (Usui et al, 1991; Matsukawa et
al, 1993), topoisomerase |l inhibitors (Ishida et al, 1994) and antitumor antibiotics
(Takanari and lzutsu, 1983; Nakamura et al, 1989; Kharbanda et al, 1994). The

present study clearly identifies phase-dependent G,-M arrest and inhibition of
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mitosis, and the results suggest that continued DNA synthesis leads to
hypertetraploidy in BECs treated with MTCP.

Examination of another bifunctional alkylating agent, mitomycin C (MMC),
has provided information which may help to direct subsequent studies. MMC is
an antitumor antibiotic which is structurally similar to MCTP and is capable of
inducing similar morphologic and functional responses in endothelial cells in vitro
(Hoorn et al, 1995). MMC treatment results in DNA crosslinks and causes dose-
dependent inhibition of cell proliferation (Hoorn et al, 1995, Coomber, 1992). It
causes G2-M arrest in HL-60 cells by causing phosphorylation of p34cdc2,
thereby limiting the ability of that enzyme to participate in the induction and
completion of mitosis (Kharbanda et al, 1994). As with MCTP, cells exposed to
MMC in vitro become polyploid (Nakamura et al, 1989; Kharbanda et al, 1994).
Additional work is required to determine if MCTP acts by a similar mechanism.

In conclusion, MCTP inhibits cell cycle progression and mitosis in vitro in a
manner that depends on when during the cycle exposure to MCTP occurs.
BECs exposed to MCTP after the middle of S phase continue to cycle and
divide, whereas those treated prior to and early in DNA synthesis arrest in G,-M
and are unable to divide. In conjunction with cell cycle arrest at the G,-M phase,
BECs accumulate additional DNA to become hypertetraploid, consistent with the
disconnection of DNA synthesis from mitosis. Mitotic arrest and continued DNA

synthesis with polyploidy are actions commonly identified with DNA crosslinking
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agents, which appear to produce those effects through interference with one or
more functional components of the G,-M checkpoint. The G,-M effect of MCTP
in vitro appears to be initiated in late G, or early S phase. It is noteworthy that a
healthy arterial EC monolayer in vivo comprises predominantly G,-G, cells, a
distribution similar to that of cells synchronized with APH. Upon exposure to
MCTP in vitro, cells in this condition were arrested in G,-M and unable to divide.
A similar process of inhibition of endothelial cell proliferation after injury in vivo
would be expected to limit intimal repair and could underiie the persistent

vascular leak that occurs after the administration of MCTP to rats.
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Endothelial cell [EC] injury after monocrotaline pyrrole [MCTP] administration to
rats precedes a cascade of events which result in pulmonary hypertension. The
application of MCTP to cultured ECs inhibits cell proliferation; a similar process in
vivo could delay the repair of EC injury and contribute to pulmonary vascular
leak. To clarify a role for inhibition of proliferation in MCTP-induced pulmonary
vascular disease, EC DNA synthesis and cell replication were examined in vivo.
Male, Sprague-Dawley rats were treated with a single dose of MCTP [3.5 mg/kg,
iv] or its vehicle. The rate of DNA synthesis in arterial ECs, identified by the
incorporation of the thymidine analog bromodeoxyuridine [BrdU], as well as
changes in EC density, were measured over the next 8 days. BrdU incorporation
by arterial ECs increased between days 3-7 in MCTP-treated rats without a
subsequent increase in EC density. These data show that MCTP initiates a
proliferative stimulus [the upregulation of DNA synthesis], but the anticipated
increase in EC number representing cell proliferation does not follow. The data
suggest that the mitotic stimulus produced after MCTP administration is
insufficient to cause cell proliferation, or conversely, that MCTP inhibits cell
proliferation similar to the effect seen in vitro. The incomplete stimulation of
mitosis or mitotic arrest may result in failure of replicative repair and could
contribute to the persistent pulmonary vascular leak characteristic of MCTP-

induced lung injury in the rat.
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When administered at a small doses to rats, the pyrrolizidine alkaloid
monocrotaline [MCT], or its toxic metabolite monocrotaline pyrrole [MCTP],
causes pulmonary vascular injury resulting in persistently increased microvessel
permeability and pulmonary hypertension (Butler, 1970; Meyrick et al, 1980;
Reindel et al, 1990). MCTP causes the inhibition of cell proliferation in vitro
(Reindel and Roth, 1991; Reindel et al, 1991). In chapter I, it was shown that
MCTP inhibits cell cycle progression in vitro in a phase-specific manner and that
the application of this toxicant to BECs during late G, or early S phase resulted in
mitotic inhibition with continued DNA synthesis. It has been hypothesized that
the inhibition of mitosis may contribute to the chronic and progressive nature of
liver injury in vivo after exposure toxic pyrrolizidine alkaloids (Jago, 1969; Hsu et
al, 1973; Samuel and Jago, 1975; Mattocks and Legg, 1980). In the lung, the
effect of MCT[P] on vascular endothelial cell replication, and the impact of
altered replication on the repair of vascular injury have received little attention
(Meyrick and Reid, 1982).

This study was designed to characterize further the antiproliferative action
of MCTP on ECs by assessing the effect of this toxicant on DNA synthesis and
subsequent cell proliferation by ECs of the pulmonary vasculature in vivo.
Because quiescent endothelial cells which line pulmonary arteries or veins reside

predominantly in G,-G,, it was expected that their response to MCTP in vivo
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would be similar to that seen in vitro [exposure in G,-early S phase results in
inhibition of mitosis but continued DNA synthesis - see Chapter |I].
Unfortunately, the direct measurement of changes in the cell cycle patten [as
was done in Chapter 1] was not technologically possible in microvascular ECs in
situ.

The correlation of in vivo results to those generated by in vitro studies is
often problematic because isolated and purified cell systems may lack important
comtributors necessary for a specific response to occur. The resuits presented
here are interpreted in that light and provide additional support to the hypothesis
that the inhibition of cell proliferation is involved in the progressive lesion

produced in the rat lung by MCTP.

(R)

Animals: Male, Sprague-Dawley (CD-Cr:CD" (SD)BR VAF/PLUS("'”) rats
(Charles River Laboratories, Portage, MI) weighing 175-225g were housed 3 to a
plastic cage on corncob bedding (The Andersons, Delphi, IN). The cages were
contained in animal isolators supplied with HEPA-filtered air. Animals had free
access to tap water and pelleted rodent diet (Harlan Teklad 22/5 Rodent Diet

8640, Harlan, Madison, WI) and were maintained in controlled temperature and

humidity conditions with a 12 hour light/dark cycle. Animals were allowed 3-5
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days minimum to acclimate to conditions in the isolator units before subjected to

experimental manipulations.

Preparation of MCTP: Monocrotaline pyrrole was synthesized from
monocrotaline as previously described in Chapter Il. MCTP was maintained in N,
N'-dimethylformamide [DMF] under nitrogen at -20°C and was diluted to working
concentrations with DMF immediately before use. The concentration of MCTP

used was adjusted to allow accurate dosing at volumes less than 0.2 mi.

Treatment Protocol: On day O, rats received a single injection of either
MCTP [3.5 mg/kg] or an equivalent volume of vehicle [DMF] via the tail vein.
Three rats in each treatment group were killed on days 3, 5, 8, and 14 for the
evaluation of markers of injury and pulmonary hypertension as previously
described (Reindel et al, 1990) or on days 1-8 for histopathology and
immunohistochemistry. Rats to be evaluated for DNA synthesis were given 2-
bromo-5-deoxyuridine [100 mg/kg, ip BrdU, Sigma Chemical Co., St Louis, MO],
to label cells actively synthesizing DNA, at 18, 5 and 2 hours before they were
kiled (Lanier et al, 1989; Wynford-Thomas and Williams, 1986). Three
administrations were used to maximize the differences in DNA labeling between
treated and control animals since the cell tumover for ECs is normally very slow
(Schwartz and Benditt, 1976). Prior to necropsy, animals were anesthetized with

sodium pentobarbital (50 mg/kg, ip) and exsanguinated by severing the
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abdominal aorta. A tracheal cannula was secured in all animals (Roth, 1981),
and an additional pulmonary arterial cannula was placed (Schultze et al, 1994) in
animals used for histologic evaluation. Animals killed for the measurement of

biochemical markers of injury were not used for histologic evaluation.

