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PREFACE 

This ~lOrk ~yas origina.lly intended to thoroughly inves tigate the 

pharmacology and toxicology of the pulmonary endothelium using pulmo-

nary toxicants as probes. As is the nature of research projects, the 

scope of this investigation narrowed. Instead of using many pneumo-

toxicants to study lung toxicology and pharmacology, the work quickly 

focused on the pulmonary effects of monocrotaline, so much so that this 

dissertation might aptly be entitled "The Pulmonary Toxicology of 

Monocrotaline." Studying the pneumotoxic effect of this alkaloid was 

particularly appealing to me becauae of the apparent specificity of 
. 

this toxicant for the pulmonary endothelium, this, despite the fact the 

toxic form of the alkaloid must be generated by the hepatic mixed func-

tion oxidase system. Thus, the toxic effects are manifested in the 

lung by a compound formed in the liver. 

Throughout this work I make reference to the apparent lack of 

biochemical studies of the pneumotoxicity of monocrotaline. These sta-

tements must be interpreted with respect to the volume of literature 

available on the biochemical effects of other lung toxicants such as 

paraquat or the thioureas. In comparison, little work has been 

reported on the biochemical effects of monocrotaline. This situation 

is changing however. Work conducted in Ryan Huxtable's laboratory here 

at the University of Arizona and in Bob Roth's laboratory at Michigan 

State has greatly contributed to the literature of monocrotaline 
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pneumotoxicity. I hope the work in this dissertation and the papers 

that have resulted from it will prove to be a significant contribution 

to the literature characterizing the pneumotoxicity of monocrotaline 

and that some of the techniques developed in this work will prove use

ful to other investigators. 

I want to thank my committee members for their significant 

contribution to this work. As a group they were always enthusiastic 

about my research and gave me confidence to continue when the problems 

appeared overwhelming. Individually, they each contributed from their 

areas of expertise which no one person could possess. Sue Duckles, the 

only true pharmacologist on the committee, was always up to date on the 

lung pharmacology literature and gave me new insights to the possible 

implications of my own research. Furthermore, she was the committee 

member, more than any other, that stressed the importance of organizing 

and focussing my work from the start. Glenn Sipes, as director of the 

Toxicology program, was always genuinely concerned with my progress as 

a researcher, and as a committee member contributed his knowledge of 

toxicology to my particular project. Many of the techniques used in 

this dissertation are casually referred to in materials and methods and 

in the results section as if they were routine procedures easily 

accomplished. They were not. The lung-liver perfusions in particular 

required an apparatus that took a great deal of engineering and a 

knowledge of physiology, pharmacology, biochemistry and chemistry. 

Klaus Brendel possesses this knowledge plus an insatiable curiosity and 

a knack for making things work. Without Klaus on the committee, fully 

half of the procedures that I report in this work would never have been 
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possible. Keeping current with the literature in one's particular 

field is a difficult task that requires much time and effort. Jay 

Gandolfi was not only able to keep current on the literature of chlori

nated hydrocarbons and anesthetics but he was well read and 

knowledgable in the literature about monocrotaline as weIll His 

interest in, and contribution to my project was enormous. His ability 

to condense volumes of print from wide ranging disciplines into a 

rational theory that applied to my particular research made Jay my 

swami for new ideas and unique approaches to my research. 

A special thanks goes to Ryan Huxtable, my research advisor. 

He had the herculean task of keeping me directed in my research. When 

I formulated ideas and hypothesis and went to test them in the labora

tory, it was Ryan, often in not so subtle ways, that brought me back to 

earth and pointed out the good and bad aspects of what I had planned. 

After his input, I always knew exactly what I wanted to accomplish with 

the experiment, what the results would mean to the overall project and 

what possible problems I may encounter in conducting the work. His 

organized approach to problems is valuable training for any young 

scientist and was for me in particular. 

Life outside the laboratory cannot be ignored in its influence 

on shaping the outcome of a dissertation. For providing me with a 

place to hang my softball mitt I thank Bill and Elizabeth Banner. They 

provided me with a place to live for 6 months, food to eat and no small 

amount of companionship. I will never be able to repay them for their 

generosity, so a simple thank you will have to do for now. 
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Finally I want to thank my parents, Walter and Allitta 

Lafranconi, for their financial and moral support throughout my gra

duate studies. The Sunday morning phone calls were the cornerstones 

upon wh~ch I built my weeks, months~ and years here in Tucson. Letters 

and an occasional visit from my sister, Kay Marie, always improved my 

spirits. 

My wife Paula, more than anyone else, deserves credit for my 

completing this project. Her support and understanding made the good 

times better and the bad times bearable. From her example I learned 

the value of hard work and the desire to see a project completed. 
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ABSTRACT 

The lung receives 94% of the output of the right ventricle and 

most of the material inhaled through the mouth or nose. As such the 

lung is a prime target organ for toxic insult. Yet little is known 

about the pulmonary responses to toxicants. To study the pulmonary 

responses to toxic insult, the biochemical and physiological effects of 

a known pulmonary toxicant (monocrotaline) were investigated. 

Monocrotaline is a pyrrolizidine alkaloid obtained from the 

seeds of Crotalaria spectabilis. This alkaloid is a potentially 

dangerous human health hazard as plants containing this alkaloid are 

widespread and have been accidently ingested with teas and bread grains 

resulting in human deaths. It is also an economic problem in that 

cattle grazing on pyrrolizidine containing grains suffer toxic effects 

which include weight loss, a decrease of milk production or even death. 

When this alkaloid is administered to rats in their drinking water (20 

mg/l) for 3 weeks, the lung is damaged, resulting in pulmonary hyper

tension, inhibition of serotonin transport by the pulmonary endothe

lium, and right heart hypertrophy. Preceeding the hypertrophy is a 

doubling of the mass of the lung and right ventricle. The change in 

mass of the lung preceeds that of the right ventricle. The increases 

in both organs is characterized by elevated RNA but not DNA. The lung 

mass increase is not accompanied by changes in collagenous proteins but 

is accompanied by an 86% increase in total lipids. The right ventricle 

xiii 
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however, responds to monocrotaline with a 400% increase in collagen 

protein and no change in lipid content, thereby indicating the lung and 

right ventricle respond differently to monocrotaline. 

Time course experiments established that the earliest observable 

event in monocrotaline induced lung damage is pulmonary edema which 

develops by day 5 and is resolved by day 10. Monocrotaline metabolites 

generated by an isolated liver and perfused through an isolated lung do 

not cause pulmonary edema even at concentrations of monocrotaline meta-

bolites near 1 mM. These metabolites do however, alter the pulmonary 

endothelial transport of serotonin while other endothelial functions 

such as norepinephrine transport, angiotensin convertining enzyme and 

5 1 -nucleotidase activities are unchanged. The effect of monocrotaline 

metabolites on pulmonary endothelial cell transport of serotonin is 

attenuated when the isolated livers are perfused under conditions which 

inhibit the formation of metabol~tes. Therefore, one of the pulmonary 

effects of monocrotaline that takes weeks to develop in vivo, inhibi-

tion of pulmonary endothelial transport of serotonin, can be observed 

under in vitro conditions. These results also directly demonstrate 

that the pulmonary damage caused by monocrotaline is a result of hepa-

tic metabolism of monocrotaline to a pneumotoxic form. 



CHAPTER 1 

INTRODUCTION 

The lung is a complex organ which functions not only as a gas 

exchange device for mechanical respiration but also as a regulator of 

circulating levels of certain blood borne substances and as a physical 

and biochemical barrier through which all inhaled substances must pass 

to gain access to the internal milieu. Not only is the lung exposed to 

inhaled materials, but because of its critical location between systemic 

venous and arterial circulation, it is exposed to all circulating toxi

cants as well (Figure 1). The lung receives the full cardiac output, is 

ex~osed to digested dietary constituents which pass from the liver to 

the lung in a relatively concentrated form, and is similarly exposed to 

high concentrations of any substance - drug or nutrient - given intrave

nously. The lung must respond to every change in cardiac output by a 

reciprocal change in pulmonary resistance to allow change in flow 

without alteration in blood pressure. 

It is not surprising to find the lung consequentially or causally 

involved in many pathological processes. Damage to the lung can impair 

not only respiratory functions but important non-respiratory functions 

which often lead to diseases of other organs. Obstructive or fibrotic 

lung disease is a major cause of incapacitation in middle age (National 

Heart, Lung and Blood Institute Report, 1972, 1977, 1980). Pulmonary 

impairment is an intimate part of both left and right sided heart 

1 



2 

Figure 1. The lung liver axis. This illustrates the close cirulatory 
relationship of the lung to the liver. Substances absorbed from the gut 
pass via the liver in concentrated form. 
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failure (Silber and Katz, 1975). Pulmonary hypertension caused by 

dietary substances is another health hazard that may be an under

reported disease because of diagnostic difficulties (Fishman, 1974). 

Despite the obvious conclusion that the pulmonary system is a prime 

target for toxic insult which may lead to life threatening pulmonary 

disease, the response of the lungs to toxicants is only poorly 

understood. One reason has been the lack of appropriate technology. 

Furthermore, the lung uses about 1-2% of the total energy consumption of 

the body compared with 16% for the heart. This low metabolic rate led 

to an early focus on non-metabolic, respiratory functions of the lung. 

Perhaps the biggest barrier to progress is the difficulty of studying an 

organ with over 40 cell types, most of them recalcitrant to separation 

and characterization, and many of them present in low numbers (Sorokin, 

1970). Only the macrophage, obtainable by lavage, has been amenable to 

easy isolation and purification (Myrvik et~, 1961). 

The Purpose of this Study 

The purpose of this dissertation is to investigate the pulmonary 

response to certain toxicants, in particular the early events, in order 

to assess the physiological, biochemical and pharmacological response of 

the lungs to chemical injury. 

We chose to focus this effort on the pulmonary endothelium 

because it is this cell type that comprises the single largest fraction 

of cells in the lung (Weibel ~al, 1976) and because these cells are 

the first pulmonary surface that circulating toxicants encounter in 
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their transit through the lungs. Therefore, it is likely that pulmonary 

response to toxicants would be detected in changes in biochemical func

tion of endothelial cells before a physiological response by the whole 

organ could be detected. By studying early changes we can investigate 

molecular mechanisms involved in the pathogenesis of pulmonary disease. 

In addition, investigation of early changes in response to a toxicant 

may provide for development of diagnostic tools to detect pulmonary 

disease processes at a stage where the effects are reversible. This 

could lead to diagnosis of pulmonary disease and clinical intervention 

before irreversible damage occurs. 

The Lung Endothelium 

The lungs have the ability to modify on one pass concentrations 

of certain vaso-active substances in the circulation. Teleologically 

there are a number of good reasons why the lung should have the capacity 

to remove or release vaso-active substances from, or into, circulation. 

The lungs are placed between the venous and arterial circulation and 

thus are ideally located for modifying the composition of blood entering 

the systemic circulation. Furthermore, the lung is the only organ 

receiving the entire output of the heart. In addition, the lungs are in 

line with the blood flow from the liver. The ability to remove or in

activate sudden loads of vasoactive substances present in food (i.e. 

serotonin in wine and cheese) may be an important physiological function 

of the lung endothelium. Numerous reviews of this area have appeared 

within the last decade (Vane, 1969; Gillis, 1973; Said, 1973; Fishman 



and Pietra, 1974; Bakhle, 1976; Junod, 1976; Ryan and Ryan, 1976; Ryan 

and Ryan, 1977). 

The Structure of the Pulmonary Endothelium 

The morphology of the iung endothelium is well suited for 
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a metabolic role. A number of important enzymes are present on the 

luminal surface of endothelial cells and these cells are long and thin, 

presenting a high surface to volume ratio. Furthermore, these cells are 

highly vesiculated. 'The vesiculations of the endothelium may serve a 

number of important functions. They probably act as pinocytotic 

vesicles engulfing large particles into the cell. They appreciably 

increase the surface area of the cell and their shape may cause tur

bulent flow of blood across the endothelial surface. This would serve 

to assure that all substances in the blood come in close contact with 

the cell surface. From this point of view, it is interesting to note 

that the vesiculations are particularly rich in enzyme activities that 

alter vasoactive substances contained in the blood (Ryan and Ryan, 

1976). 

The Physiological Function of the Pulmonary Endothelium 

The vasculature of the lung is lined with endothelial cells. 

These cells apparently serve a number of functions. They provide a non

thrombogenic surface for blood vessels, clear thrombi and emboli, serve 

as a barrier to prevent the diffusion of serum and protein into lung 

tissue and form a physical barrier between the vasculature and the 
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alveoli. An intact endothelium is necessary for normal relaxation of 

pulmonary vasculature (Furchgott and Zawadzki, 1980; Chand and Altura, 

1981). 

Metabolic Functions of the Pulmonary Endothelium 

The pulmonary endothelium has an enormous surface area. It has 

been pointed out that in the human, one ml of blood fills 10 miles of 

capillaries (West, 1974). It is clear therefore that any substance pre-

sent in the circulation must come into intimate contact with the 

endothelium. 

The endothelial cells release a number of substances into the 

blood and destroy certain substances already present in the cir-

culation. Vasoactive substances may be handled in the following ways: 

1. Cleared from the circulation. 
2. Activated by the lung. 
3. Released from the lung. 
4. Pass unaffected by the lungs. 

The first mechanism can be further divided into 2 subclassifications: 

substances metabolized at the endothelial surface and substances 

transported within the cell to be metabolized intracellularly. Examples 

of each are listed in Table 1. 

Substances metabolized at the surface traverse the lung at the 

same speed as the circulation. That is to say the metabolites appear in 

the void volume of the lung if the substrate is pulsed into the organ. 