Evaluation of MCTP-Induced Injury: The heart, lungs and mediastinum

were removed enbloc and, prior to lavage, blotted dry and weighed. The lungs
were lavaged twice with 0.9% sodium chloride solution (23 mi/kg) as previously
described (Roth, 1981), and the volumes of bronchoalveolar lavage fluid [BALF]
were combined and placed on ice. After lavage, the lung lobes were excised
from the trachea by severing the major bronchi. The remaining heart, trachea
and mediastinum were then weighed. The lung weight was determined by
subtracting the weight of the heart, trachea and mediastinum from the total
weight of the original tissue block removed from the thoracic cavity (Schultze et
al, 1991).

The lavage fluid was spun at 600 X G for 10 minutes to pellet the cells,
and the supernatant fluid was used for quantitation of protein. BALF protein was
measured by the method of Lowry et al (1951) using an EL 340 Microplate Bio
Kinetics Reader [Bioteck Instruments, Winooski, VT].

Right ventricular hypertrophy was assessed as an increase in the ratio of

the right ventricular weight to the weight of the left ventricle and interventricular
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septum (RV/(LV+S)) and used as a marker of pulmonary hypertension (Fulton et

al, 1952).

Histopatholgic Evaluation and Immunohistochemistry: A 0.5 cm length of

duodenum was harvested from each rat, fixed in Histochoice [a noncrosslinking
tissue fixative; Amresco, Solon, OH], and used as a positive control for BrdU
immunohistochemistry. Rat lungs were removed from the thorax, and the
pulmonary vasculature was perfused with 0.9% NaCl for 10 minutes to remove
blood while the lungs were inflated and deflated gently with room air. After
perfusion, the lungs were infused with Histochoice through both the tracheal and
pulmonary arterial cannulae. Constant-pressure fixative perfusion of the
vasculature was done to distend arteries uniformly. The infusion pressures of
fixative were maintained at 28 and 40 cm of water through the tracheal and
pulmonary arterial cannulae, respectively, modified from the technique previously
described (Reindel et al, 1990). Infusion was continued for 2 hours, at which
time the trachea was ligated, and the fixative-inflated lungs were immersed in
Histochoice for an additional 24-36 hours. Sections of the midportion of each of
3 lobes [1 section of lung from each of the left, right anterior and right posterior
lobes] from each rat were excised perpendicular to the mainstem bronchus and
embedded in paraffin. Tissue sections were stained with hematoxylin and eosin
for routine histologic evaluation and for elastin by the Verhoeff-Van Gieson

method.
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Additional sections of lung [from 3 lobes per rat] and duodenum were
prepared for immunohistochemical examination with a mouse-derived
monoclonal antibody to BrdU [Becton Dickenson, San Jose, CA] using an
automated immunostainer [Leica Histostainer Ig, Leica, Inc., Deerfield, IL].
Briefly, paraffin sections were cleared with xylene, rehydrated, and treated to
remove endogenous alkaline phosphatase. Sections were proteinase-digested
and then denatured in 2N HCI. After rinsing with Tris-buffered saline [TBS) and
drying, the sections were covered with normal horse serum [Vector Laboratories,
Burlingame, CA], followed by application of the anti-BrdU antibody at a 1:150
dilution. The secondary antibody, biotinylated horse anti-mouse IgG [Vector
Laboratories], was diluted in TBS, applied to tissue sections and subsequently
reacted with avidin/biotin-conjugated alkaline phosphatase [ABC-AP, Vector
Laboratories]. The sections were incubated with Vector Fast Red chromagenic
substrate [Vector Substrate Kit 1, Vector Laboratories] and counterstained with
hematoxylin.

Nuclei of ECs labeled red under halogen light were quantified in 51-75
arteries 60-250um in diameter [3 lung lobes per rat] from each animal. Only
arteries with clearly defined endothelial cells and vascular smooth muscle cells
were evaluated. Nuclei were visualized using a Microstar IV microscope
[Reichert Scientific Instruments, Buffalo, NY] and enumerated at 400X
magnification. The labeling index was defined as the number of chromagen-

labeled EC nuclei/total EC nuclei.
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The density of EC nuclei for each artery was quantified in arteries 60-
250pum intimal diameter as the number of EC nuclei per unit length of arterial
intima. The density of EC nuclei was determined on days 1 and 8 to compare
the differences in cell density prior to histologically-evident injury [day 1] and
after development of vascular leak [day 8]. The circumference of the arterial wall
was derived from the average of 2 perpendicular measurements of the arterial
diameter calculated from the intemal elastic membrane. The arterial

circumference was determined using the following formulae:

Average diameter [um] = 2 perpendicular measurements of diameter [um]
2

Circumference [um] = Average diameter [pm] X Tt.

The number of EC nuclei per length of arterial circumference was
calculated for each artery. Observations for 27-78 arteries 60-250um in diameter
from each rat on days 1 and 8 [3 rats per treatment group] were used for

statistical analysis.

Statistical Analysis: Qualitative data which were normally distributed were
analyzed by one way analysis of variance [ANOVA] (Steel and Torrie, 1980). All
data expressed as percentages were arcsin square root transformed and

analyzed by ANOVA. Multiple comparisons were made using Student-Newman-
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Keuls method (Steel and Torrie, 1980). When the homogeneity of variance test

failed, data were analyzed by the Kruskal-Wallis One Way ANOVA and
comparisons between groups made by Dunn's method. Statistical significance

was defined as a p < 0.05.

Markers of Lung Injury: Alterations in markers of lung injury after MCTP

exposure followed a pattern similar to that previously described (Reindel et al,
1990). The lung weight/body weight ratio [LW/BW] increased by day 5 and
continued to be elevated through day 14 [Figure 22A], consistent with an
increase in lung interstitial and/or alveolar fluid and cellularity as revealed by
morphologic examination [see below]. BALF protein concentration was
significantly increased on days 5-14 [Figure 22B], consistent with increased
pulmonary vascular permeability (36). RV/[LV+S] was increased over controls at
both days 8 and 14 [Figure 22C]. These results confirm the delayed and
progressive nature of MCTP-induced pulmonary effects as previously described

(Reindel et al, 1990; Schultze et al, 1994).

Histopathology [Figure 23]: Lungs from untreated rats or rats receiving
vehicle had no significant lesions. Changes in the lungs after MCTP

administration were evident in 1 of 3 rats at day 4 and in 3 of 3 rats at days 6 and
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Figure 22. Markers of lung injury after MCTP.

The effect of MCTP on [A] lung weight to body weight ratio [LW/BW], [B] the
bronchoalveolar lavage fluid [BALF] protein and [C] right ventricular weight
[RVALV+S}] are shown.

* = different from vehicle [DMF] control. p < 0.05.
n = 3 rats/treatment group/time point.
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Figure 23. Photomicrographs of lung from vehicle- or MCTP-treated rats.

Histologic sections of lung from rats collected 8 days after exposure to vehicle
[DMF - panel A] or MCTP [panel B and C]. Alterations present in MCTP-
exposed lung include diffuse thickening of the alveolar wall [*], protein and fibrin
within the alveoli [arrowhead] and enlargement of type Il pneumocytes [solid
arrow] and bronchiolar epithelial cells [open arrow].



Figure 23.
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8. Lesions included patchy to regionally diffuse thickening of alveolar walls and
the presence of proteinaceous material with fibrin within some alveoli. There
was moderate, muitifocal to diffuse type |l pneumocyte hypertrophy at days 4
through 8 and hypertrophy of endothelial cells and vascular smooth muscle cells
in pulmonary arteries of rats examined on days 7 and 8. Arteries were
determined to be uniformly distended [ie, absence of scalloping of the internal
elastic membrane] through evaluation of elastin-stained sections of lung.

Sections of the duodenum were normal in all rats.

BrdU Labeling of Duodenal Mucosa: Rats were treated with vehicle [DMF]
or MCTP on day 0 and given BrdU 18, 5 and 2 hours before they were killed. In

all rats, 33-40% of the thickness of the duodenal mucosa [epithelium] was
labeled with BrdU, consistent with uniform dosing and absorption of BrdU from

the peritoneal cavity [data not shown].

BrdU Labeling ECs: The fraction of labeled ECs from untreated rats
ranged from 1.5-3.5% in arteries up to 250um in diameter [data not shown].
BrdU labeling of ECs from vehicle-treated rats was similar to untreated controls.
Values for labeling indices from vehicle-treated rats from days 1-8 were not
significantly different and were combined for statistical analysis. BrdU
incorporation in MCTP-treated rats was not different from vehicle-treated rats for

the first 48 hours after MCTP [Figure 24]. However, MCTP-treated rats had a
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Figure 24. BrdU incorporation in pulmonary artery endothelial cells after
hicle or MCTP administration.

The endothelial cell labeling index was quantified as described in
Materials and Methods. The labeling index was determined in arteries

* different from respective vehicle control; p < 0.05.
n = 153-225 arteries/treatment group/timepoint.
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significant increase in BrdU labeling of ECs in pulmonary arteries at 3 days, and
this persisted through 7 days [Figure 24]. Maximum EC labeling in arteries from
MCTP-treated rats was 6.5 fold greater than vehicle-treated rats. Representative
examples of BrdU labeling of small pulmonary artery endothelial cells is shown in

Figure 25.

EC Density: The mean numbers of EC nuclei per 100um of arterial wall
length are shown in Figure 26. There was no significant difference in EC density
between MCTP- and vehicle-treated rats on day 1. The cell density was slightly
but significantly decreased in arteries from MCTP-treated rats at 8 days

compared to vehicle controls.

Depending on the size and severity of the lesion, injury to the endothelium
either in vitro or in vivo is normally followed by cell spreading, migration, and cell
proliferation (Schwartz et al, 1980; Wong and Gotlieb, 1984; Ettenson and
Gotlieb, 1992; Ettenson and Gotlieb, 1994). Physiologic reformation of an
endothelial cell monolayer can occur within 24 hours after small wounds; the
inhibition of endothelial cell migration or proliferation can severely impair the
ability to recreate monolayer confluence in any size wound (Schwartz et al, 1980;

Ettenson and Gotlieb, 1994). Inadequate or incomplete repair of endothelial
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Figure 25.

Sections of lung from rats treated on day 0 with vehicle [DMF] or MCTP and
exposed to BrdU during the 24 hours prior to euthanasia on day 5. BrdU+ cells
are present in lung exposed to vehicle [A] or MCTP [B] [arrowheads]. Labeled
endothelial cells lining arteries in the lung of rats treated with MCTP [B] are

numerous [arrows].



Figure 25.
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Day 1 Day 8
Time (after MCTP exposure)

Figure 26. Density of endothelial cells lining small pulmonary arteries.

The pulmonary artery endothelial cell density was determined on days 1
and 8 after the administration of MCTP or vehicle. The density was
defined as the number of endothelial cell nuclei per 100um of arterial
circumference measured from the external elastic membrane

of pulmonary arteries 60-250pm in diameter [see Materials and
Methods].

* o different from respective vehicle control. p < 0.05.
n = 153-225 arteries/treatment group/timepoint.
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injury in vivo can be responsible for enhanced thrombogenesis or increased
vascular permeability (Cotran et al, 1994).

MCTP administered intravenously to rats causes a limited, but continuous
loss of endothelial cells which is accompanied by progressive pulmonary
vascular leak (Reindel et al, 1990). The mechanism of increased vascular
permeability is not fully understood, but it is thought to reflect the protracted loss
of or damage to cells from the endothelial monolayer. In vitro, BEC cultures
treated with MCTP have a similar degree of cell loss, but subsequent reformation
of a confluent monolayer does not occur at nominal MCTP concentrations
greater than 1.5uM due to inhibition of cell proliferation (Reindel et al, 1991).
The pulmonary vascular endothelial cell injury seen after the administration of
MCTP to rats may be compounded by the inhibition of proliferation, resulting in a
deficient repair response and vascular leak that is protracted and progressive.

In the present study, rats were treated with MCTP [1] to determine how
this toxicant impacts vascular endothelial cell proliferation and DNA synthesis in
vivo and [2] to correlate events in vivo with the effects of MCTP on endothelial
cells in vitro [see Chapter |l]. Pulmonary vascular leak, measured as an increase
in LW/BW and BALF protein, was recognized on day 3 and persisted through
day 14, when right ventricular hypertrophy was evident [Figure 22]. A significant
increase in vascular endothelial cell DNA synthesis, measured as BrdU
incorporation, was identified on day 3 [Figure 24] which corresponded to the

increase in vascular permeability. Despite the persistent upregulation of DNA
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synthesis over 7-8 days [Figure 24], the number of pulmonary arterial endothelial
cells at day 8 was not increased [Figure 26]. The results in vivo suggest that,
after an MCTP-induced stimulus to proliferate [ie, endothelial cell injury and loss],
endothelial cells initiate DNA synthesis but are unable to divide. The lack of cell
proliferation after MCTP that follows remarkable upregulation of DNA synthesis
may reflect an incomplete stimulus for cell division, or conversely, the inhibition
of cell division despite the presence of a complete endothelial cell mitogen.
Mitogenic stimuli often take the form of protein growth factors which may
be classified as competence or progression factors (Cotran, 1994).
Competence factors can initiate cellular changes necessary for induction of the
cell cycle [ie, the upregulation of early immediate genes such as Fos and Jun]
(Majesky et al, 1989; Sachinidis et al, 1993) but are unable to stimulate the
completion of DNA synthesis and mitosis without additional growth factors in
some cell types (Ross et al, 1986; Rothman et al, 1994). Platelet derived growth
factor [PDGF] is a competence factor which requires the presence of plasma or
another growth protein [eg, insulin-derived growth factor] to complete mitosis in
endothelial cells. PDGF is, however, a complete mitogen in smooth muscle cells
(Bobik and Campbell, 1993). In contrast, progression factors induce pathways
necessary for both initiation and completion of mitosis. Protein growth factors
responsible for endothelial cell alterations leading to cell proliferation may be
released from stimulated or injured cells or may be a component of the blood

plasma (Albelda, 1990; Bobik and Campbell, 1993). PDGF released from
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platelets or present in the plasma has been proposed as a possible mechanism
of MCTP-induced vascular remodeling involving smooth muscle cells (Ganey et
al, 1988); an interaction of PDGF with endothelial cells after injury and
exacerbated by increased vascular permeabilty could result in incomplete
mitogensis as is seen in the present work.

In contrast to the effect of an incomplete mitogen resulting in delayed or
arrested cell proliferation, the inhibition of mitosis by MCTP in the presence of a
stimulus for cell proliferation may cause DNA synthesis without subsequent cell
proliferation. Several lines of data support this hypothesis. First, vascular injury
similar to that produced by MCTP result in the synthesis/release of both
competence and progression growth factors expected to provide a complete
mitogenic stimulus (Bobik and Campbell, 1993). Second, MCTP does not
interfere with DNA, RNA or protein synthesis [cell functions induced by growth
stimuli and essential for mitosis] in cultured endothelial cells (Hoormn and Roth,
1992). Third, megalocytosis in hepatocytes and type || pneumocytes in the lung
after MCTP and other pyrrolizidine alkaloids requires the generation of additional
cell components [likely due to a mitogenic stimulus], but replication is not
followed by cell division (Hsu et al, 1973; Samuel and Jago, 1975; Wilson and
Segall, 1990). Understanding what growth stimuli are present after MCTP-
induced endothelial cell injury, how those growth factors initiate cell division and
how MCTP interferes with cell division induced by those factors is necessary to

define a role for mitotic inhibition in endothelial cells by MCTP in vivo.
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The development of technologies which will allow the analysis of cell cycle
patterns in individual cells isolated directly from the pulmonary microvasculature
of MCTP-treated rats will allow testing of hypotheses concerning the presence of
and role of mitotic inhibition in the development of pulmonary hypertension. Until
that time, the patterns of increased DNA synthesis without cell proliferation in
vivo described in the present work suggests that MCTP may inhibit injury-
induced cell proliferation in vivo. Inhibition of proliferation after endothelial injury
may be responsible for the persistence of vascular leak. Additionally, the
timecourse of increased DNA synthesis in vivo after MCTP administration
supports the possibility that blood-bome growth factors may gain extended
access to the subintimal cells of the pulmonary arteries. Such an interaction
could be associated with vascular remodeling by providing a mitogenic stimulus

to VSMCs.