There is a finite delay in clearance of substances which must be 

transported into the endothelial cell for metabolism before metabolites 

are released and appear in the pulmonary outflow. 



TABLE 1. Handling of Vasoactive Substances by the Lunga 

Action by the Lung 

Metabolizedb at the 
endothelial surface 

Metabolized intra
cellularly 

Released from the 
lung 

Unaffected by the 
lung 

aFrom Lafranconi and Huxtable (1981) 

Substance 

Bradykinin 
Adenine nucleotides 
Angiotensin 

Serotonin 
Norepinephrine 
Prostaglandin E 
Prostaglandin F 

Prostaglandins 
Slow releasing substance 
of anaphylaxis 
Kallikreins 

Angiotensin II 
Dopamine 
Epinephrine 
Prostaglandin A 
Histamine 
Vasopressin 
Oxytocin 

bSubstances classed as metabolized undergo in excess of 50% destruc
tion in one pass through the lungs at physiological concentrations. 

7 
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Vane (1976) has made a useful distinction between local and cir

culating hormones. Substances handled by mechanism 1 can be considered 

to be local hormones in that they do not enter the arterial circulation. 

The function of the lung can be considered to be that of inactivating 

them so that they do not exhibit systemic effects. Substances released 

into the circulation by mechanisms 2 and 3 can be considered to be cir

culating hormones, exhibiting systemic effects. 

The metabolic functions of the lung have to be highly active in 

view of the short contact period. The capillary bed in the human lung 

~.~·;lds abou.t 60 ml of blood and the passage time through the lung is less 

than a second (West, 1974). 

Serotonin. Serotonin is an example of a substance whose passage 

is retarded through the lungs. Between 65 and 98% of serotonin injected 

into the right atrium disappears on one pass through the lungs (Junod, 

1975). Disappearance is due to endothelial uptake, retention within the 

endothelial cell and metabolism within the cell followed by release of 

metabolites. If radioactive serotonin is perfused, the released 

radioactivity is mainly metabolic degradation products. Efficient 

removal of serotonin from the pulmonary circulation has been found in 

many species, including man, dog, cat, rabbit, guinea pig and rat (Ryan 

and Ryan, 1977). Almost complete removal occurs over the concentration 

range 0.005-17~. In rats, the Michaelis constant (l(m) for removal is 

5.2 ~, and the Vmax is 12.6 nmole/min/g lung (Junod, 1972). 

Serotonin is not lipid soluble and does not diffuse across the 

endothelial cell membrane. It is carried by a transport system 



dependent on a Na-K-ATPase. Uptake is inhibited by oubain, cooling, 

hypoxia, and metabolic inhibitors (Iwasawa ~~l, 1973). 
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A number of techniques indicate that serotonin transport occurs 

in the endothelium. Electron microscopic autoradiography of lungs per

fused with (3H)serotonin and monoamine oxidase inhibitor revealed that 

over 50% of the radiolabel was in endothelial cells (Strum and Junod, 

1972). This finding has been further confirmed by autoradiography 

(Cross et aI, 1974) and fluorescence spectroscopy (Iwasawa~~, 1973). 

Mast cells are not involved in the removal process (Furano and Green, 

1964). Transport sites for serotonin appear to be uniformly distributed 

along the endothelium of both capillaries and larger vessels (Cross ~ 

aI, 1974). Serotonin is not stored in the lung. There is an efficient 

intracellular metabolic pathway, whereby serotonin is initially metabo

lized by monoamine oxidase to the corresponding aldehyde, and further 

oxidized via aldehyde dehydrogenase to hydroxyindole acetic acid 

(Figure 2). The rate limiting step in serotonin removal, however, is 

not metabolism but transport into the cell. Monoamine oxidase inhibi

tors block metabolism almost completely, but do not affect the removal 

of serotonin from the perfusate or circulation of the lung. The phy

siological significance of this active removal system for serotonin is 

unclear. It may be important in states such as the carcinoid syndrome 

in which large amounts of serotonin are released into the bloodstream 

(Junod, 1972). Normally, it may have a role in maintaining low serum 

levels of serotonin, in order to prevent platelet aggregation and 

thrombi formation. It may also function to remove large loads of sero

tonin entering the circulation from the diet. 
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Figure 2. Pulmonary metabolism of serotonin. Serotonin is metabolized 
by monoamine oxidase (MAO) and alcohol dehydrogenase (ADH) to give 
5-hydroxyindolylacetic acid. 
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Norepinephrine. Norepinephrine is handled in a similar way to 

serotonin. However, the transport sites are different, and to not exhi

bit overlapping affinities. The rate of removal of norepinephrine is 

slower than that of serotonin, and the degree of metabolism is less. 

Thus, after an intra-vascular (IV) bolus, 20-35% of the norepinephrine 

is removed on one passage through the lungs. The norepinephrine metabo

lites are released over a 2 hour period (Hughes.!:.!:. aI, 1969). As with 

serotonin, the rate limiting step is transport. Norepinephrine is meta

bolized intracellularly by monoamine oxidase and catechol-O-methyl 

transferase. The metabolic route differs from that present in the 

adrenals, for example, in which the major metabolite is epinephrine 

(Figure 3). If the metabolism of norepinephrine is inhibited by tropo

lone, iproniazid or pargyline, the removal rate is not affected 

(Nicholas ~ aI, 1974). 

The r.uchaelis constant for pulmonary removal of norepinephrine 

in the rat lies between 1.1 and 1.4 ~, and the Vmax lies between 2.2 

and 2.8 nmole/min/g lung (Iwasawa.!:.!:. aI, 1973; Hughes .!:.!:.!!!, 1969; 

Nicholas et!!!, 1974). The transport site shows no stereospecificity 

for D or L norepinephrine. Transport is inhibited by iodoacetate, but 

not by anoxia (Iwasawa.!:.!:. aI, 1973). Uptake of norepinephrine from the 

circulation occurs extraneuronally, and has been shown to take place in 

the endothelial cell. This has been demonstrated by autoradiography 

(Hughes.!:.!:.!!!, 1969; Nicholas.!:.!:.!!!, 1974) and fluorescence spectroscopy 

(Iwasawa .!:.!:.!!!, 1973). The lung can distinguish between the three 

pressor amines, dopamine, norepinephrine and epinephrine. 



HO~OH 
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Figure 3. Pulmonary metabolism of norepinephrine. The enzymes are: 
(1) catechol-O-methyl transferase; (2) monoamine oxidase; (3) aldehyde 
dehydrogenase. 
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Norepinephrine is retained whereas the other two substances traverse the 

lung unaffected. This is in contrast to systemic vascular beds, in 

which norepinephrine and epinephrine are removed to the same extent by 

pulmonary endothelial cells. 

There is the possibility that removal sites for norepinephrine 

are not evenly distributed along the pulmonary endothelium. It has been 

suggested that there is little uptake into the large arteries or the 

capillaries, and that the most active uptake occurs in the pre-capillary 

and post capillary vessels (Nicholas et aI, 1974). 

Further evidence that the pulmonary uptake of norepinephrine and 

serotonin occurs in the endothelium and is not related to adrenergic 

innervation is that pretreatment with 6-hydroxydopamine (an agent that 

destroys adrenergic nerve terminals) does not affect the uptake (Iwasawa 

and Gillis, 1974). 

Angiotensin. The angiotensins are components of the renal 

pressor system. Angiotensin I is a decapeptide generated in blood by 

the action of renin upon an ct2 globulin, angiotensinogen (Braun-Menendez 

et aI, 1940). Angiotensin I has little pressor activity, but is con

verted to angiotensin II, an octapeptide, which has 50 times more 

pressor activity (Laragh et~, 1960). The enzyme converting angioten

sin I to angiotensin II is a dipeptide hydrolase, Imown as angiotensin 

converting enzyme (Ryan et~, 1972). The lung is the major physiologi

cal site for this conversion in dog, man, rat, guinea pig, sheep, hog, 

cat, and rabbit (Peach, 1977). Converting enzyme activity exists in 

plasma, but the activity is too low to account for the rapidity of meta

bolism (Ryan ~~, 1972). 
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Angiotensin converting enzyme is present on the luminal aspect of 

the endothelial cell. Evidence for this is provided by a number of 

lines of research. If (14C)angiotensin I is perfused through isolated 

lungs, no radioactivity is retained within the organ (Ryan~al, 1971). 

Converting activity has been shown to be restricted to endothelial cells 

by techniques such as immunofluorescence localization (Ryan et~, 

1976), electron microscopy (Smith and Ryan, 1970), and antibody 

labelling (Ryan et aI, 1976). Sandler and Huggins (1971) showed that 

enzyme activity was limited to the plasma membrane fraction from lung, 

and Ryan and Smith (1973) further demonstrated that isolated endothelial 

cells had high activity. As a result of the localization of the enzyme 

on the luminal aspect of the endothelium, the degree of conversion of 

angiotensin I to angiotensin II depends on the pulmonary vascular area 

and the transit time (Fanburg and Glazier, 1973). 

Another peptide, bradykinin, is efficiently inactivated by the 

lungs. It has been shown that the enzyme inactivating bradykinin, kini

nase, is identical to angiotensin converting enzyme (Smith and Ryan, 

1970) • 

Adenine Nucleotides. Adenine nucleotides, which are vaso

constrictors, are efficiently metabolized on one passage through the 

lungs to the non-vasoactive substance adenosine (Ryan ~~, 1972). 

Pulse perfusion of rat lungs with (3H)AMP leads to 60% of the activity 

emerging as adenosine on one pass. Similarly, ATP is largely converted 

to adenosine on one pass. Both ATP and AMP and their metabolites clear 

the lung simultaneously with dextran blue injected at the same time. No 



radioactivity is retained by the lungs. This indicates that, as with 

angiotensin I, metabolism occurs while the substrate is in the blood. 

15 

Metabolic activity has been localized to the luminal surface of 

endothelial cells. In particular, ATPase and 5 ' -nucleotidase activities 

are high on pinocytotic vesicles (Smith and Ryan, 1970). 

Pharmacology of the Pulmonary Endothelium 

Many drugs are removed on passage through the lungs (Table 2). 

Many of these drugs are transported either by serotonin or norepi

nephrine sites and ~ompetitively inhibit the removal of these substances 

(Table 3). As a result, tricyclic antidepressants such as imipramine or 

desmethylimipramine potentiate the pressor action of norepinephrine, and 

these and antihistamines such as tripelennamine, inhibit the pulmonary 

clearance of serotonin and norepinephrine. Patients with high serum 

levels of these drugs may have norepinephrine and serotonin in the 

arterial circulation (Gillis, 1973). 

Toxicology of the Pulmonary Endothelium 

The pulmonary response to various toxic agents can be generally 

resolved into a well studied series of events (For a review see Witschi, 

1977). The initial step is inflammation of epithelial or endothelial 

cells or both. This is followed by interstitial or intercellular edema. 

The next occurence in this sequence is cellular necrosis followed by 

clearance of cell debris by phagocytes then cellular proliferation which 

serves to replace the damaged areas with either cellular tissue or with 

fibrotic protein. Each stage of this sequence is reversible until the 

stage at which fibrosis occurs. 



TABLE 2. Drugs Inactivated by the Lunga 

Chlorpromazine 

Lysergic acid diethylamide 

~-9-Tetrahdyrocannabinol 

Imipramine 

De sme thyl imipramine 

Nortriptyline 

Mepacrine 

aFrom Lafranconi and Huxtable (1981) 

Propranolol 

Sulf anilamide 

Cyclizine 

Chlorcyclizine 

Tripelannamine 

Diphenhydramine 
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TABLE 3. Drugs that Affect Serotonin and 

Norepinephrine Removala • 

Serotonin 

Imipramine 

Amitryptiline 

Trancylpromine 

Chlorpromazine 

Cocaine 

Phenoxybenzamine 

Normetanephrine 

aFrom Lafranconi and Huxtable (1981) 

Norepinephrine 

Imipramine 

Nitrous oxide 

Halothane 

Estradiol 

Cocaine 

Phenoxy benz amine 

Normetanephrine 

Aminophylline 

Phentolamine 

17 
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Stl~ctural Changes. Electron microscopic changes in endothelial 

cells during this sequence include swollen and edematous cells and 

increased vesiculation. Later, the cytoplasm may bulge into the 

capillary space, thereby reducing lumen diameter and increasing 

resistance to flow. The basement membrane can separate from the 

endothelial or epithelial cells which contributes significantly to the 

pulmonary edema that develops. If the toxic stimulus is continued, or 

is severe enough, the endothelial cells then slough off of the basement 

membrane. Continued action of the toxic agent results in degradation of 

the basement membrane. Once the basement membrane is damaged the 

effects are irreversible and fibrotic changes generally result. 

The reversible changes described above have been observed as 

early as 5 min after subcutaneous injection of epinephrine (1.0 mg/kg) 

in mice (Wang et~, 1971) or after injection of 3.5 mg/kg 

ornapthylthiourea (Cunningham and Hurley, 1972; Meyrich et~, 1972). 

The irreversible changes have been observed in as little as 7 days in 

mice after an IP injection of butylated hydroxy toluene (15 mg/kg) and 

exposure to 70% oxygen (Haschiek and Witschi, 1979). 

Mechanisms of Action of Pneumotoxic Agents 

Chemical damage to the pulmonary endothelium may occur either 

through the actions of inhaled substances or by agents which reach the 

lung via systemic circulation. The latter route can result in pulmonary 

damage by 3 general mechani.sms. 