Chapter IV
HYPERTROPHY AND PROLONGED DNA SYNTHESIS IN SMOOTH MUSCLE
CELLS CHARACTERIZE PULMONARY ARTERIAL WALL THICKENING

AFTER MONOCROTALINE PYRROLE TO RATS
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Summary of Chapter |V

An increase in the thickness of the medial layer of pulmonary arteries constitutes
a remodeling change in the vascular wall after MCT[P] which is considered
important in the induction of pulmonary hypertension. The mechanism
responsible for the change in medial thickness [ie, alteration in the vascular
smooth muscle cells in that layer] is unknown. Defining the character of the
pulmonary arterial medial layer after MCTP administration to rats was proposed
as a method to 1] determine the change in smooth muscle morphology and 2]
determine the effect on DNA synthesis and cell proliferation by this toxicant, the
latter allowing a correlation to those changes in endothelial cells described in
vitro [Chapter Il] and in vivo [Chapter Ill]. As described in Chapter lll, male,
Sprague-Dawley rats were treated with MCTP [3.5mg/kg, iv] or its vehicle
[dimethylformamide, DMF] and an index of vascular smooth muscle cell labeling
was determined [bromodeoxyuridine incorporation]. In addition, the density of
smooth muscle cells [as a determinant of cell proliferation] was measured and
correlated the the arterial medial thickness. Within 5 days after MCTP
administration, the thickness of the medial smooth muscle layer in arteries 60-
250 ym in diameter was increased, prior to evidence of right heart hypertrophy.
BrdU incorporation by VSMCs in pulmonary arteries was not different in vehicle-
and MCTP-treated rats for the first 48 hours after treatment. However, MCTP

caused a significant increase in DNA synthesis in VSMC on days 3-8 in arteries
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up to 250 ym in diameter. Although increased DNA synthesis precedes cell
proliferation, the relative number of medial VSMCs did not increase over 8 days,
suggesting that hypertrophy alone was responsible for the increased thickness of
the arterial media. These results demonstrate that MCTP causes thickening of
the media of pulmonary vessels through VSMC hypertrophy and that the
prolonged DNA synthesis which accompanies VSMC hypertrophy is not followed
by proliferation. The data suggest that MCTP may initiate DNA synthesis in
VSMCs but inhibit cell proliferation, similar to the mechanism proposed to occur

in endothelial cells in vivo [Chapter Il1].

Among the changes which characterize pulmonary vascular remodeling
after MCTP in vivo is increased thickness of the medial layer of pulmonary
arteries due to alterations in VSMCs (Kay and Heath, 1966; Hislop and Reid,
1974). The increase in medial thickness precedes, and is thought to be
responsible for pulmonary hypertension in rats after MCT[P] (Kay and Heath,
1967; Meyrick et al, 1980). The morphologic change in VSMCs responsible for
the increase in arterial medial thickeness and the mechanism responsible for that
increase have not been defined.

Meyrick and Reid (1982) showed that treatment of rats with MCT caused

increased incorporation of 3H-thymidine in cells of pulmonary arterial walls, and
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that this was associated temporally with vascular wall thickening. In that report,
thickening of the arterial wall was proposed to be due in part to hyperplasia of
VSMCs based on thymidine incorporation results. Reindel et al (1990) reported
a notable absence of mitotic figures in pulmonary VSMCs in spite of an increase
in medial thickness by 5-8 days after MCTP. The latter results suggested that
the increase in vascular medial thickness may not be due to VSMC hyperplasia,
but to a process which causes VSMC mass to increase through enlargement of
individual cells.

In vitro, endothelial cells show a different response to the cytotoxic effect
of MCTP which is dependent on the species of animal from which the cells were
acquired (Reindel et al, 1991; Reindel and Roth, 1991; Hoorn et al, 1993).
Regardless of the cell origin, endothelial cells exposed to MCTP and
subsequently provided a growth stimulus [ie, passage of cells to a subconfluent
density] become enlarged and fail to divide (Reindel and Roth, 1991). VSMCs
exposed to a similar set of conditions produce additional organelles as they
increase in size (Reindel and Roth, 1991), a process which has been associated
with cell hypertrophy (Wang et al, 1994; Owens and Schwartz, 1983).

As described in Chapter Ill, hypertrophy may result from partial mitogenic
activation, determined by the character of the protein growth factor. Conversely,
cells exposed to MCTP may be stimulated to undergo proliferation [cell
injury/loss or growth factor release] through the activation of segential events

[cell cycle] which lead to cell division [see Chapter Il}, but are inhibited from
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completing mitosis by MCTP even though the synthesis of macromolecules
continues [Chapter 1] (Hoom et al, 1992).

The present study was designed as an extention of Chapter Il and used
to identify changes in VSMC morphology and growth after MCTP. In addition,
the results obtained were associated with mechanisms potentially involved in the

development of smooth muscle cell remodeling of the vascular media.

Animals: Male, Sprague-Dawley weighing 175-225g were housed and fed

as described in Chapter .

MCTP_ Synthesis: Monocrotaline pyrrole was synthesized from MCT as
described in Chapter Il. MCTP was maintained in N, N'-dimethylformamide
[DMF] under nitrogen at -20°C and was diluted to working concentrations with
DMF immediately before use. The concentration of MCTP used was adjusted to

allow accurate dosing at volumes less than 0.2 mi.

ITreatment Protocol: On day 0, rats received a single injection of either
MCTP [3.5 mg/kg] or an equivalent volume of DMF via the tail vein. Three rats
per treatment group were killed on days 3, 5, 8 and 14 for the evaluation of

markers of injury and pulmonary hypertension as described previously (Reindel
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et al, 1990) or on days 1-8 for histopathology and immunohistochemistry. The
administration of BrdU and the rationale for the dosing regimen are described in
Chapter Ill. Prior to necropsy, animals were anesthetized with sodium
pentobarbital [50 mg/kg, ip] and exsanguinated by severing the abdominal aorta.
A tracheal cannula was secured in all animals (Roth, 1981), and an additional
pulmonary arterial cannula was placed (Schultze et al, 1994) in animals used for
histologic evaluation. Animals killed for the measurement of biochemical

markers of injury were not used for histologic evaluation.

Evaluation of MCTP-Induced Lung Injury: The heart, lungs, trachea and

mediastinum were removed enbloc and, prior to lavage, blotted dry and weighed.
The lungs were lavaged twice with 0.9% sodium chloride solution [23 mi/kg] as
previously described (Roth, 1981), and the volumes of bronchoalveolar lavage
fluid [BALF] were combined and placed on ice. After lavage, the lung lobes were
excised from the trachea by severing the major bronchi. The remaining heart,
trachea and mediastinum were then weighed. The lung weight was determined
by subtracting the weight of the heart, trachea and mediastinum from the total
weight of the original tissue block removed from the thoracic cavity.

The lavage fluid was spun at 600Xg for 10 minutes to pellet the cells, and
the supematant fluid was used for quantitation of protein. BALF protein was
measured by the method of Lowry et al (1951) using an EL 340 Microplate Bio

Kinetics Reader [Bioteck Instruments, Winooski, VT].
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Right ventricular hypertrophy was assessed as an increase in the ratio of
the right heart weight to the weight of the left heart and interventricular septum
[RVA{LV+S}] and used as a marker of pulmonary hypertension (Fulton et al,

1952).

Histopatholgic Evaluation and Immunohistochemistry: The procedures

used for the tissue collection and preservation are described in Chapter Ill.
Briefly, the lungs were flushed of blood with 0.9% saline, perfuse fixed with a
noncrosslinking preservative [Histochoice] for 2 hours followed by immersion
fixation in the same preservative for 24-36 hours. A 0.5 cm length of duodenum
was harvested from each rat, fixed in Histochoice [Amresco, Solon, OH] and
used as a positive control for BrdU immunohistochemistry. As previously stated,
fixative perfusion of the vasculature was done to distend arteries uniformly in
order to eliminate the contribution of vessel contraction to medial thickening,
using a technique for vascular perfusion modified from Reindel et al (Reindel et
al, 1990).

After thorough tissue fixation, sections of the midportion of each of 3 lung
lobes [left, right apical and right diaphragmatic] from each rat were excised
perpendicular to the mainstem bronchus and embedded in paraffin. Small,
muscular pulmonary arteries were identified by their location within the
peribronchiolar adventitia which differentiated them from small pulmonary veins,

typically located in the parenchyma between bronchioles (Wagenvoort and
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Wagenvoort, 1979). Tissue sections were stained with hematoxylin and eosin
for routine histologic evaluation and elastin by the Verhoeff - Van Gieson's
method, previously utilized to allow the accurate measurement of the arterial
medial thickness (Hill et al, 1989; Huxtable et al, 1977; Ono and Voelkel, 1991)
and ensure uniform distention of the arteries (Wagenvoort and Wagenvoort,
1979).

Additional sections of lung and duodenum were prepared for
immunohistochemical examination with a mouse-derived monoclonal antibody to
BrdU [Becton Dickenson, San Jose, CA] using an automated immunostainer
[Leica Histostainer Ig, Leica, Inc., Deerfield, IL]. The technique is described in
detail in Chapter .

Nuclei of VSMCs labeled red under halogen light were quantified in 23-67
arteries [60-120um diameter] or 8-28 arteries [120-250pum diameter] from each
animal [3 sections of lung from each rat]. The ranges of arterial diameters were
chosen to represent parenchymal arteries [<120um] and arteries adjacent to
terminal bronchioles [120-250um], and only arteries with clearly defined
endothelial cells and vascular smooth muscle cells were evaluated.

Nuclei were visualized using a Microstar IV microscope [Reichert
Scientific Instruments, Buffalo, NY] and enumerated at 400X magnification. The
labeling index was defined as the number of labeled VSMC nuclei/total VSMC
nuclei. The VSMC labeling index was determined for each artery in one of two

diameter ranges [60-120um or 120-250um] from 3 rats in each treatment group
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[n = 69-201 or 24-84, respectively], and those values were used to calculate an
average labeling index. The total number of observations per group in each of
the two arterial size ranges were used for statistical analysis.

In Verhoeff-Van Gieson-stained sections, the medial thickness was
measured between the internal and external elastic laminae as described by
Meyrick et al (1980). The widest diameter of the artery and the diameter
measured 90° perpendicular to the widest dimension were averaged as the
external diameter. The average medial thickness was derived with the same
sites used to measure diameter. The medial thickness ratio for each artery was

calculated by the following formula [modified from Meyrick et al (1980)]:

Medial Thickness Ratio = [Average Medial Thickness X 2]

Average External Diameter

The medial thickness ratio was determined for each artery in one of two external
diameter ranges [60-120um or 120-250pum] from 3 rats in each treatment group
[n = 69-201 or 24-84, respectively]. The medial thickness ratio was calculated
for each treatment group [total arteries visualized in 3 rats per group] for each
diameter range of arteries evaluated on each of days 1, 5 and 8.

VSMC nuclei were counted in each arterial profile examined and used to
determine the VSMC density per artery in one of two diameter ranges [see

above]. For each treatment group [3 rats], a total of 69-201 arteries [60-120pm
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diameter arteries] or 24-84 arteries [120-250um diameter arteries] per treatment
group were evaluated on each of days 1-8 after MCTP or DMF administration.
The frequency distribution of artery diameters was determined for each of
the two ranges evaluated [60-120pm and 120-250um] to judge the uniforimity of
that distribution between treatment groups. This evaluation was done to identify
any misrepresentation of vessel sizes within a diameter range which may
introduce bias and prevent meaningful comparisons of the medial thickness or
VSMC density between treatment groups. Arteries in the diameter size range
from 60-120pm were subdivided into two smaller ranges [60-90 and 91-120um]
for each treatment group [vehicle or MCTP on days 1,5 and 8]. The artery
diameter distribution and the medial thickness ratio [see above] were compared
between treatment groups in each of the subdivided ranges. A similar evaluation
was done with arteries ranging from 121-250pm in external diameter divided into

3 subgroups.

Statistical Evaluation: Results were expressed as mean + SEM. Data for
single comparisons between treated and vehicle control were analyzed using the
student's t-test (Steel and Torrie, 1980). Multiple comparisons were analyzed by
one way analysis of variance [ANOVA] and Student Newman-Keuls post hoc test
(Steel and Torrie, 1980). Ratios were arcsin square root-transformed prior to
analysis or compared using an appropriate nonparametric test (Steel and Torrie,

1980). The criterion for significance was p < 0.05.
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Markers of Injury [Figure 22 - Chapter lll]}: Alterations in markers of lung
injury after MCTP exposure are reported in Chapter lll. Briefly, The lung
weight/body weight ratio [LW/BW] [Figure 22A] and BALF protein concentration
[Figure 22B] were increased by day 5 and continued to be elevated through day
14 consistent with an increase in lung interstitial and/or alveolar fluid and
cellularity (44). RV/[LV+S] was increased over controls at both days 8 and 14

[Figure 22C].

Histopathology: The results of a histopathologic analysis of the lung from
rats treated with MCTP are summarized in Chapter Ill. Briefly, significant lesions
were limited to the lung of rats treated with MCTP, prevalent after day 4 and
progressive through day 8, the last day of histologic evaluation. Lesions
included patchy to regionally diffuse thickening of alveolar walls, the presence of
alveolar protein with fibrin, hypertrophy of vascular and nonvascular lung cells,
and the increase in arterial medial thickness. Figure 27 shows the relative
increase in medial thickness of parenchymal and peribronchiolar arteries.
Arteries between 60 and 250 um diameter were determined to be adequately
distended through evaluation of elastin-stained sections of lung. Sections of the

duodenum were normal in all rats.



177

Figure 27. Medial thickness of small pulmonary arteries from rats treated
th vehicle or MCTP.

Photomicrographs of rat lung collected 8 days after exposure to vehicle [A and
C] or MCTP [B and D]. Arteries adjacent to the terminal bronchiole [A and B]
and within the alveolar wall [C and D] are shown. The vascular media [arrow]
and smooth muscle cell nuclei [arrowhead] are labeled in both treatment groups.
All of the photomicrographs were taken at the same magnification.



Figure 27.
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BrdU Labeling of Duodenal Mucosa: In all rats, approximately 33-40% of

the thickness of the duodenal mucosa [epithelium] was labeled with BrdU,
consistent with uniform dosing and absorption of BrdU from the peritoneal cavity

[data not shown).

BrdU Labeling YSMCs: The fraction of labeled VSMCs from untreated rats
ranged from 1.5-3.5% in arteries up to 250um in diameter [data not shown].
BrdU labeling of VSMCs from vehicle-treated rats was similar to untreated
controls. Labeling indices from vehicle-treated rats from days 1-8 were not
significantly different and were combined to increase the statistical power of
analysis. BrdU incorporation in MCTP-treated rats was not different from
vehicle-treated rats for the first 48 hours after MCTP. MCTP-treated rats had a
significant increase in BrdU labeling at 3 days in 120-250um arteries [Figure
28A) and at 4 days in arteries smaller than 120um [Figure 28B]. BrdU labeling
persisted at an increased rate through the entire 8 day evaluation period in

arteries up to 250um. Maximal labeling approached 15%.

Arterial Wall Cell [VSMC] Density: The numbers of VSMC nuclei per artery

[cell density] are listed in Table 1. There were no significant differences in
VSMC cell density between MCTP- and vehicle-treated rats over 8 days.
Additionally, no time-dependent increase in cell density occurred for any of the

treatments or artery sizes.
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Figure 28. DNA synthesis [BrdU labeling index] of pulmonary vascular
smooth muscle cells [VSMCs].

The labeling index of VSMCs in arteries with an external diameter of
[A] 120-250um or [B] less than 120um is shown.

*= different from respective DMF control; p < 0.05.
n = 24-201 arteries /treatment group/timepoint.
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Table 1. Density of smooth muscle cells in pulmonary

Arteries 60- Arteries >
120um 120um
Days after Treatment
treatment Smooth Muscle Cell Nuclei per Artery

1 Vehicle 42105 26.7 £ 10.0
MCTP 50+£03 19.0t3.5

2 Vehicle 52104 227+3.0
MCTP 55106 26.7+4.1

3 Vehicle 48+0.3 20720
MCTP 55+04 223164

4 Vehicle 50109 180+ 1.0
MCTP 4605 18.3+0.9

5 Vehicle 50108 21017
MCTP 48+0.7 250+ 3.8

6 Vehicle 40+0.6 21.0+£3.2
MCTP 46104 25783

7 Vehicle 44105 17723
MCTP 54+05 2001 3.1

8 Vehicle 45105 19.31+45
MCTP 48 +0.6 23.3+49

Results are the means t S.E.M. for all arteries in sections
of lung examined, subdivided into two groups of external diameters
ranging from 60-120um [n = 69-201] and 121-250um [n = 24-84].
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Arterial Wall Medial Thickness Ratio: The ratio of the arterial medial
thickness to arterial diameter for each of the artery sizes is listed in Table 2. The
medial thickness ratio was increased in MCTP-treated rats at both 5 and 8 days

in arteries up to 250 ym in diameter.