Primary Interaction. A toxicant administered systemically has 

effects .')n the pulmonary endothelium either by virtue of its direct 
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toxicity or because there are biochemical capabilities of the endothe

lium that make the material toxic. This is exemplified by the pulmonary 

actions of thiocarbamates (thiourea, ~napthylthiourea and 

phenylthiourea) on the lung endothelium. When thiourea is administered 

IP to rats at 3.5 mg/kg, cytoplasmic swelling and interstitial edema 

occur within one hour which is accompanied by binding of thiourea or its 

metabolites to the lung endothelium (Hollinger ~~, 1976). When 

thiourea is incubated in vitro with lung microsomes, binding also 

occurs. This demonstrates that thiourea is damaging to pulmonary 

endothelium without the involvement of other organs. 

Secondary Interaction. With this mechanism the lung is not the 

primary organ to interact with the toxicant. Another organ bioactivates 

the toxicant and the toxic species is transported to the lung endothe

lium where damage occurs. This is best exemplified by the pulmonary 

toxicity of pyrrolizidine alkaloids. The alkaloids themselves are not 

toxic to the pulmonary endothelium but must be oxidized by the liver 

cytochrOl.;;'c :P·!!·50 ~o.:!ooxygenase system to pyrroles which have been postu

lated to be the reactive chemical species that bind to the lung endothe

lium (Mattocks, 1973). 

Tertiary Interaction. This mechanism actually involves three 

separate organs or components which interact to cause the pulmonary 

damage. In this scheme the toxicant damages one organ to alter its nor

mal function and cause it to release toxic levels of endogenous 

materials which normally do not reach the lung endothelium. Pulmonary 

edema and hemorrhage caused by chemically induced shock is the best 
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example of this type of endothelial damage (Cuevas et aI, 1972). When 

rabbits are shocked by slow infusion of bradykinin, intestinal wall per

meability increases, and endotoxins from gut bacteria reach the systemic 

circulation where they come into contact vrlth the. pulmonary endothelium 

and cause edema, focal hemorrhage and atelectasis. This effect is 

abated if the animal is made germ free before injecting bradykinin. 

With this type of pulmonary damage, the toxicant acts on the gut, which 

in turn releases material that ultimately damages the lung. 

Early Events in Chemically Induced Lung Damage 

Gross pathological changes are consequent upon biochemical 

changes at the cellular or sub-cellular level; i.e. microscopic events 

underlie and parallel macroscopic events. Therefore biochemical 

changes, particularly those of the pulmonary endothelium, may precede 

the gross response of the organ. An 18 hour exposure of rats to 100% 

oxygen causes a significant 25% decrease in the transport of serotonin 

by isolated perfused lungs, while norepinephrine removal is signifi

cantly reduced by 39% within 24 hour (Fisher, et~, 1980). This, 

despite the fact that the lungs of animals exposed to 100% oxygen for 24 

hour were morphologically indistinguishable from those animals breathing 

room air. 

Changes in endothelial cell function caused by paraquat also 

precede gross structural changes. Paraquat is a herbicide widely used 

in agriculture. The pulmonary pathology in rats is characterized by 

interstitial edema within 4 days of administration and pulmonary fibro

sis which develops within 14 days (Roth ~al, 1979). Three days after 
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an IP injection of 25 mg/kg paraquat the pulmonary endothelium shows 

little structural alteration. There is slight cytoplasmic swelling and 

iucreased vacuolization. However, the removal of serotonin by perfused 

lungs is significantly reduced by 16% at this time. 

Other examples of lung injury causing alterations in non

ventilatory functions are summarized in Table 4. 

These observations reveal that despite minimal changes in struc

ture, the biochemical alterations caused by toxicants may be detectable 

and used as an early indicator of pulmonary damage. 

Monocrotaline as a Pulmonary Toxin 

Reasons for Using Monocrotaline to study Pulmonary Endothelium 

Monocrotaline is a pyrrolizidine alkaloid obtained from the 

seeds of Crotalaria spectabilis. It was chosen as a tool to study the 

pharmacology and toxicology of the pulmonary endothelium for 2 reasons. 

(1) It is an effective pulmonary toxin that may have its major effects 

on the pulmonary endothelium. (2) It may be an important human health 

hazard. 

The Pulmonary Endothelium is Damaged. Monocrotaline itself is 

not toxic to the lung but must be metabolized to a reactive chemical 

species (dehydromonocrotaline or dehydroretronecine have been 

postulated - Figure 4). The toxic form, or forms, of monocrotaline are 

then transported to the lung via the circulation where reaction with 

lung tissue occurs (Mattocks, 1973; Huxtable ~~, 1978). Twenty one 

days following administration of monocrotaline by various routes, 



TABLE 4. Effects of Various Types of Lung Injury 

on Endothelial Cell Function 

Type of Injury 

Gamma-irradiation 

Nitrogen dioxide 

a-napthyl 
thiourea 

Thiourea 

Respiratory 
Distress Syndrome 

Embolism 

Species 

rat 

guinnea 
pig 

rat 

rat 

man 

dog 

Maximum Changea 

83% decrease 
in lung ACE 

39% decrease 
in PGDH 

23% decrease 
in 5-HT removal 

17% decrease 
in lung ACE 

50% decrease 
in serum ACE 

30% decrease 
in 5-HT removal 
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Reference 

Molten E..~, 
1981 

Chaudyri and 
Dutta, 1980 

Block and 
Schoen, 1981 

Hollinger et 
aI, 1980 -

Dedrossian et 
aI, 1978 

Flink E.. aI, 
1982 

aAbbreviations used: ACE-angiotensin converting enzyme activity 
PGDH-prostaglandin dehydrogenase activity 
5-HT-serotonin 
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Figure 4. Metabolites of monocrotaline. Dehydromonocrotaline is the 
most chemically reactive followed by dehydroretronecine. The N-oxide 
is relatively unreactive. 
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pulmonary artery and right ventricular pressures are increased, pulmo

nary and right ventricular masses increase and right heart failure 

becomes the cause of death. When Sprague-Dawley rats (50-60 g) are 

administered monocrotaline in their drinking water (20 mg/l) the pulmo

nary responses elicited are not immediate but are preceded by a series 

of events that provide markers for following the progression of the 

disease. These events are the standard responses by the lung to a toxic 

agent (i.e. inflammation, edema, cell death, cell proliferation). The 

particular value of this dosing regimen to study these responses is that 

the changes in the lungs caused by monocrotaline do not develop imme

diately and progress rapidly. Rather, the effects are delayed which 

provides the opportunity to investigate the pulmonary response as stages 

in a slowly progressing continuum. Generation of the pulmonary toxic 

species can be studied apart from the damage it causes in the lung. 

Interaction of the toxic form of monocrotaline with the pulmonary 

endothelium can be investigated apart from the inflammation, edema and 

cell proliferation which follows. 

Human Health Importance. The second reason for chosing monocro

taline to study lung function was the possible significance this alka

loid and others in the pyrrolizidine family have with respect to human 

health. Human exposure to pyrrolizidine alkaloids has only recently 

been documented, but may pose a significant, and as yet unidentified, 

hazard (Huxtable, 1979; Huxtable, 1980a). Human exposure to pyrrolizi

dine alkaloids has been primarily a third world problem and results from 

accidental consumption of grains contaminated with pyrrolizidine con

taining plants or through ingestion of teas made with pyrrolizidine 
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containing plants (Huxtable, 1980b). However, there are reports which 

indicate pyrrolizidine alkaloids may contaminate meats, honey, milk and 

other foodstuffs not only in third world countries, but in the 

industrialized world as well (Huxtable ~~, 1977; Dienzer et~, 1977; 

Dickinson, 1980). 

The Pulmonary Toxicity of Monocrotaline 

When monocrotaline is administered to rats, either as ground 

seeds of Crotalaria spectabilis in the diet or as the purified alkaloid 

dissolved in drinking water (20 mg/l) or injected IP (50-200 mg/kg) , 

pulmonary hypertension and right heart hypertrophy develop within 21 

days (Huxtable ~~, 1978; Hayashi ~ aI, 1967). Because of this, 

monocrotaline has been used primarily as a model for pulmonary hyperten

sion. As a result, the majority of the reports describing the pulmonary 

effects of monocrotaline have been concerned with the structural changes 

caused by the hypertension that develops. 

It has only recently been appreciated that the hypertensive 

effects of monocrotaline may be the result of specific biochemical 

actions on the pulmonary endothelium (Gillis ~al, 1978; Huxtable et 

~,1978). As a result of the early emphasis on the hypertensive 

effects of monocrotaline and the structural changes that ensue, little 

work has been done on the biochemical events that take place. 

Morphological Changes. The most detailed studies on monocrota

line poisoning have been conducted with rats. Rats fed ground 

Crotalaria spectabilis seeds mixed in their normal diet show dilation 

and hypertrophy of the right ventricle, with no change in the atria, 
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left ventricle or valves (Harris ~~, 1942). Right ventricular 

hypertrophy can occur following a single subcutaneous injection of 

monocrotaline (Hayashi and Lalich, 1966). Occasionally, myocarditis of 

the right ventricle also occurs (Lalich and Merkow, 1961). 

Administration of monocrotaline leads to increases in medial 

thickness of the muscular pulmonary arteries. Occasionally, arteritis 

develops, followed by destruction of the external elastic lamina. The 

increase in medial thickness strongly correlates with increase in the 

ratio of right ventricle to body weight (Kay and Heath, 1969). Increase 

in right ventricular weight, therefore, is a good index of the 

progressive damage caused by pulmonary hypertension. 

Biochemical Changes. As the lung is the primary site of modula

tion for many vasoactive substances there is the possibility that 

monocrotaline exerts its effect, most importantly hypertension, by 

altering the normal pharmacological responses of the lung. 

In one of the few biochemical studies reported on the pulmonary 

effects of monocrotalinC!;~-Gillis;Huxtable and Roth (1978) showed that 

monocrotaline changes the pulmonary removal of serotonin. Isolated per

fused lungs from rats treated with monocrotaline (22 mg/l) in their 

drinking water for 21 days showed a 50% decrease in ability to remove 

serotonin. This change was due to impaired delivery as monoamine oxi

dase activity in lung homogenates was unchanged. At slightly lower 

levels of exposure (20 mg/l), Huxtable ~al (1978) found a specific 

inhibition of serotonin transport by the pulmonary endothelium, with no 

effect on norepinephrine removal. 
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The Sequence of Pulmonary Responses to Monocrotaline. The time-

course of pulmonary changes in rats is consistent. After a single 

injection of monocrotaline by various routes (100 mg/kg), or after 

starting the animals on monocrotaline containing drinking water 

(20 mg/l) , there is no change in the lung structure until day 5 when 

edema develops (Hayashi and Lalich, 1967). Following this are signifi-

cant increases in pulmonary mass (day 9), significant increases in right 

ventricle mass (day 14) and significantly elevated pulmonary artery and 

right ventricle pressures by 21 days (Huxtable ~ aI, 1978). 

It is unknown what happens between the formation of the active 

metabolite and the pulmonary response that results. Because of this, 

the mechanism of the pulmonary toxicity of monocrotaline is unknown. It 

is presumed by investigators in this area that the binding of reactive 

forms of monocrotaline to lung endothelium represents the initial event 

in monocrotaline induced lung damage. Huxtable et al (1978) have 

demonstrated binding to the lung endothelium of a tritiated metabolite 

of monocrotaline, (3H)dehydroretronecine. However, the pulmonary damage 

caused by the toxic forms of monocrotaline must be discrete ~ vivo 

because of the kinetics involved in the removal of monocrotaline. 

Within 24 hours after an IP injection of 60 mg/kg monocrotaline to male 

rats, no parent alkaloid is detected in any tissue, including blood 

(Mattocks, 1968). At this time, the urinary excretion of parent alka-

loid, pyrrolic and N-oxide metabolites was also completed as none of 

these compounds could be detected in the urine after 24 hours. Thus, 

within 24 h essentially all of the monocrotaline administered had either 
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been transformed to metabolites, at least some of which are chemically 

reactive, or excreted. Yet the earliest change in the lungs occurs 5 

days post injection when pulmonary edema develops (Hayahsi and Lalich, 

1967). It is unknown what causes this delay. Presumably if the alka

loid is converted to chemically reactive species the binding of these 

species to pulmonary tissue should be the initial event in the pulmonary 

damage caused by monocrotaline. Yet 4 days pass after reaction with the 

lung tissue is complete before an effect on the lung is observed. 

Hypothesized Mechanisms of Action 

A number of hypotheses have been developed, based on morphologi

cal studies, to explain the pulmonary changes caused by monocrotaline. 

Edema Generated Hypertension. Early changes in monocrotaline

treated lungs are edema, hemorrhage and pleural effusions. Since these 

occur as a result of increased vascular permeability, Kay ~ al (1967) 

termed these changes exudative lesions. One of the earliest hypotheses 

regarding monocrotaline induced lung damage proposed that the hyperten

sion which developed was caused by the initial pulmonary edema. The 

edema was suggested to be due to direct damage of the pulmonary endothe

lium by reactive metabolites of monocrotaline causing a loss of 

integrity of the endothelial barrier and resulting in pulmonary edema. 

The edema could then cause swelling of the lung parenchyma, decreasing 

vascular lumen diameter resulting in pulmonary hypertension. In 1970 

Butler and coworkers (Butler, 1970; Butler ~~, 1970), described edema 

and pleural effusion in rats administered 5-10 mg/kg dehydromonocrota

line, a proposed active metabolite of monocrotaline. Work by Plestina 
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and Stoner (1972) verified this observation using female rats. Albumin 

labled with (125)1 was used as a marker of pulmonary vascular leakage. 