Relative Distribution of Arterial Sizes: The distribution of arterial sizes
within artery diameter ranges [see Materials and Methods] was determined to
assess potential counting bias. A ratio of the number of arteries in a subdivided
group [ie, 60-90 and 91-120um] to the total arteries counted for a range [ie, 60-
120pm] was calculated. In vessels of size 60-120um, there were no differences
between vehicle- and MCTP-exposed lungs in the size distribution of arteries
evaluated at any day after treatment [Figure 29A]. Similarly, there were no
consistant distribution differences within the larger range [121-250um], although
there was a tendency on day 8 for a slightly greater fraction of small vessels in

the DMF group [Figure 29B].

Comparison of the Medial Thickness Ratio: The medial thickness ratio

[see Materials and Methods] was compared between the subdivided groups of
each diameter range [60-120 or 121-250um) for vehicle- or MCTP-treatment
groups on days 1,5 and 8. No consistent differences in medial thickness

occurred between the large and small vessels within either of the original ranges
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Table 2. Medial thickness of pulmonary arterial
_walls after exposure of rats to MCTP.

Arteries 60- Arteries > 120
120um um
?;);f:it:tr Treatment Average Medial Thickness
1-8 Vehicle 43102 51102
1 MCTP 52105 50103
5 MCTP 6.3+0.7* 6.8+0.5"
8 MCTP 55104 6.5+04"

The medial thickness was measured as the distance between
the internal and external elastic laminae [see Materials and
Methods). Results are the means + S.E.M. for all arteries in
sections of lung examined from each treatment group. Artery
diameters were subdivided into two size ranges consisting of
vessels 60-120um [n = 69-201] and 121-250um [n = 24-84].

* = different from respective vehicle control.
p <0.05.
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Figure 29.

The two artery size range groups [60-120 [A] and 121-250um [B]

were subdivided into two or three smaller groups [see Materials and
Methods]. The distribution was compared across each of the smaller
size range at days 1, 5 and 8, as well as between treatment groups

on each day. The single significant difference [* in plot B] is addressed
[see Discussion).
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[Figures 30A and B]. This was true for vessels from vehicle- as well as MCTP-

treated rats.

MCTP causes pulmonary vascular remodeling which precedes a
significant increase in pulmonary arterial pressure (Reindel et al, 1990). These
changes occur within the first 8 days after the administration of MCTP. The
present study confirms that pattern. Vascular remodeling, measured as an
increase in the thickness of the medial layer of pulmonary arteries, was evident
by day 5 after MCTP administration [Table 2]. Pulmonary hypertension was
evaluated indirectly by the increase in right ventricular muscle weight compared
to the weight of the combined left ventricular free wall and septum [RV/{LV+S]}].
RV/[LV+S] was not significantly increased until post-treatment day 8 [Figure
22C).

In any histologic study of vascular remodeling, preparation artifacts,
pathologic or physiologic vessel wall contraction, inadequate vascular distention
or the contribution of decreased vascular compliance have the potential to
preclude the accurate appraisal of medial thickening. As well, enlargement or
alterations in shape or orientation of cell nuclei can influence the quantification of

cell density. Although no methods exist to eliminate all potential biases
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Figure 30. The medial thickness ratio of small pulmonary arteries.

Each artery size group evaluated [A; 60-120] and [B; 121-250um] were
further subdivided into smaller size groups. The medial thickness ratio
was compared between the subdivided groups for vehicle [DMF]

or MCTP treatment groups on days 1, 5 and 8. The single significant
difference [* in plot A] is addressed [see Discussion].
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completely in a study of this type, attempts were made to minimize
misinterpretation of observed changes in pulmonary arteries after the
administration of MCTP. First, biases influencing medial thickness were
considered. Vascular contraction or inadequate vascular distention may cause
artifactual thickening of the media. Contrasting reports have described both
increased and decreased vascular contractility following MCT or MCTP (Altiere
et al, 1985; Hilliker and Roth, 1985). In this study, the pulmonary circulation was
fixed in a distended state using an established protocol (Reindel et al, 1990), and
the uniformity of distention was confirmed by examining the elastic laminae of
pulmonary arteries for the absence of cupping, an indicator of vessel wall
contracture.  Vascular distention was therefore considered satisfactory.
Additionally, the deposition of additional extracellular matrix components in the
vascular wall may increase the medial thickness or reduce compliance. In a
previous study, the examination of electron micrographs of the pulmonary
vasculature after MCTP administration did not reveal changes in extracellular
matrix (Reindel et al, 1990) at the post-treatment times we examined.

Second, factors which may alter cellular morphology, resulting in an
incorrect interpretation of VSMC density, were also considered. As described in
the introduction above, the identification of hypertrophy is usually based on
estimates of cell density in the tissue. In this study, the quantitation of cell nuclei
and the measurement of vascular medial thickness were used to describe the

morphology of VSMCs in pulmonary artery medial thickening.  Nuclear
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enlargement, shape change or distortion of the orientation of nuclei can result in
the overrepresentation of nuclei in a tissue section and, as such, a potential bias
toward overcounting. /n vitro, application of MCTP to cells results in increased
nuclear size (Reindel and Roth, 1991). If overcounting due to increased
nuclear size were a significant problem, we would have expected to observe
greater numbers of VSMC nuclei in MCTP-treated rats, favoring an interpretation
that hyperplasia had occurred. However, the density of VSMC nuclei in arteries
of MCTP-treated rats was not different from control rats at any timepoint [Table
1].

A third factor with the potential to contribute bias was the wide range of
artery sizes used for comparison of effects between MCTP and its vehicle.
Conceivably, the overrepresentation of arteries on one end of a range [ie, an
abundance of 60-80uym diameter arteries in the 60-120um range group] could
skew the results of comparisons of that group with others containing a more
normally distributed population. As well, marked differences in the artery size
distribution could affect calculations to determine medial thickness and vascular
smooth muscle cell density. The accurate characterization of hyperplasia or
hypertrophy in this study is dependent on the uniformity of these measurements
across treatment groups. The comparisons of artery diameter frequency
distribution [Figure 29] and medial thickness ratios [Figure 30] showed that
unequal frequency distributions did not contribute bias to the present study. A

single significant difference between MCTP and vehicle-exposed arterial size
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frequency was identified in the 121-250pm diameter subgroup at day 8
[overrepresentation of artery size in DMF group - Figure 29B]. This difference
was matched by an equal [although not significant] overrepresentation of arteries
> 201ym in the MCTP group at day 8. As well, it was determined that any
contribution made by this discrepancy would favor hyperplasia and not
hypertrophy in this study. In summary, the distribution of vessel sizes within the
chosen ranges did not contribute to measured differences between arteries from
vehicle- or MCTP-treated rats.

Treatment of rats with either MCT or MCTP results in phenotypic
hypertrophy of VSMCs and a number of other cell types in the walls of
pulmonary arteries (Merkow and Kleinerman, 1966; Reindel et al, 1990), but the
role of hyperplasia of VSMCs in vascular remodeling has been less clear.
Increased DNA synthesis [ie, 3H-thymidine incorporation] noted by Meyrick and
Reid (1982) was interpreted as a proliferative response to MCT. In that study,
rats fed a dose of Crotalaria spectabilis seeds sufficient to produce pulmonary
hypertension had an increase in 3H-thymidine incorporation in VSMCs of large
arteries at days 3 and 28-35, whereas significant VSMC labeling in small,
intraacinar arteries did not occur at any time, even when evidence of pulmonary
hypertension was present [ie, increased right heart weight]. Muscular pulmonary
arterial wall thickness increased by 21 days after MCT, but the medial VSMC
density was significantly decreased at that time, an observation not obviously

consistent with VSMC proliferation. In the present study, pulmonary arteries
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from 120-250um in diameter had increased DNA labeling on day 3 which
persisted through day 8 after MCTP treatment [Figure 27A). In contrast to
results seen with MCT (Meyrick and Reid, 1982), there was a similar pattern of
labeling in VSMC of smaller, intraacinar arteries [Figure 27B]. Increases in the
labeling index of all arteries preceded evidence of pulmonary hypertension
[Figure 22C], and the change in arterial medial thickness which followed
increased DNA synthesis was not accompanied by an increase in the number of
arterial VSMCs [Table 1]. These results suggest that the change in arterial
medial mass after MCTP is due to VSMC hypertrophy, not hyperplasia, and that
the hypertrophic response is accompanied by increased DNA synthesis.

Cells normally enlarge and duplicate DNA and organelles prior to mitosis,
so that each daughter cell contains a full complement of nuclear and cytoplasmic
components. Once cells have passed all of the cell cycle checkpoints (Alberts et
al, 1989; Nurse, 1990) synthesis of DNA subsides and mitosis usually proceeds
(Laskey et al, 1989). The phenotype of VSMCs is known to change from
contractile to synthetic in conjunction with the ability to proliferate (Gabbiani et al,
1984; Thyberg et al, 1983). When a differentiated cell function must continue
without the interruption associated with cell division, it has been hypothesized
that cells may avoid mitosis in the face of a proliferative stimulus (Owens, 1989).
As such, VSMCs with the contractile phenotype may undergo hypertrophy and
synthesize additional micro- and intermediate filaments and microtubules, but not

divide (Wang et al, 1994). By contrast, cells with the synthetic phenotype that
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undergo hypertrophy contain additional, and often enlarged, cytoplasmic
organelles but fewer or smaller microfilaments (Wang et al, 1994). Accordingly,
conversion of VSMCs to a phenotype capable of proliferation but associated with
loss of contractile components may result in a reduced ability to maintain
vascular tone.

Alterations in the structure of arteries have been well defined in animal
models of systemic hypertension (Owens and Reidy, 1985, Owens and
Schwartz, 1983; Owens et al, 1988b). In systemic arteries, an elevation in
vascular pressure is associated with an increase in medial VSMC mass that can
occur by hypertrophy (Owens and Schwartz, 1983) or hyperplasia (Owens and
Reidy, 1985). The response of VSMCs to systemic hypertension appears to
depend on the speed of onset and magnitude of hypertension as well as to the
size or conformation of the vessel affected. VSMCs in large conduit vessels
become hypertrophic and synthesize additional DNA in response to sustained
elevation of the intravascular pressure (Owens and Schwartz, 1983), whereas
persistent hypertension in small mesenteric arterial branches causes hyperplasia
with little hypertrophy (Owens et al, 1988b). .By contrast, acute systemic
hypertension with endothelial denudation and vascular leak following aortic
coarctation causes VSMC hyperplasia in the thoracic aorta (Owens and Reidy,
1985).

Owens and Reidy (1985) proposed that VSMC hyperplasia following

endothelial cell injury in systemic hypertension might occur by exposure of



192

VSMCs to 1] mitogens from injured endothelial cells, 2] the effect of endothelial
denudation or 3] the influx of blood-borne mitogenic factors. MCTP causes
endothelial cell injury and increased permeability of the endothelium in the
pulmonary microvessels in vivo, resulting in the escape of intravascular proteins
and fluid [Figure 22B]. Subsequently, if the trends identified in models of
systemic hypertension (Owens and Reidy, 1985; Owens and Schwartz, 1983;
Owens et al, 1988) held true for MCTP-induced pulmonary vascular injury,
VSMC hyperplasia would be the anticipated cellular response. As reported here,
however, hyperplasia is not a significant feature of vascular medial thickening in
pulmonary arteries after MCTP treatment [Tables 1 and 2]. MCTP appears to
initiate a growth stimulus for VSMCs, but after DNA synthesis the cells do not
progress to cell division.

How MCTP initiates increased DNA synthesis in VSMCs is unclear.
Results of the present study indicate that the earliest increase occurs at 3 days
after MCTP. At this time, endothelial cell damage and loss is minimal and
alterations in pulmonary arterial pressure are not yet present (Reindel et al,
1990). The onset of pulmonary vascular leak, however, has been identified as
early as 2 days after MCTP (Reindel et al, 1990) suggesting a role for mitogenic
factors which have leaked from the pulmonary vasculature. Alternatively, MCTP
may initiate the cellular synthesis and release of a mesenchymal growth factor

through interaction with the endothelium or may directly induce a mitogenic
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pathway in VSMCs. It is apparent from this study that the initial mitogenic signal
occurs within the first 3 days after the administration of MCTP.

It is unclear if MCTP can or does directly interact with VSMCs in vivo to
induce hypertrophy. MCTP, as well as other pyrrolizidine alkaloids, can inhibit
mitosis and cause cell hypertrophy and karyomegaly both in vitro and in vivo.
The mechanism by which mitotic inhibition occurs is unknown but presumed to
follow crosslinking of DNA and protein (Wagner et al, 1993). MCTP is highly
reactive and thought to interact rapidly with macromolecules within the cell,
making the endothelium the first and presumedly only direct pulmonary target of
the pyrrole (Mattocks, 1972). It appears possible, however, that the crosslinking
associated with pyrrolizidine alkaloid exposure is not permanent and that
conjugated pyrroles may be able to move from one macromolecule to another
(Mattocks, 1986), making it plausible that cells beneath the endothelium [ie,
VSMCs] are targets for MCTP. Consistent with this hypothesis is the response
of type |l pneumocytes after MCT (Wilson and Segall, 1990) or MCTP (Raczniak
et al, 1979; Reindel et al, 1990) administration in vivo. These cells undergo
marked hypertrophy and karyomegaly, possibly in response to a proliferative
stimulus and mitotic inhibition induced by MCTP.

In conclusion, MCTP causes a delayed and progressive lung injury which
results in pulmonary vascular remodeling and pulmonary hypertension. Vascular
medial thickening appears to be the result of VSMC hypertrophy and not

hyperplasia. Prior to evident cell enlargement, VSMCs undergo increased DNA
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synthesis characterized by BrdU incorporation. Hyperplasia of VSMCs does not
follow increased DNA synthesis and hypertrophy, suggesting incomplete
mitogenesis or cell cycle inhibition prior to mitosis. It is tempting to speculate
that VSMC hypertrophy and increased DNA synthesis after MCTP exposure is

due to the interruption of the cell cycle machinery necessary for mitosis.
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The pulmonary vasculature is the primary target of MCT[P] in the rat.
Endothelial injury appears first in a series of alterations that lead to pulmonary
hypertension. Endothelial cell damage is accompanied by pulmonary vessel
leak and precedes the development of perivascular edema. Increased
permeability is followed by vascular remodeling, pulmonary hypertension and cor
pulmonale. The predictable order of these changes suggests that the
occurrence of each event is dependent on that which precedes it [eg, vascular
remodeling requires a preexisting vascular leak]. [f this theory is true, then
understanding the initial effect of MCT[P] on the vascular endothelium may
reveal significant information about downstream events leading to pulmonary
hypertension. Such a theory aided in the construction of the work done for this
dissertation.

Among the MCT[P}-induced functional alterations in endothelial cells is
the inhibition of cell proliferation. The formation of megalocytic cells in the liver
of animals exposed to pyrrolizidine alkaloids has historically been ascribed to the
inhibition of mitosis caused by this toxicant. The functional ramifications of
mitotic inhibition in the development and persistence of toxicosis have not been
examined. Previously, studies using cultured cells exposed to MCTP have
shown that cell proliferation is inhibited and the repair of endothelial cell
monolayers is delayed or prevented (Reindel and Roth, 1991). MCTI[P] is known
to crosslink DNA (Petry et al, 1984; Wagner et al, 1993), and the production of

abnormal DNA structure can arrest the progression of cells through a replicative
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cycle until repair is completed (Hartwell and Weinert, 1989). An indirect
association between crosslinking and the inhibition of cell cycle progression has
been suggested (Thomas et al, 1996), but identification of the mechanism by
which MCT[P] inhibits mitosis has remained elusive.