Animals injected with dehydromonocrotaline had 50% more albumin retained 

in the lungs, indicating vascular leakage. (125I)A1bumin was also found 

in the pleural fluid, implying a vascular source for this fluid. Using 

colloidal carbon labelling and histological scoring, PIes tina and Stoner 

were unable to locate the precise site of the vascular lesion as the 

entire pulmonary capillary bed stained uniformly with carbon 9 hours 

after administration of the pyrrole. From this work and with data from 

other reports (Valdiva et aI, 1967; Kay et aI, 1969; Allen and Carstens, 

1970) the authors postulated the following series of events: The meta

bolite of monocrotaline, dehydromonocrotaline, was causing loss of 

membrane integrity in the pulmonary endothelium, resulting in intersti

tial edema. When this edema could no longer be drained away by the 

lymphatic system an effusion appeared in the pleural cavity. Further 

changes, intermediate and late, were a result of the edema and vascular 

leakage. 

Hypoxia Induced Hypertension. The histological lesions in the 

lung from monocrotaline have also been suggested to derive from severe 

and sustained vasoconstriction, although other lesions have been 

reported and probably contribute to the overall course of response 

(Dingemanns and Wagenvoort, 1976). Meyrich and Reid (1979) studied the 

time course of the pulmonary vasoconstriction caused by monocrotaline. 

After 7 days of feeding on a diet containing 0.2% Crotalaria spectabilis 

seeds, medial layers of muscular arteries were hypertrophied and by 
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day 21, the number of small arteries was reduced which caused an 

increase in the alveolar to arterial volume. They suggested that the 

pulmonary vasoconstriction observed with monocrotaline was due to 

hypoxia. Sustained hypoxia, below 10% 02, will cause vasoconstriction 

leading to medial hypertrophy of the muscular and non-muscular veins and 

arteries (Meyrick and Reid, 1978). This hyperptrophy produces lesions 

similar to monocrotaline induced pulmonary injury. However, when 

Meyrich~al (1980) compared lesions from hypoxia induced hypertension 

to monocrotaline induced hypertension, they demonstrated that the 

hypoxic lesions appeared at different times than the monocrotaline 

induced lesions. In addition they showed that blood gases were 

unchanged in pyrrolizidine treated animals thereby providing further 

evidence that hypoxia was not the primary mechanism of monocrotaline 

induced hypertension. 

Thrombi Induced Hypertension. Another lesion commonly described 

is capillary thrombi. Whether this is a cause or a result of pulmonary 

hypertension is uncertain, but this lesion is reported in studies where 

animals are poisoned with monocrotaline. Using dehydromonocrotaline, 

Lalich et al (1977) showed arteriolar and capillary fibrin thrombi and 

alveolar edema prior to right heart hypertrophy in rats. They concluded 

the pyrrole injures the endothelium which then releases factors causing 

fibrin thrombi. These authors suggest that thrombi are a frequent 

occurrence and that this may be the mechanism of pulmonary hypertension. 

Fibrotic Induction of Hypertension. The use of pyrroles has also 

led to speculation that a fourth mechanism may produce the lesions 
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observed in monocrotaline induced pulmonary damage. Racniak et al 

(1979) reported that interstitial and alveolar fibrosis corresponded to 

changes in pulmonary pressures. In these experiments, beagles wer.e 

injected with dehydromonocrotaline (3 mg/kg) into the pulmonary artery. 

Pulmonary pressures and blood gases were monitored with indwelling 

catheters. By day 14 histological techniques revealed intraalveolar 

fibroblast proliferation. By day 21 post-injection, there was elevated 

vascular resistance, and severely proliferated connective tissue. 

Direct measurement of blood gases revealed no changes in p02 even at 

28 days post injection when the histological changes were most severe. 

The authors concluded that the pulmonary hypertension observed was due 

not to hypoxia but to changes in pulmonary structure caused by 

intraalveolar fibrosis which increased vascular resistance. This paper 

makes no mention of the medial hypertrophy observed by others in the 

rat. It is possible that there is more than one response to monocrota-

line induced pulmonary injury and that in the beagle the fibrotic 

response is predominant. 

Biotransformation of Monocrotaline 

Monocrotaline must be biotransformed to a reactive species to 

cause pulmonary damage. Mattocks first proposed that the toxicity of 

monocrotaline is due to the pyrrole or dehydro metabolite of monocrota-

line (1968). The histology of the lungs from animals treated with 

monocrotaline pyrrole is similiar to that of alkaloid treated animals, 

thereby supporting Mattock's proposal. The pyrroles cause edema and 

hemorrhaging, hypertension, vascular smooth muscle hypertrophy and 



hyperplasia, endothelial cell proliferation and eventually right heart 

hypertrophy and failure. 
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The evidence assembled so far suggests that it is the hepatic 

cytochrome P-4S0 monooxygenase that biotransforms monocrotaline. Most 

of this evidence is indirect. Metyrapone, an inhibitor of cytochrome 

P-4S0 type II (that cytochrome P-4S0 monooxygenase inducible by 

phenobarbital) attenuates the pulmonary effects of monocrotaline (ie 

pulmonary hypertension, pulmonary and right ventricle increases in mass) 

in rats (Eisenstein et al). As the lung possesses little or no 

measurable cytochrome p-4S0 type II monooxygenase, the primary effects 

of metyrapone are, by inference, in the liver. In addition, the classi

cal inducer of p-4S0 type II monooxygenase activity, phenobarbital, 

potentiates the toxicity of monocrotaline. Male rats pretreated with 

phenobarbital had a significant 30% decrease in the LDSO compared to 

rats not receiving pre-treatment (Mattocks, 1972). The effect was even 

more dramatic in female rats where pre-treatment with phenobarbital 

decreased the LDSO by 83%. 

More direct evidence for the importance of the liver in acti

vating monocrotaline is derived from other work by Mattocks (Mattocks 

and White, 1971). Hepatic microsomes metabolized monocrotaline and 

other pyrrolizidine alkaloids to N-oxides and pyrroles (Figure 4). This 

metabolism was induced by phenobarbital pretreatment and inhibited by 

SKF-S2SA (another inhibitor of cytochrome p-4S0 monooxygenase). Lung 

microsomes were incapable of metabolizing any of the pyrrolizidines, 

including monocrotaline. 
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Thus, it appears that monocrotaline is metabolized primarily by 

the liver cytochrome P-450 monooxygenase to 2 reactive form. What hap

pens to this metabolite is unknown, but it is presumed to travel to the 

pulmonary endothelium and cause pulmonary damage. 

Statement of the Problem 

The above discussion establishes that monocrotaline is a pulmo

nary toxicant. Further, it has been shown to damage the pulmonary 

endothelium~ vivo and may be a useful agent to study the phar

macological and toxicological responses of the pulmonary endothelium. 

Work presented in this dissertation quantifies certain physiolo

gical and biochemical changes in the lung caused by monocrotaline and 

tests the hypothesis that the pulmonary effects are caused by a 3 way 

interaction (tertiary response) between lung, liver and some other 

organ. 

Specific questions to be answered by this work are: 

1. What are the physiological and biochemical effects of 

monocrotaline? 

2. What are the early events in monocrotaline induced pulmonary 

damage? 

3. Can a graded dose response be observed for development of the 

pulmonary effects? 

4. Can pulmonary damage caused by monocrotaline be produced 

solely by lung and liver interactions? 



CHAPTER 2 

MATERIALS AND METHODS 

Materials 

Monocrotaline Isolation and Purification 

Monocrotaline was isolated from the seeds of Crotalaria spec

tabilis (Adams and Rogers, 1939). Approximately 300 grams of seeds 

were ground in a hand held coffee grinder then extracted for 24 hours 

with 500 ml of ethanol in a Soxhlet apparatus. The ethanol was 

replaced with fresh and the extraction continued for an additional 24 

hours. The 2 ethanol extracts were combined and the ethanol evaporated 

to 50-75 ml with a rotory evaporator under vacuum. The residue was 

brought to pH 2.0 with concentrated HCI and extracted 4 times with 

equal volumes of dry ether. The aqueous phase was then brought to pH 

8.5 with NaHC03 and extracted with 4 CHCl3 washes of 50 ml each. The 

CHCl3 washes were dried with CaS04 then evaporated to dryness with the 

rotary evaporator and recrystallized 3 times in absolute ethanol. The 

crystals obtained from the third recrystallization were pure white. 

The purity of the preparation was determined with thin layer silica 

plate chromatography. Monocrotaline crystals were dissolved in CHCl3 

(1 mg/ml) and applied to Si02 plates and run for a minimum of 7 em with 

CHCI3:Acetone:Ethanol:Nli40H 5:3:1:1. The plates were then air dried 

and sprayed with 30% H202 containing 4 ~g/ml Na pyrophosphate. The 
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plates were heated to dryness at 90-100° C for 15 min, brought to room 

temperature and sprayed with acetic anhydride:hexane:toluene 1:4:5 then 

oven baked at .90° C for an additional 15 minutes. To develop the color 

the plates were sprayed with Ehrlich's reagent (1 g dimethyaminoben

zaldehyde in 70 m1 of ethanol and 1.5 ml concentrated HCI. The single 

purple spot with an Rf value of 0.62 was monocrotaline. Other non

pyrrolizidine contaminants were detected by spraying the plate with 1% 

KMn04 in 1 N H2S04. 

Chemicals 

(3H)Serotonin, (14C)norepinephrine, (3H)AMP and 900 Dalton mole

cular weight (3H)polyethylene glycol were all purchased from New 

England Nuclear, Boston, Mass. Hippuryl-histidyl-leucine was purchased 

from Vega biochemicals in Tucson, Ariz. Equinatoxin was a generous 

gift from Drs. Igor Ferlan and Findlay Russell of the department of 

Pharmacology and Toxicology College of Pharmacy, University of Arizona, 

Tucson, Arizona. All other reagents were analytical grade and obtained 

from various sources. 

Animals 

Animals used in this dissertation work were Sprague-Dawley rats 

obtained from the University of Arizona Divison of Animal Resourses. 

Female rats were used except where indicated in the figure or table 

legends. Animals were housed 5 to a cage in daily cycles of light and 

dark of 12 hours. Animals that displayed respiratory distress 

(wheezing, difficulty in breathing, abnormal weight gain) were not 

included in any of the experiments. 



Buffers 

All organ perfusions described in this dissertation were con

ducted with Krebs-Henseleit buffer containing 120 mM NaCI, 4.7 mM KCI, 
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2.5 mM CaCI3, 1.2 mM MgS04, 1.2 mM KH2P04, 25 mM NaHC03, 5.5 mM glucose 

and 2% bovine serum albumin. 

Methods 

Organ to Body Weight Ratios 

Animals were anesthetized with Na pentobarbital (50 mg/kg) and 

the organs surgically removed, washed in 0.9% saline, patted dry with 

paper towels, weighed, and dried in an oven at 80° C for 7 days. This 

time was selected because no change in organ weight occurs after this 

time. The dried tissues are weighed and the organ to body weight 

ratios calculated. 

Organ Protein Determinations 

Organs were surgically removed and homogenized in ice-cold 10% 

trichloroacetic acid (TCA) with a Brinkmann Polytron®. The homogenate 

was centrifuged at 10000 x g for 20 minutes and the pellet dried and 

weighed. 

Detergent Fractionation of Proteins 

Proteins were differentially solubilized according to the 

methods of Duhamel et al (1983). Tissues were homogenized in four 

volumes distilled water containing 0.9 mM phenylmethysulfonyl fluoride, 

30 mM Na azide, 20 mM N-ethyl maleimide and 20 mM ethylenediamine 

tetraacetic acid. The homogenate was then extracted 2 times (24 hours 
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each) with 3% Triton® X-laO at 20° C to remove the soluble cytoplasmic 

proteins. Proteins remaining after the Triton treatment were extracted 

with 1% lithium dodecyl sulfate (LDS) in distilled water at 20°C to 

remove the cellular structural protein as well as some low molecular 

weight extracellular matrix proteins. Non-collagen extracellular pro

teins were obtained from the Triton and 1% LDS insoluble proteins by 

extracting 2 times with 1% LDS and 5% Smercaptoethanol (SME) at 20° C. 

The material remaining insoluble after this treatment was considered 

collagen protein. None of the fractions obtained by the above extrac

tions contained detectable 4-hyrdoxyproline. 

The collagen proteins were fractioned into newly synthesized 

collagens and highly crosslinked collagens. New collagens were 

obtained by extracting the protein pellet remaining after the Triton, 

LDS and LDS-SME washes with hot (100° C) 1% LDS-5% SME. The material 

remaining insouluble after this extraction consisted of highly 

crosslinked collagen protein and some structural sugars. Proteins in 

all extracts were precipitated with ice cold TCA, washed 2 times with 

ice cold 5% TCA and 3 times in absolute ethanol to remove lipids. The 

resulting protein pellet was hydrolyzed in 2N NaOH for 48 hours at 100° 

C and the protein estimated by fluorimetry (Udenfriend et aI, 1972). 

Total Lipid Assay 

Total lipids were determined gravimetrically according to the 

methods of Sperry (1963). Tissues were homogenized in 4 volumes 

methanol:CHCl3 (1:2) with a Brinlonann Polytron®. The flocculent pro

tein material was removed by filtration through Whatman GF/B filters. 
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The lipid containing solvent was then evaporated to 5 ml under dry N2 

and washed 3 times with 3 ml of H20. The buffy coat of material that 

formed at the interface was resolved by washing 2 times with a CaC12 

wash. The CaC12 solution was prepared by dissolving 52.9 mg of 

CaC12:2H20 in 100 ml of H20. This solution was shaken with 300 ml of 

methanol:CHC13 (2:1) and set overnight in a seperatory funnel to 

resolve the phases. The aqueous phase was collected and used to wash 

the lipid extracts and resolve the buffy layer. The washed lipid pre

parations were evaporated to near dryness under N2 then brought to 1 ml 

volume with methanol:CHC13 (2:1) and transfered to a pre-weighed micro

fuge tube. The tubes were placed in a fume hood overnight to evaporate 

the solvent, then placed in an oven at 80 0 C and weighed every day 

until no additional weight changes could be detected. 