The work presented in Chapter |l was an attempt to define how MCTP
interrupts mitosis by its action on events comprising the cell cycle.
Synchronized, subconfluent BECs were exposed to MCTP during defined cell
cycle phases to determine the selective sensitivity to this toxicant of events
occurring during those phases. The ability of MCTP to crosslink DNA produced
an expectation that the greatest sensitivity and effect would occur during S
phase when DNA strands unwind to replicate. It was anticipated that the open
DNA duplexes would be most vulnerable to an alkylation. The expected
outcome of S phase sensitivity to MCTP was S phase arrest and the inhibition of
replicative DNA synthesis, a checkpoint-controlled process in place to promote
the repair of damaged DNA. In contrast to the predicted pattern, BECs were
arrested in G,-M and continued to synthesize DNA; some cells contained an
amount of DNA greater than that deemed necessary for mitosis [hypertetraploid
cells]. In addition, the most sensitive phase of the cell cycle to the antimitotic
effect of MCTP was not during the bulk of DNA synthesis [S phase] as was
expected but occurred during the G, [DNA synthesis preparation] and early S
phases. The apparent disconnection of DNA synthesis from mitosis suggests

that one or more cell functions occurring early in the cycle [G,-early S}, unrelated
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to the replication of DNA strands but important in nuclear and cellular division,
may be involved in cell cycle arrest. The discussion in Chapter Il describes other
cell cycle arrest models which inhibit mitosis through the interruption of a cell
cycle checkpoint just prior to or during mitosis [Figure 6]. It is apparent that
additional work must be done to identify the mechanism responsible for this
pattern of cell cycle arrest after MCTP, but the groundwork established by the
present work provides the basis for additional characterization.

Although Chapter Il has focused thinking as to the way MCTP interferes
with mitosis, theories derived from that work must be applicable to MCTP-
induced vascular toxicity in vivo to aid in understanding this model. As stated
above, current technology does not allow the collection of pure populations of
vascular wall cells from small pulmonary arteries, so the evaluation of cell cycle
indices in microvascular endothelial cells in situ is not possible. In order to make
in vivo associations to the cell cycle data generated in cultured cells, the
measurement of effects of MCTP on cell replication parameters in small
pulmonary arteries of the rat was done using indirect methods.

The initial in vivo evaluation, described in Chapter Ill, was designed to
determine the effect of MCTP on endothelial cell replication and DNA synthesis
in pulmonary arteries. Rats treated with MCTP developed an increase in
endothelial cell DNA synthesis by day 3 after exposure, an increase that
persisted beyond the establishment of pulmonary hypertension [ie, increased

right heart weight]. Surprisingly, the prolonged increase in DNA replication in
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vivo was not followed by an increase in the number of endothelial cells lining
pulmonary arteries. Although different methods were used to measure the effect
of MCTP on DNA synthesis and cell proliferation in vivo and in vitro, a pattern of
persistent DNA replication without cell division was seen in both systems. These
two systems were compared to determine if the exposure to MCTP and the
response observed in each could support the possibility of a similar mechanism
in vivo and in vitro. The pattern of the cell cycle phase during exposure and the
time course of response to exposure in each system were examined.

As was described in Chapter Il, only endothelial cells leaving G, and
starting DNA synthesis were arrested. In vivo, endothelial cells reside
predorhinantly in G,-G; and have a very slow turnover rate, allowing the
assumption that endothelial cells in a similar cycle phase pattern were affected
by MCTP in the initial moments of exposure. The slow turnover of endothelial
cells in vivo provides an explanation for the difference in the time of response to
MCTP noted in these two exposure systems. /n vitro, BEC exposure during G,-
early S phase was followed by the rapid progression of cells through the cell
cycle, induced by their subconfluent state. As such, affected cells could express
the effect of mitotic inhibition within a single cell cycle [ie, 24 hours]. By contrast,
the effects of MCTP on DNA synthesis and cell proliferation in vivo were not
identified until days 3 and 8, respectively. This delayed pattern, however, closely
matches the time course of initial endothelial cell injury and loss which could act

as a mitogenic stimulus [ie, loss of contact inhibition] after MCTP. As described
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above, the effect of MCT[P] and other PAs on cell proliferation-associated events
is enhanced by the addition of a growth stimulus [ie, subconfluence - (Hoorn and
Roth, 1992); hepatic necrosis - (Samuel and Jago, 1975)].

The direct involvement of inhibition of endothelial cell proliferation in vivo
in chronic pulmonary vascular disease after MCTP remains hypothetical.
Inhibition of cell proliferation can delay the repair of injury and result in the
persistence of a structural or functional disturbance in an organ. The present
work could not define an association between delayed endothelial monolayer
repair due to the inhibition of cell proliferation and pulmonary vascular leak.
However, it is easy to speculate that the loss of endothelial cells due to the
cytotoxic effect of MCTP creates a conduit for the escape of fluid from the blood.
In theory, the ability of the endothelium to reform the monolayer and restore
selective permeability to the lung vasculature may be lost by the inhibition of cell
proliferation induced by MCTP. The result could be manifest as persistent
vascular leak, a consistent component of the MCTP-induced pulmonary
hypertension model. Furthermore, the outcome of persistent vascular leak after
MCTP may result in the exposure of subintimal cells [ie, vascular smooth muscle
cells] to mitogenic stimuli present in exuded plasma, resulting in the increase in
medial thickness of pulmonary arteries which precedes and is probably
responsible for hypertension.

The effect of MCTP on cell proliferation and DNA synthesis in vascular

cells in vivo was carried a step further by the examination of vascular smooth
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muscle cells comprising the medial layer of small pulmonary arteries. This
analysis was done both to determine the morphology of artery medial thickening
after MCTP and to attempt to confirm an effect of MCTP on proliferation of
subintimal cells previously proposed in other nonvascular lung cells (Wilson and
Segall, 1990). After the administration of MCTP to rats, DNA synthesis
increased at 3 days and persisted for up to 8 days in smooth muscle cells, with
the level of DNA synthesis 2-5 times higher than respective controls during that
interval. By day 8, the pulmonary arterial pressure was increased [ie, right
ventricular hypertrophy] and the medial thickness of pulmonary arteries was
increased, but the density of smooth muscle cells comprising the thickened
medial layer was unchanged. A review of the literature describing changes in
VSMCs during the development of systemic hypertension suggests that smooth
muscle cell hyperplasia would be the expected outcome of MCTP-induced injury
to the pulmonary vasculature [see Chapter IV]. The results presented here,
however, showed that medial thickening after MCTP was not the result of cell
proliferation, and, although not confirmed directly by the measurement of smooth
muscle cell size, was due to hypertrophy of vascular smooth muscle cells. The
result suggested that MCTP may inhibit the proliferative response of smooth
muscle cells as well as endothelial cells in vivo. Whether MCTP is a direct
mitogenic stimulus for vascular smooth muscle cells in vivo or interferes with the

completion of mitosis in a manner similar to that reported above is unclear.
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The MCT[P]-induced pulmonary vascular disease model has been
compared to two human diseases which similarly lack a defined cause but result
in the development of chronic vascular disease and pulmonary hypertension.
PPH and ARDS can cause progressive changes in the vascular wall morphology
leading to an increase in pulmonary arterial pressure similar to that seen after
the administration of MCTP. To date, much of the research comparing PPH and
ARDS to MCTP-induced hypertension has focused on vascular remodeling by
examining events which cause a change in arterial structure, compliance and
resistance. The process[es] which precedes the development of arterial lesions
characteristic of PPH have not been defined; PPH-associated vascular
remodeling is often well advanced before diagnosis is made and predisposing
causes of PPH are largely unknown. The early stages of ARDS have been more
widely characterized, yet mechanisms responsible for acute pulmonary edema,
pulmonary fibrosis and hypertension have been largely unexplored. The
involvement of altered cell proliferation in either PPH or ARDS has yet to be
determined.

In conclusion, the present work confirms that MCTP inhibits mitosis in ECs
in vitro, and that inhibition of mitosis occurs through a cell cycle phase-specific
process. In vivo, MCTP induces DNA synthesis at a level expected to result in
cell replication, but replication does not follow. Similarities in the cycle phases
exposed in vivo [G,-G,] to those most responsive to cell cycle inhibition in vitro

[G,-early S] suggest that a similar mechanism may be acting in both systems.
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Improvement of the present methodologies [ie, cell cycle analysis in situ] will be
necessary to confirm like mechanisms. In addition, medial thickening [VSMC
hypertrophy] associated with the development of pulmonary hypertension after
MCTP may be the result of incomplete mitogenesis, or may be initiated by the
inhibition of mitosis in the presence of a proliferative stimulus [ie, cell injury
and/or loss]. Whether MCTP gains access to subintimal cells to induce a direct
effect was not determined in the present work. In the future, the identification of
direct effects of MCTP on mechanisms of proliferation in endothelial and smooth
muscle cells in vivo will provide an understanding of not only the MCT[P] model
in rats, but potentially aid in uncovering the cause[s] of other forms of chronic

injury resulting in pulmonary hypertension.
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