Nucleic Acid Determinations 

Colorimetric assays of RNA and DNA were conducted according to 

the methods of Schneider (1957). Tissues were homogenized in 10 ml of 

ice-cold TCA and centrifuged at 10,000 x g for 10 minutes. Pellets 

were then washed 2 times in absolute ethanol, washed an additional 2 

times in 10% TCA and resuspended in 10 ml of 5% TCA. Two ml of this 

suspensiOn were heated to 100 0 C for 15 minutes, centrifuged and the 

supernatant saved. This was repeated. The supernatants were combined 

and 500 ~ mixed with 1 ml of a solution containing 1 g diphenylamine 

in 100 ml glacial acetic acid and 2.7 ml concentrated H2S04- This 

solution was then heated at 100 0 C for 10 minutes then cooled to room 
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temperature and the content of DNA in the sample spectrophotometrically 

quantified at 600 nm and compared to a similarily prepared standard 

curve. 

RNA was determined after reaction with orcinol. Two-hundred ~l 

of the nucleic acid extract was diluted to 1.5 ml with distilled H20. 

This solution was mixed with 1 ml of a solution containing 1 g orcinol 

in 100 ml concentrated Hel and FeCl3 and heated at 100° C for 20 minu

tes. The RNA content of the sample was quantified spectrophotometri

cally at 600 nm. As DNA also reacts with orcinol, a standard curve of 

DNA was constructed with orcinol and used to calculate the amount of 

absorbance in the RNA assay that was caused by DNA. 

4-Hydroxyproline Assay 

Tissues were homogenized in ice-cold 10% TCA, washed 4 times 

with absolute ethanol and the pellet dried at 80° C for 48 hours. 

Approximately 20 mg of the dried pellet was hydrolyzed in 10 ml of 6N 

HCI for 18 hours at 100-110° C. The acid was removed by evaporation 

and 4-hydroxyproline was determined in the residue by the method of 

Stegmann (1958). The residue was reconstituted in citrate-acetate 

buffer pH 6.0 (1000 ml H20, 50 g citric acid:H20, 12 ml glacial acetic 

acid, 120 g Na acetate:3H20, 34 g NaOH). To this preparation was added 

1 ml of a solution containing 20 ml H20, 30 ml propanol, 50 ml citric 

acetate buffer and 0.03 M chloramine T. These solutions were mixed and 

kept at room temperatures for 20 minutes. One ml of 3 M perchloric 

acid was mixed with the solution and kept at room temperature for 5 

minutes. The final step was to add 1 ml of a solution containing 
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Ig/20 ml p-dimethylaminobenaldehyde in propanol and heated at 60° C for 

20 minutes. The 4-hydroxyproline content of the sample was determined 

spectrophotometrically at 545 nm. 

Determination of Pulmonary Artery and Right Ventricular Pressure 

Animals were administered 2000 units /kg Na heparin by a single 

intraperitoneal injection. Twenty minutes later another injection con

taining 50 mg/kg Na pentobarbital was used to induce anesthesia. The 

animal was secured to a flat surface and the trachea cannulated. The 

cannula was attached to a rodent respirator, 2 ml stroke volume, 60 

strokes/min. The thoractic cavity was opened and an 18 gauge cannula 

inserted into the right ventricle. The cannula was connected to a 

pressure transducer (E&M Instrument Company, Houston, Texas) and right 

ventricular pressures in mm Hg were recorded for 1 minute intervals 

with a Physiograph (E&M Instrument Co, Houston, Texas). The average 

systolic pressures during a one minute trace were calculated. 

Pulmonary artery pressures were recorded after pushing the cannula 

through the right ventricle and into the pulmonary artery. 

Measurement of Lung Vascular Permeability 

Female Sprague-Dawley rats were injected with Na Heparin (2000 

units/kg) and Na pentobarbital (50 mg/kg). The trachea was cannulated 

and the lungs ventilated with a rodent respirator at 60 breaths/minute 

with a volume of 2 ml per stroke. The pulmonary artery was cannulated 

and the lungs removed and perfused at 10 ml/min with ~.cebs-Henseleit 

buffer containing 2% bovine serl)~ albumin fraction V. The lungs were 

perfused at 37° C in a recirculati~g system for 20 minutes with either 
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liver perfusate, equinatoxin or histamine as described in the figure 

legends. The lungs were then perfused for 10 minutes with fresh 

buffer containing 0.05 ~Ci/ml 900 Dalton molecular weight 

(3H)polyethylene glycol (specific activity 4.04 mCi/mmole) followed by 

a one m!nute perfusion with fresh buffer without the (3H)polyethylene 

glycol. The lungs were homogenized in ice-cold TCA, centrifuged at 

5000 x g for 20 minutes and the supernatant assayed for radioactivity. 

Lung retention of polyethylene glycol was calculated in nmoles retained 

per gram of dried lung protein. 

Perfused Livers 

Animals were injected with 2000 units/kg Na heparin and 50 mg/kg 

Na pentobarbital as described earlier. The peritoneum was opened and 

the portal vein cannulated with PE 200 tubing. The liver was removed 

and perfused at 60 ml/min with l<rebs-Henseleit buffer containing 2% 

albumin. 

Colorimetric Detection of Monocrotaline 

Monocrotaline containing samples were heated at 100 0 C for 20 

minutes or to dryness. The residue was oxidized with 1 ml of a solu

tion containing 250 ~l H202 and 5 mg/ml Na pyrophosphate, 250 ~l ethy

lene glycol in 25 ml of methanol. After heating the contents of tube 

until dryness, the residue is dissolved in 1 ml of diglyme (redistilled 

containing 1 mg/ml butylated hydroxy toluene). To this was added 200 ~l 

acetic anhydride and the solution mixed and heated at 100 0 C for 5 

minutes. After cooling, this solution was mixed with Ehrlich reagent 



(2 g 4-dimethylaminobenzaldehyde, 2 ml 70% perchoric acid in 100 ml 

ethanol), heated at SSe C for 5 minutes and the pyrrolizidine content 

determined spectrophotometrically at 562 nm and compared to a standard 

curve. 

Determination of Ehrlich Reactive Metabolites 
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One ml samples are mixed with 1 ml of Ehrlich reagent and heated 

at SSe C for 5 minutes, then the absorbance at 562 nm determined. As 

it was unknmm ~vhat the pyrrolic metabolites of monocrotaline were that 

~eacted with the Ehrlich reagent, the values for these experiments were 

expressed assuming the same molar extinction coefficient as monocrota

line (45,000). We expressed these values as ~ equivalents. 

Determination of Serotonin and Norepinephrine Removal by the Lung 

Isolated lungs ",ere perfused at 10 ml/min with substrate free 

buffer for 10 minutes then for 10 minutes with buffer containing 0.1 ~ 

substrate (0.05 ~Ci/ml). Five minute fractions were obtained of the 

perfusate. After 10 minutes the buffer was changed back to substrate 

free medium for one minute and the perfusate collected. Total counts 

were obtained by liquid scintillation spectroscopy of all the fractions 

collected. Substrate and metabolites were separated by ion exchange 

chromatography. For serotonin assays 1 ml samples were placed on AG 1 

chloride ion form anion exchange columns (0.5x6 cm) and eluted with 6 

ml of water. Eluted material was counted. Under these conditions 

serotonin was eluted from the column and 5-hydroxyindolacetic acid was 

retained. Norepinephrine was analyzed in a similiar manner using an AG 
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50 ~ cation exchange column. Unmetabolized norepinephrine was 

retained on the column and mandelic acid eluted. Both serotonin and 

norepinephrine metabolism was assumed to be dependent upon transport 

and was calculated from the metabolites generated over the course of 

the perfusion. In addition, lungs were homogenized in TCA, centrifuged 

and the supernatant assayed for pa.rent compound and metabolites. This 

procedure determined the amount of substrate and metabolites remaining 

in the lung after perfusion. Transport was calculated as parent and 

metabolites retained in the lUl1g plus metabolites obtained during per

fusion. Metabolism was calculated as metabolites generated during 

perfusions plus metabolites obtained from the lung homogenate. All 

values were expressed as nmole/min/g dry lung weight. 

Angiotensin Converting Enzyme and 5 ' -Nucleotidase Activity 

Hippuryl-histidy-leucine was used as the substrate for con

verting enzyme activity and (3H)AMP as the substrate for 

5 ' -nucleotidase activity. The activity of these enzymes was determined 

in an enriched membrane fraction of the lung according to the method of 

Cushman and Cheung, 1971). Lungs were homogenized in 0.25 M sucrose 

containing 1 mM MgS04 and centrifuged at 3000 x g for 10 minutes. The 

resulting supernatant was centrifuged at 9000 x g for 20 minutes. The 

activities of angiotensin converting enzyme and 5 ' -nucleotidase were 

further enriched by centrifugation of the 9000 x g supernatant at 

100,000 x g for 90 minutes. The resulting pellet was su~:pended in 

buffer containing 100 mM boric acid and 300 mM NaCl pH-B.2. 

Angiotensin converting enzyme activity was determined in this pellet by 



incubating samples of the resuspended pellet with 5 mM hippuryl

histidyl-Ieucine at 37° C for 15 minutes. The reaction was stopped by 

adding concentrated HCI. The hippuric acid formed by the action of 

~ngiotensin converting enzyme was extracted into ethyl-acetate, eva

porated to dryness under N2, then reconsituted in 1 ml of H2? The 

hippuric acid concentration was quantified spectrophotometrically at 

228 nm. 
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5 ' -Nucleotidase activity was determined in the 100,000 x g 

pellet by incubating (3H)AMP with a sample of the resuspended pellet 

for 15 minutes. The reaction was stopped by adding ice-cold 10% TCA 

and centrifuging at 10,000 x g for 10 minutes. The supernatant was put 

onto an AG 1 chloride anion exchange column (0.5x6 cm) and eluted with 

6 ml of H20. The amount of activity in the column eluent was used to 

determine the rate of conversion of AMP to adenosine by 5 ' -nucleotidase 

contained in the pellet. 

Monocrotaline Administration 

Rats received monocrotaline in their drinking water at 20 mg/l 

unless otherwise indicated. Administration of monocrotaline continued 

up to 21 days unless otherwise indicated. 

Phenobarbital Pre-treatment 

Animals received a single intra-peritoneal injection of pheno

barbital (100 mg/kg) and were administered 0.1% phenobarbital in their 

drinking water for 3 days. Animals were given tap water 1 day prior to 

use. 
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Statistics 

All direct comparisons to a single control ~l7ere conducted with 

the un-paired student t-test. Multiple comparisons to control were 

acheived with Dunnet's t-test (Dunnett, 1964). Determination of homo

geneity between groups was accomplished using analysis of variance and 

Scheffe analysis of posteriori contrasts. All statistical computations 

were conducted with a Digital Equipment Corporation model 20 computer 

using the Statistical Package for the Social Sciences (SPSS). 



CHAPTER 3 

RESULTS 

Physiological Changes Caused by Monocrotaline 

Initial experiments were conducted to establish the gross 

effects of monocrotaline after 21 days of treatment. 

Sex Related Differences in Response 

Female Sprague-Dawley rats were easier to obtain from our animal 

suppliers (Division of Animal Resources) than males. For this reason 

we chose to use female rats in most of the in vivo work. reported in 

this dissertation. However, most previous work. reported has been con

ducted with male rats. Therefore it was necessary to establish the 

pulmonary effects of monocrotaline in female rats and to compare them 

with the effects obtained using male animals. 

Body Weights. Monocrotaline caused a significant 25% decrease 

in body weights in female rats and a 22% decrease in males (Table 5). 

The difference in body weights caused by monocrotaline in female rats 

was not statistically distinguishable from the changes in male rats. 

One way analysis of variance and Scheffe analysis of posteriori 

contrasts established that the male and female control groups were the 

same and male and female treated groups were the same. When the 

control and treated groups were compared, the monocrotaline treated 
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TABLE 5. Comparison of Body Weight Changes in Male and Female Rats 
After 21 Days of Exposure to Monocrotalinea • 

Control 

Monocrotaline 

Body Weight (grams)b 

Male 

177 ± 14 

138 ± 18* 

Female 

168 ± 11 

126 ± 12* 

aValues are mean body weights in grams ± standard deviations of the 
mean (SD). 
bMale and Female control groups were statistically homogeneous as were 
male and female monocrotaline treated animals - Scheffe's test of 
posteriori contrasts. 
*Significantly different from controls (p(O.05) N=10 for each group. 
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animals weighed significantly less than controls. Thus there is no 

difference between sexe~ in the changes in body weight caused by 

monocrotaline. 
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Organ Weights and Cardiopulmonary Pressures. There were no dif

ferences between male and female rats with respect to the changes in 

organ weight caused by monocrotaline (Table 6). Dry lung to body 

weight ratios were significantly increased by 60% in females and 55% in 

males, while right ventricle ratios were increased 77% in female rats 

and 75% in male rats. There were no changes in any of the other organ 

weights measured. Likewise, there were no differences between male 

and female rats in the development of monocrotaline induced pulmonary 

hypertension. Pulmonary artery pressures were doubled in female rats 

and increased 90% in male animals, while right ventricular pressures 

were also doubled in both the male and female rats (Table 7). 

Selection of Dosing Regimen 

Organ to Body Weight Ratios. In view of the above findings, 

female rats were used for the remainder of the experiments except where 

noted. Monocrotaline administered in the drinking water (20 mg/l) to 

female rats significantly increased the mass of the lungs and right 

ventricles but did not alter weights of other tissues. This is in 

contrast to data obtained from experiments in which the animals were 

treated with monocrotaline by injection (Figure Sa-c). Intraperitoneal 

injections of monocrotaline resulted in increases in kidney and liver 

weights at all of the levels that caused pulmonary changes in weight. 



TABLE 6. Comparison of Organ Weight Changes in Male and Female Rats 
After 21 Days of Exposure to Monocrotalinea • 

Organ Group Male Female 

Lung/Body -Control 1.124 ± 0.210 1.023 ± 0.178 

-Monocrotaline 1.725 ± 0.315* 1.676 ± 0.312* 

RV/Body -Control 0.156 ± 0.023 0.152 ± 0.018 

-Monocrotaline 0.273 ± 0.044* 0.269 ± 0.046* 

LV/Body -Control 0.603 ± 0.084 0.597 ± 0.072 

-Monocrotaline 0.607 ± 0.180 0.601 ± 0.090 

aValues are the means of dry organ weights in mg/g body weight ± SD. 
bAbbreviations used: Lung/Body - Lung to body weight ratio 
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RV/Body - Right ventricle to body weight ratio 
LV/Body - Left ventricle + septum to body weight 

ratio 
*Significantly different from control (p<0.05) N=10 for each group. 



TABLE 7. Comparison of Pulmonary Artery and Right Ventricle Pressure 
Changes in Male and Female Rats After 21 Days of Treatment with 
Monocrotalinea • 

Measurement 

Pulmonary Control 
Artery 
Pressures Monocrotaline 

Right Control 
Ventricular 
Pressures Monocrotaline 

Male 
(mm Hg) 

16.1 ± 3.8 

30.5 ± 5.5* 

22.6 ± 2.8 

44.9 ± 7.8* 

aValues are the mean systolic pressures ± SD. 

Female 
(mmHg) 

14.6 ± 2.1' 

29.6 ± 5.3* 

20.3 ± 3.0 

41.9 ± 8.2* 

*Significantly different from control (p<O.Os) N=10 for each group. 
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Figure 5 a-c. Effect of various routes of exposure on organ weights. 
Female Sprague-Dawley rats, initially weighing 50-60 g, were admi
nistered monocrotaline either; (a) in the drinking water for 21 days, 
(b) by a single intrperitoneal injection, or a single sub-cutaneous 
injection (c). After 21 days, the lung, right ventricle, left ventricle 
plus septum, liver and kidneys were removed, dried at 80° C for 7 days 
and weighed. The values expressed in the graphs are calculated from 
values in Appendix A and are mg organ weight/g body weight. Control 
values are all 100% and comparisons to that value were conducted by 
Dunnet's t test (N=6 for each group). 

* p<O .05. 
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Sub-cutaneous injections of monocrotaline also caused increases in kid

ney and liver weights at doses that were pneumotoxic. 

Production of Pulmonary Hypertension. Twenty mg/l was the 

lowest concentration of monocrotaline in the drinking water that caused 

consistent and significant pulmonary hypertension (Figure 6a). Fifty 

mg/kg was the lowest dose of monocrotaline by intraperitoneal injection 

that caused elevated pulmonary and right ventricle pressures (Figure 

6b). One hundred mg/kg was the minimum dose by sub-cutaneous injection 

to elicit pulmonary responses 21 days after injection (Figure 6c). 

Pulmonary Edema and Body Weights. There was no appparent pulmo

nary edema after 21 days of treatment with monocrotaline. Wet/dry 

ratios were not significantly different from control values (Table 8). 

Body weights were significantly reduced with all routes of exposure at 

levels that also caused pulmonary and cardiac toxicity. 

Therefore, drinking water was chosen as the route of exposure 

and 20 mg/l was the concentration of monocrotaline used as the 

poisoning regimen for the remainder of the ~ vivo exposures. This 

regimen resulted in increases in pulmonary artery and right ventricular 

pressures and caused increases in lung and right ventricular mass 

without observable effects on other organs. 

Biochemical Changes Caused by Monocrotaline 

4-Hydroxyproline 

Monocrotaline in the drinking water of female rats (20 mg/l) 

caused a 25% increase in wet lung weight and a 55% increase in lung 

protein content after 21 days (Table 9). However, monocrotaline did 
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Figure 6 a-c. Effects of various routes of exposure on pulmonary and· 
right ventricle pressures. Female rats were treated with monocrotaline 
as described for figure 5. Symbols and the order of the graphs (a-c) 
are the same as in figure 5. Pulmonary artery and right ventricle 
pressures were measured in open chested animals by inserting an 18 ga 
Gelco® cannula attached to a pressure transducer and recorder into the 
right ventricle, then into the pulmonary artery. Values plotted repre
sent the average difference in mm Hg from control pressures. Numbers 
on the left margin are control values from which the plots were 
generated. The first number listed is the pulmonary artery pressure 
followed by the right ventricular pressure in mm Hg. Dots represent 
means which are significantly different from controls. Error bars 
represent standard error of the mean for 10 animals per group. 
Comparisons were made with Dunnett's t test (p<0.05). 



TABLE 8. The Measurement of Pulmonary Edema and Body Weights after 
Various Routes of Administration of Monocrotalinea • 

Routeb Concentration Lung Body Weights 
(wet/dry) (gram) 

DW 0 5.4 ± 1.2 175 ± 16 
mg/l 15 5.3 ± 1.0 160 ± 14 

20 5.5 ± 0.7 138 ± 10* 
25 5.8 ± 1.6 140 ± 10* 
30c 5.7 ± 0.9 135 ± 8* 

IP 0 5.6 ± 1.0 174 ± 12 
mg/kg 25 5.8 ± 0.9 170 ± 10 

50 5.7 ± 1.2 155 ± 121: 

lOOd 5.6 ± 1.1 140 ± 13* 
200e 5.4 ± 1.3 121 ± 25* 

SC 0 5.2 ± 1.0 176 ± 18 
mg/kg 25 5.3 ± 1.1 175 ± 20 

50 5.8 ± 1.2 170 ± 10 
100 5.7 ± 1.6 149 ± 13* 
200f 5.7 ± 1.5 128 ± 15* 

aValues are mean wet/dry ratios ± SD N=10 for each group unless other-
wise indicated. 
bDW - drinking water 
IP - Intraperitoneal 
SC - sub-cutaneous 

c6 of 10 animals died during the experiment. 
d5 of 10 animals died during the experiment. 
e7 of 10 animals died during the experiment. 
f4 of 10 animals died during the experiment. 
*p<0.05 (Dunnett's t test, Dunnett, 1964) • 

54 



TABLE 9. 4-Hydroxyproline, Organ Wet Weights and Protein Contenta • 

Tissueb 

Control Lung 

Mono Lung 

Control RV 

Mono RV 

Control LV 

Mono LV 

).lg 4HP/Organ 

2900 ± 500 

2861 ± 800 

24 ± 4 

133 ± 16d 

80 ± 32 

50 ± 11 c 

Organ Wet Weight 
(mg) 

1474 ± 285 

1837 ± 128c 

151 ± 45 

350 ± 55d 

566 ± 47 

473 ± 72c 

aValues are means ± SD for 12 animals/group. 

bAbbreviations used: RV - Right ventricle 
LV - Left ventricle plus septum 
Mono - Monocrotaline 

c Significance of difference from control values p<O.Ol 

dp<O .001 

Protein/Organ 
(mg) 

143 ± 11 

222 ± 23d 

16 ± 3 

57 ± 11 

38 ± 9c 
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not alter the total lung content of 4-hydroxyproline (4HP) , a marker of 

collagen content (Hance and Crystal, 1976). In the right ventricle of 

animals treated with monocrotaline there was a significant 132% 

increase in wet organ weight and a 31% increase in protein content. In 

contrast to the lungs, this elevation in weight was accompanied by a 

greater than fourfold increase in 4HP levels. In the left ventricle, 

wet weights and 4HP levels were not elevated in the treated group, but 

slightly depressed because of the smaller weight gain of the animals 

treated with monocrotaline (final weights (mean ± standard deviations); 

223 ± 19 g control, 173 ± 11 g monocrotaline treated). The differences 

in left ventricle wet weights and 4HP levels between controls and 

treated animals disappear if the wet weights and 4HP levels are 

expressed as a fraction of body weight. 

Figure 7 (a-c) depicts the relationship between the fraction of 

protein which is collagen and the total protein content of the organ. 

The ordinate (4HP/mg protein) is an indicator of the proportion of 

collagen containing protein. There was no increase in the fraction of 

protein that contained collagen in lungs from treated animals, although 

there was a significant increase in total protein. 

In the right ventricle of treated animals there was more pro

tein, consonant "'ith right ventricular hypertrophy,. and a higher pro

portion of the protein was collagenous (Figure 7b). The left ventricle 

was unchanged in both the total protein content and proportion of 4HP 

(Figure 7c). 
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Figure 7 a-c. Effect of monocrotaline on organ concentrations of 
collagen. Animals exposed to monocrotaline for 21 days were killed and 
lung, right ventricle and left ventricle plus septum were removed and 
analyzed for total protein and for 4-hydroxyproline (4HP). The y-axis 
indicates the proportion of total protein that is collagenous. The x
axis represents the total TCA precipitated protein per organ in grams 
of protein per gram of body weight. . 

(a) Data obtained from analysis of lungs. 
(b) Right ventricle. 
(c) Left ventricle plus septum. 

Closed circles are control animals: n=16. 
Open circles are monocrotaline treated animals: n=14. 



Collagen and Non-Collagen Protein 

To investigate further the relationship between increased lung 

mass caused by monocrotaline and the synthesis of collagen, we 

separated proteins from the 3 types of organs by detergent frac

tionation. The results of these experiments were similar to the 

results of the experiments measuring 4HP and served to support the 

interpretation that there was no change in lung collagen content but 

there was a substantial increase in collagen in the right ventricle 

(Table 10). 
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The lung had its largest percent increase in the triton soluble 

fraction which is comprised of cytosolic proteins. This indicates that 

the increase in mass by the lung was cellular. In contrast to this, 

the right ventricle had its largest percent increase in the hot LDS-SME 

fraction which contains mostly connective tissue proteins and some 

cellular membrane proteins. This suggests that in this organ, a signi

ficant portion of the increased mass was non-cellular. 

When the detergent separated fractions of protein were separated 

by polyacrylamide gel electrophoresis there were no observable dif

ferences in electrophoretic patterns of corresponding protein frac

tions. In every comparison there were observed the same number of 

bands and the relative position of all bands was similiar. 

Lipids 

Data from the studies measuring 4HP levels, and detergent 

separated protein indicated that the increase in lung mass caused by 

mono crotaline was not collagenous and that it was possibly due to an 
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TABLE 10. Detergent Separation of Organ Proteinsa • 

Fractionb Lung Right Ventricle Left Ventricle 
and Septum 

Protein per organ (mg) 

Non-Collagenous 

Triton Control 118.2 ± 7.1 14.5 ± 1. 7 50.8 ± 7.2 
Mono 197.6 ± 8.3 c 16.1 ± 2.2 34.4 ± 8.0c 

Cold-LDS Control 1.7 ± 0.2 1.2 ± 0.2 4.3 ± 1.0 
Mono 1.9 ± 0.2d 3.6 ± 0.4c 3.4 ± 1.0 

LDS- BME Control 0.4 ± 0.1 0.1 ± 0.1 0.3 ± 0.1 
Mono 0.7 ± 0.2 c 0.5 ± 0.1 c 0.2 ± 0.2 

Colla~enous 

Hot LDS- BME Control 1.6 ± 0.2 0.1 ± 0.1 0.3 ± 0.2 
Mono 1.2 ± 0.4d 0.6 ± 0.1 c 0.2 ± 0.1 

2N NaOH Control 21.3 ± 3.1 0.1 ± 0.1 0.4 ± 0.1 
Mono 21.0 ± 5.0 0.4 ± 0.2 c 0.3 ± 0.1 

aValues are mean mg protein / fraction ± SD for 12 animals per group. 
bAbbreviations used: LDS - Lithium dodecyl sulfate 

SME - 5% S-mercaptoethanol 
CSignificance of difference from control value for same organ (p<O.OOI) 
(Student t test). 
dp<O .02 



increase in cell mass. If the increase in lung mass was indeed 

cellular, there would be a corresponding increase in other cellular 

components such as lipids and nucleic acids. Therefore the pulmonary 

content of these components were measured. 
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Monocrotaline caused an 86% increase in total lung lipids (Table 

11). However, the increased lipids were accompanied by elevated pro

tein levels which left the lipid:protein ratio unchanged. There was no 

change in the lipid content of the right ventricle, but the amount of 

lipid per mg protein was significantly decreased. The data from the 

left ventricle reflect the unresponsiveness of the organ to monocrota

line. The total lipid content of the left ventricle was 21% lower than 

control values, but this is probably due to the smaller size of the 

monocrotaline treated animals, as the lipid content of the left 

ventricle per g body weight is unchanged. 

Nucleic Acids 

DNA levels in lungs from animals treated with monocrotaline were 

unchanged, whereas RNA levels were significantly elevated (Table 12). 

This resulted in a significant decrease in the DNA/RNA ratio which 

indicates that the lung responds to mono crotaline by a process of 

hypertrophy. Right ventricles also showed a decrease in DNA:RNA ratios 

following monocrotaline treatment while the left ventricle ratios were 

unchanged. 



TABLE 11. Lipid Distributiona 

Organ Total Lipids 
(mg) 

Lung Control 28 ± 7 

Monocrotaline 52 ± 9b 

Right Ventricle Control 8 ± 2 

Monocrotline 8 ± 3 

Left Ventricle 
plus Septum Control 29 ± 5 

Monocrotaline 23 ± 7d 

aValues are means ± SD N=10 for each 
bp<O.OOl 
cp<O .01 
dp<0.02 

group. 

Lipid/protein 
(mg/mg)x100 

20 ± 5 

23 ± 6 

52 ± 8 

37 ± 12c 

51 ± 11 

59 ± 14 
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TABLE 12. Nucleic Acidsa 

Organ 
c 

Lung Control 

Monocrotaline 

Right Ventricle Control 

Monocrotaline 

Left Ventricle 
plus Septum Control 

Monocrotaline 

aValues are means ± SD N=10 
bp<O.OOl 

9354 ± 1313 

9241 ± 2222 

912 ± 268 

876 ± 310 

1123 ± 175 

1194 ± 203 

per group. 
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\lg RNA DNA/RNA 

2224 ± 603 4.381 ± 0.865 

3550 ± 453b 2.235 ± 0.220b 

299 ± 93 3.326 ± 0.912 

817 ± 75b 1.032 ± 0.219a 

667 ± 70 1.663 ± 0.230 

647 ± 136 1.485 ± 0.324 
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Angiotensin Converting Enzyme Activity 

Monocrotaline significantly reduced the specific activity of 

angiotensin converting enzyme by 75% (Table 13). However, the protein 

concentration was significantly elevated thereby diluting the activity. 

Thus, angiotensin converting enzyme activities for the whole lung are n 

ot significantly different when control and monocrotaline treated group 

s are compared. 

5 ' -nucleotidase Activity 

There was a significant decrease in 5 ' -nucleotidase specific 

activity after 21 days of treatment ~rlth monocrotaline in the drinking 

water (Table 13). But, as with angiotensin converting enzyme activity, 

this is a result of dilution of the activity by lung protein increases 

and is not caused by a specific action of monocrotaline on 

5 ' -nucleotidase. Activity calculated for the whole lung was the same 

for both monocrotaline and monocrotaline treated animals. 

Early Events in Monocrotaline Induced Pulmonary Hypertension 

After 21 days of poisoning with monocrotaline (20 mg/l) in the 

drinking water, animal body weights were decreased, lung and right 

ventricle masses were increased and pulmonary artery and right 

ventricle pressures ~V'ere increased. There were no changes in the lung 

wet/dry weight ratios and no changes in either angiotensin converting 

enzyme activity or 5 ' -nucleotidase acitivity. 

We therefore decided to establish a time course of the above 

responses to determine if any of these events could be used as an early 

indicator of the pulmonary damage caused by monocrotaline. 



TABLE 13. The Effect of 21 Days of Treatment with Monocrotaline on 
Angiotensin Converting Enzyme and 5 ' -Nucleotidase Activitya 

Measurement 

Recovered microsomal 
protein 
Total ~eight in mg 

Angiotensin 
Converting 
Enzyme Activity 

nmole/min/mg protein 

nmole/min/lung 

5 ' -Nucleotidase 
Activity 

nmole/min/mg protein 

nmole/min/lung 

Controlb Monocrotalinec 

10 ± 1 28 ± 5* 

181 ± 22 65 ± 34* 

1824 ± 109 1764 ± 128 

30 ± 3 12 ± 5* 

302 ± 26 336 ± 38 

aMeasurements were made in lung microsomal fractions as described in 
materials and methods. 
bValues are means ± SD for 12 animals. 
cValues are means ± SD for 8 animals. 
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*Significantly different from control (p<0.05), unpaired student t test. 
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Body Weights. Animals treated with monocrotaline gained signi

ficantly less weight by day 15 than did the corresponding controls. 

This difference in body weJ.ght gain remained significant throuought the 

21 days of the experiment (Figure 8). 

Organ to Body Weight Ratios. Lungs from animals treated with 

monocrotaline developed a gradual increase in mass that became sta

tistically significant by day 10 and persisted for the remainder of the 

experiment (Figure 9). Right ventricular mass was significantly ele

vated from day 15 to the end of the experiment (Figure 10). The tem

poral relationship between lung weight increases and right ventricle 

increases indicates that the changes observed in the right ventricle 

were a response to lung damage. There were no changes in any of the 

other organ weights studied (Table 14). 

Time Course of Cardiopulmonary Pressures. Monocrotaline caused 

an increase in pulmonary artery pressures that became significant only 

on day 21 (Figure l1a). Likewise, no increases in right ventricular 

systolic pressures were significant until near the end of the experi

ment (Figure lIb). Thus, the increases in organ mass precede the 

changes in perfusion pressures. 

Time Course of Edema Formation. Monocrotaline caused a tem

porary significant increase in lung wet/dry weight ratios that were 

resolved by day 10 (Figure 12). There were no changes in right 

ventricle wet/dry ratios over the entire course of the experiment. 

Time Course of Protein and Lipid Changes. Monocrotaline caused 

a significant increase in lung protein content by day 10 which con

tinued throughout the experiment (Figure 13a). Lung lipids were 
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Figure 8. Changes in body weight caused by monocrotaline. Female 
Sprague-Dawley rats (initial weight 50-60 g) were administered monocro
taline in the drinking water (20 mg/l) for up to 21 days. Control ani
mals received tap water. Weights were recorded on 5 day intervals. 
Comparisons of groups was made by un-paired Student's t test. Error 
bars represent errors of the mean (SEM) for 10 animals per group. Dots 
represent mean values significantly different from control (p<0.05). 
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Figure 9. Monocrotaline induced changes in lung/body weights. Female 
Sprague-Dawley rats initially weighing 50-60 g were administered 
monocrotaline in their drinking water (20 mg/l). Control animals 
received tap water. Six animals from each group, either control or 
monocrotaline treated, were killed on 5 day intervals, lungs removed 
and dried in an oven at 80 0 C for 7 days, then weighed. Values repre
sented by the graph are mg dry weight of the lung / g body weight. 
Comparisons to control were made by unparied Student's test. Error 
bars represent standard errors of the mean for 10 animals per group. 
Dots indicate significantly different from control groups (p<O.OS). 
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Figure 10. Monocrotaline induced changes in right ventricle/body 
weights. Animals were treated as for figure 10. Values are mg of dry 
right ventricle/g body weight. Statistics are the same as for figure 
10. Dots represent means that are significantly different from contr.ol 
(p<0.05). 
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TABLE 14. Monocrotaline Induced Changes in Left Ventricle, Liver and 
Kidney Massa 

Group 
and Day 

o Control 

Monocrotaline 

5 Control 

Monocrotaline 

10 Control 

Monocrotaline 

15 Control 

Monocrotaline 

21 Control 

Monocrotaline 

Left ventricle 
to body 'Yleight 
(x 105) 

60.7 ± 9.4 

60.6 ± 10.4 

59.9 ± 11.2 

60.1 ± 9.3 

59.5 ± 10.2 

56.4 ± 8.8 

59.4 ± 11.1 

57.4±8.9 

53.5 ± io.o 

58.5 ± 7.5 

Liver to 
body Weight 
(x 103) 

10.0 ± 2.1 

10.1 ± 1.8 

9.9 ± 1.5 

9.8 ± 2.0 

9.9 ± 1.5 

9.8 ± 1.7 

10.0 ± 1.3 

9.9 ± 1.9 

10.3 ± 1.8 

10.2 ± 1.9 

Kidney to 
body weight 
(x 104) 

21.6 ± 4.0 

20.3 ± 3.2 

21.6 ± 2.8 

20.6 ± 3.5 

21.8 ±3.4 

20.6 ± 3.5 

21.3 ±4.2 

22.2 ± 3.8 

21.1±3.3 

26.8 ± 2.7 

aValues are means ± SD for 10 animals per group. Comparison to 
control value was made with the student t test. 
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Figure 11 a-b. Time-course of monocrotaline induced changes in pulmo
nary artery and right ventricular pressures. Animals were treated as 
for figures 10-12. Pulmonary artery and right ventricular pressures 
were measured in open chested animals as described in methods and 
figure 6. Values represent mean systolic pressures ± standard errors 
of the mean. Comparisons were made between groups by Student's t test. 
Graphs are; A - pulmonary artery systolic pressure 

B - right ventricle systolic pressure. 
Dots represent means that are significantly different from control 
(p<O.OS). 
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Figure 12. Time course of pulmonary edema induced by monocrotaline. 
Animals were treated the same as for figures 10-13. Lungs were 
removed, patted dry, weighed then dried in an oven at 80° C for 7 days. 
Dry lung weights were recorded and used to calculate wet/dry ratios. 
Values are mean wet/dry ratios ± standard errors of the mean for 10 
animals per group. Student's unpaired t test was used to determine 
statistical significance between groups. Dots represent means that are 
significantly different from control (p<O.OS). 
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Figure 13 a-d. Time course of lung and right ventricle protein and 
lipid changes caused by monocrotaline. Animals were treated with 
monocrotaline as in figures 10-14. Lung and right ventricles were 
removed and homogenized in 10% ice-cold TCA, centrifuged at 5000 x g, 
and the pellet washed 3 x with absolute ethanol, then dried at 80° C 
for 7 days to obtain protein content for the lung. Lipids were 
obtained from tissues by homogenizing the lungs in 3:2 
chloroform:methanol and filtered through Whatman glass fiber filters 
(GF/B) and the filtrate evaporated to 5 ml, washed with water 2 x, then 
evaportaed to at 80° C until no further changes in weight occured on 3 
consecuti ve ~.,eighings. 
The graphs are; A - lung protein 

B - lung lipids 
C - right ventricle proteins 
D - right ventricle lipids. 

Comparison to control groups was with Student's unpaired t test. 
Values are mean weights ± standard error of the mean for 10 animals per 
group. Dots represent means that are significantly different from 
control (p<0.05). 



unchanged until day 15 (Figure 13b). The protein content of the right 

ventricle was unchanged until day 15 (Figure 13c) while the right 

ventricular lipid content was unchanged throughout the experiment 

(Figure 13d). 

Time Course of Nucleic Acid Changes. DNA levels in the lung 

were unchanged from control values throughout the 21 days of the 

experiment (Figure 14a). However, RNA values were significantly 

increased from day 10 onwards (Figure 14b). Right ventricular DNA 

levels were unchanged but RNA values were significantly increased by 

day 21 of the experiment (Figure 14c-d). 

Can a Dose Response Relationship be Established 
for Monocrotaline Induced Pulmonary Damage? 

The above data show that the earliest observable change in 

monocrotaline intoxication is pulmonary edema followed by increases in 

pulmonary protein and lipid content, decrease in body weight, increase 

in RNA content and finally an increase in pulmonary artery pressure. 
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We investigated the possibility that some of the pulmonary changes were 

more sensitive to monocrotaline than others. 

Changes in the Lung. When monocrotaline was administered to 

animals in their drinking water for 5 days, then placed on tap water 

for the remainder of the experiment, significant increases in pulmonary 

artery pressures and lung mass occurred (Figure 15a-b). There were no 

signifi cant increases in lung mass or pulmonary artery pressures in 

monocrotaline was administered for less than 5 days. 
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Figure 14 a-d. Time course of lung and right ventricle nucleic acid 
changes. Animals were treated as for figures 10-15. Tissues were 
homogenized in ice-cold TCA, centrifuged at 10,000 x g, washed 2 x in 
ethanol, 2 x in ice-cold 5% TCA and a fraction taken for DNA or RNA 
determinations. DNA was measured in a fraction of the TCA precipitate 
colorimetrically after reaction with diphenylamine according to the 
methods of Schnieder (1957). RNA was determined colorimetrically after 
reaction with orcino. Values presented are means of nucleic acid 
weight/organ ± standard errors of the mean for 10 animals per group. 
Comparisons were made to control by Student's unpaired t test. 
Graphs are; A - lung DNA 

B - lung RNA 
C - right ventricle DNA 
D - right ventricle RNA 

Dots represent means that are significantly different from control 
(p<0.05). 
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Figure 15 a-c. Dose response of pulmonary and right ventricle changes 
in female rats poisoned with monocrotaline in the drinking water. 
Female Sprague-Dawley rats, initial weight 50-60 g, were administered 
monocrotaline in thei drinking water (20 mg/l) for the times indicated 
on the x-axis, then administered tap water for the remainder of the 
experiment. Pulmonary artery and right ventricle systolic pressures 
~'lere determined in open chested animals. The lungs and right 
ventricles were then removed, dried in an 80° C oven for 7 days and dry 
weights obtained. Values are mean pulmonary artery systolic pressures 
in mm Hg (graph A), dry lung weight (mg)/g body weight (graph B), mean 
right ventricle systolic pressures (graph C), and mean right ventricle 
mass (mg)/g body weight ± standard errors of the mean for 10 animals 
per group. Statistical comparisons was made to the animal group 
receiving 0 days of monocrotaline by Dunnet's t test. 
Dots represent means that are significantly different from control 
(p<0.05). 



Right Ventricular Changes. Right ventricle increases in 

pressure and mass also occurred after only 5 days administration of 

monocrota1ine in the drinking water. 

The earliest observable change caused by monocrota1ine was 

pulmonary edema that occured on day 5. Thus, no observable events in 

monocrotaline induced pulmonary damage can be used as a marker for the 

reversible stages of monocrota1ine poisoning. 

Can Pulmonary Damage Caused by Monocrota1ine 
be Produced Solely by Lung-Liver Interactions? 

i 

We decided that an ~ vitro system 'tolOuld provide the most 

suitable means to determine if other organs were involved, other than 
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the liver, in the production of monocrota1ine induced pulmonary damage. 

Perfused Liver Metabolism of Monocrota1ine 

Isolated perfused livers metabolized monocrota1ine to an Ehrlich 

reagent reactive (E+) material in a dose dependent manner that was 

inducible with phenobarbital pre-treatment (Figure 16 a-b) and was 

greater in males than in females (Figure 16 c-d). When perfused in a 

reciru1ating system with 100 ~g/ml of monocrota1ine, significant 

amounts of E+ material appeared in the perfusate after 15 minutes and 

the rate of appearance of E+ material became linear with time after 30 

minutes (Figure 17) while the levels of monocrota1ine decreased. The 

generation of E+ material was eliminated by preperfusing the liver with 

100 ~ ffi(F-525A and was reduced by anoxic perfusion conditions and low 

temperatures (Table 15). 
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Figure 16 a-d. Metabolism of monocrotaline by isolated perfused liver. 
Livers from Sprague-Dawley rats (200-300g) w'ere perfused in a recirula
tory system at 60 ml/min with Krebs-Henseleit buffer containing 2% 
albumin and the indicated concentrations of monocrotaline. After 60 
minutes of recirculating perfusion, the buffer in the perfusion rese
voir was analyzed for Ehrlich reactive material with p-dimethyl-
amino benzaldehyde in acidified ethanol. The y-axis indicates the 
amount of Ehrlich reactive material generated in 60 minutes per gram 
liver. The units are ~ equivalents based on a standard 'curve gnerated 
with monocrotaline. 
The graphs depicted are; A-female rats 

B-phenobarbital pre-treated female rats 
C-male rats 
D-phenobarbital pre-treated rats 

The regression lines generated in all the plots were anlayzed for 
correlation by linear regression using SPSS. All regressions shown are 
highly correlated with a correlation coefficient of greater than 0.90 
and p<0.05. 
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Figure 17. Appearance of monocrotaline metabolites in liver perfusate. 
Phenobarbital pre-treated male rats (200-300g) were anesthetized with 
Nembutal (SOmg/kg) and the livers isolated and perfused with 
Krebs-Henseleit buffer containing 2% albumin and 100 ~g/ml monocrota
line. One ml samples of the perfusate were analyzed for Ehrlich reac
tive material every 5 minutes for 90 minutes. Values are nmole 
equivalents of Ehrlich reactive material in the perfusion resevoir per 
g wet weight of the liver. The hatched line represents the disap
pearance of monocrotaline from the perfusion resevoir. Error bars 
represent standard errors of the mean. 
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TABLE 15. Inhibition of Metabolism of Monocrotalinea 

Treatment 

None 

100 lM SKF-525A 

Anoxic perfusions 

30° C 

25° C 

20° C 

Rate 
nmole/min/g liver 

20 ± 6 

0 

6 ± 3 

17 ± 5 

13 ± 6 

3 ± 2 

% Change 

-100 

-70* 

-15 

-35* 

-85* 
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aLivers were perfused for one hour with 300 lM monocrotaline with or 
without indicated treatments. The perfusate was analyzed for metaboli
tes and rates calculated for the last 10 minutes of perfusion. Values 
are mean rates ± SD. 
N=15 for control 
N=4 for all other groups. 
*p<O .05 compared to no-treatment using Dunnet 'st. test. 



Thus, isolated perfused livers metabolized monocrotaline in a 

dose dependent manner to E+ chemical species. 

Changes in Isolated Perfused Lungs Caused 
by Monocrotaline Metabolites 

Pulmonary Edema. Pulmonary edema was the first observable 

effect of monocrotaline in vivo, so the initial efforts to induce lung 

damage in vitro were directed towards generation of pulmonary edema 

with the liver metabolites of monocrotaline. Neither monocrotaline or 

its metabolites caused pulmonary edema except at concentrations of 

Ehrlich reactive material in excess of 500 ~ (Figure l8a). There was 
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also no change in the vascular permeability below concentrations of 600 

~ Ehrlich reactive metabolites (Figure l8b). Other agents known to 

cause pulmonary edema and increase vascular permeability were effective 

in the isolated perfused lung (Figure 19 a-b). 

Serotonin Transport. The perfusate from an isolated liver per-

fused with monocrotaline containing buffer did cause a significant and 

dose dependent decrease in serotonin transport in the isolated perfused 

lung (Figure 20). Monocrotaline alone had no effect on serotonin 

transport. Monocrotaline metabolites from the perfused liver had no 

effect on sertonin metabolism as homogenized lungs that had previously 

been perfused with monocrotaline metabolites from the liver, metabo-

lized serotonin at the same rate as homogenized control lungs (Table 

16) • 

Perfusing the lung with monocrotaline metabolites had no effect 

on norepinephrine transport or the activities of angiotensin converting 
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Figure 18 a-b. Changes in lung vascular permeability caused by 
monocrotaline metabolites. Livers from phenobarbital pre-treated rats 
were perfused with Krebs-Henseleit buffer containing 2% albumin in a 
recirculatory manner for 60 minutes. The liver was then removed from 
the perfusion apparatus and the buffer analyzed for Ehrlich reactive 
material. This buffer was diluted to the desired concentration of 
Ehrlich reactive material (x-axis) with fresh buffer, then perfused 
through isolated, ventillated lungs from male or female rats at 10 
ml/min for 20 minutes. Fresh buffer containing 900 mwt 
(3H)polyethylene glycoi (0.5 llCi/ml) ~vas perfused through the lungs in 
a non-recirculatory system for 10 minutes, followed by a 1 minute per
fusion with fresh, (3H)polyethylene glycol free, buffer. The wet 
weights of the lungs were obtained and the lungs were homogenized in 
ice-cold 10% TCA, centrifuged at 5000 x g for 20 minutes and the super
natant assayed for radioactivity. TCA pellets were oven dried for 7 
days then weighed and ~vet/dry ratios calculated (graph A). Lung reten
tion of nmole of polyethylene glycol/g of TCA precipitate was calcu
lated (graph B). Error bars are standard errors of the mean. 
Comparison to controls was by Dunnet's t test. Dots represent means 
that are significantly different from control (p<O.OS). 
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Figure 19 a-d. Agents that cause pulmonary edema. Lungs from female 
rats ~lere perfused for 20 minutes with Krebs-Henseleit buffer con
taining 2% albumin and the concentrations of either histamine (A,B) or 
equinatoxin indicated on the x-axis. Wet/dry weight ratios or pulmo
nary retention of (3H)poylethylene glycol were determined as described 
for figure 21. Comparisons were made to control with Dunnet's t test. 
*p<0.05 
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Figure 20. Effect on monocrotaline metabolites on serotonin transport. 
Monocrotaline metabolites were obtained as described for figure 21. 
Lungs obtained from female rats were perfused with liver metabolites 
for 20 minutes then perfused for 10 minutes with (3H)serotonin and 5 
minute fractions of the lung perfusate collected. (3H)Serotonin was 
separated from metabolites on AGI cation exchange columns and the 
transport rate calculated. Open squares are for lungs that were per
fused with the parent alkaloid with no metabolism by liver. Squares 
ccntaining x's represent lungs perfused with fresh buffer that has not 
been perfused through a liver prior to lung perfusion. The x's are 
lungs perfused with liver effluent from livers that received no 
monocrotaline. The crosses are lungs perfused with monocrotaline meta
bolites obtained from isolated perfused livers. The regression line 
was analyzed by linear regression using SPSS. Correlation coefficeint 
for the regressin line was 0.91 with a p<O.OOI. 



TABLE 16. Metabolism of Amines by Homogenized Lungs a 

Amine 

Norepinephrine 

Serotonin 

Group 

Control 
Monocrotallne 

Control 
Monocrotaline 

Rate 
(nmoles/mg protein) 

16.7 ± 3.8 
17.6 ± 4.1 

25.3 ± 8.9 
28.6 ± 6.3 
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arsolated lungs perfused with Kreb-Henseleit buffer (control) or with 
Krebs-Henseleit buffer and Ehrlich reactive material obtained from per
fused livers for 20 minutes, then homogenized in fresh buffer and incu
bated with (3H)serotonin or (14C)norepinephrine. 
Values are means ± SD. 
N=4 for each group. 



enzyme or 5 1 -nucleotidase at concentrations of Ehrlich reactive 

material we were able to obtain with the isolated perfused liver pre

paration. 

Thus, ~ vit~ techniques show that lung and liver interactions 

are sufficient to produce monocrotaline induced pulmonary damage. 
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Inhibition of Endothelial Cell Damage. When isolated lungs are 

perfused with Ehrlich reactive metabolites of monocrotaline generated 

by an isolated perfused liver, there is a significant and dose depen

dent decrease in serotonin transport. If the livers are perfused with 

a mixed function oxidase inhibitor (SKF-525A) the generation of Ehrlich 

reactive metabolites of monocrotaline is inhibited, and the transport 

of serotonin is unchanged from that of control lungs (Table 17). 

Likewise, anoxic perfusion conditions and low tempuratures reduced the 

effectiveness of liver perfusate to inhibit serotonin transport in the 

lung. 



TABLE 17. Reduction of Pulmonary Damage by Metabolic Inhibitors. 

Treatment 

Control 111 
Monocrotaline 
Metabolites from 
un-treated liver 

Control It2 
no pre-
perfusion of lung 

Altered Liver 
Metabolism 

100 ].JM SKF-525A 

Liver perfusion 
@ 20° C 

Anoxic Liver 
perfusion 

Ehrlich reactive material 
(w.r )a 

215 ± 32 

o 

18 ± 13 

40 ± 10 

Serotonin Transport 
nmoles/min/g lung 

1.2 ± 0.5 

3.0 ± 0.4* 

3.3 ± 0.5* 

3.1 ± 0.3* 

2.8 ± 0.5* 

aValues are the mean amounts (± SD) of Ehrlich reactive material 
generated by the isolated perfused liver from 200 ].JM monocrotaline. 
*Indicates statistically different from control 111 p<0.05, Dunnett's t 
test. 
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CHAPTER 4 

DISCUSSION 

The work presented in this dissertation was designed to answer 3 

general questions: 

1. What are the physiological and biochemical effects of 

monocrotaline? 

2. What are the early events in monocrotaline toxicity? 

3. Can a dose response relationship be established for 

monocrotaline induced pulmonary damage? 

It was also our intent to answer a fourth, more specific 

inquiry; Are lung-liver interactions sufficient to produce monocrota

line induced pulmonary damage? In answering these questions, we have 

also clarified a number of points in the literature about monocrotaline 

induced lung damage and have devised 2 novel techniques; one for 

investigation of pulmonary edema caused by various stimuli, and the 

other for studying the importance of liver metabolism in not only 

monocrotaline induced pulmonary damage, but in other models of chemi

cally induced pulmonary damage as well. 

What are the Pulmonary Effects of Monocrotaline? 

The initial experiments established that male and female rats 

respond similiarly to monocrotaline administration in the drinking 

water. This finding is surprising in view of the fact that later 
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experiments showed that livers from male rats biotransformed 

monocrotaline to an Ehrlich reactive metabolite at a greater rate than 

did females. However, the biotransformations that occur 2:E. vivo are at 

presumably low levels of substrate. The animals drirut approximately 

150 ml/kg/24 hours. With a monocrotaline concentration of 20 mg/l, the 

animals receive nearly 3 mg/kg per day. It is unknown what the blood 

levels of monocrotaline are during this time, but they are unlikely to 

exceed the metabolic capability of the liver activating system. 

Therefore, at low levels of exposure, such as encountered in the 

drinking water exposure, the differences in rate of biotransformation 

of mono crotaline may be unimportant. There are no other reports "tolhich 

indicate differences between sexes in their in vivo response to 

monocrotaline. 

The various routes of administration reveal that the low levels 

of monocrotaline the animals are exposed to during the drinking water 

experiments cause damage primarily to the lungs and right ventricle. 

Intraperitoneal and Subcutaneous routes of exposure cause increases in 

organ weights indicating the involvement of these organs in the toxic 

response of the animal. The involvement of other organs when monocro-

taline is injected may be a result of kinetic differences between the 

administration routes. Whereas the drinking water administration 

results in low levels of continuous exposure, the injected animals 

receive a single dose that could result in higher blood levels for a 

short period of time. The higher levels of circulating alkaloid or 

metabolite probably distribute to other organs besides the lung in high 

enough concentrations to result in toxicity. Therefore, the toxic 



effects of monocrotaline in the drinking ~.,ater are primarily pulmonary 

responses to monocrotaline metabolites with minimal involvement by 

other organs. It was primarily for this reason that we chose to study 

the pulmonary damage caused by monocrotaline in the drinking water. 

Biochemical Effects of Monocrotaline 
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The increased lung mass is a significant event in the course of 

monocrotaline toxicity, yet little work has been reported on eluci

dating the biochemical nature of the increased lung weight. Other 

workers have histologically evaluated the lungs from animals treated 

with monocrotaline in order to determine what caused the increase, but 

reports have been conflicting. In some instances, investigators report 

a marked medial hypertrophy of small arterioles in rats (Kay ~!!.!..' 

1969; Smith and Heath, 1978; Meyrick and Reid, 1979, Ghodski and Will, 

1981). Others (Lalich.!:!.!!.!.., 1977) have reported that in rats, fibrin 

occlusion of pulmonary vasculature may lead to pulmonary hypertension. 

Raczniak et !!.!.. (1979) reported that beagles treated with dehydromo

nocrotaline developed pulmonary hypertension and pulmonary fibrosis. 

We found that lungs from rats treated with monocrotaline contain 

55% more protein than do controls, but no significant fibrosis occurs, 

as shown by 4-hydroxyproline levels and detergent separation. 

Kamej i ~!!.!.. (1980) have reported that rat pulmonary arteri~s 

stressed by various stimuli, including monocrotaline induced hyperten

sion, respond by increasing collagen synthesis. They suggested that 

increased pressure in the vascular wall is ample stimulus for this 



increase. Their findings are not inconsistent with ours as arteries 

comprise only a small percentage of the total lung weight and this 

change may be masked by the whole organ preparation. 

We find in the lung a large and significant increase in non

collagen proteins, primarily from the triton-soluble fraction which 

consists of cytoplasmic proteins. The treated lungs also contained 

more lipid and RNA which suggest the increased lung weight was cellu

lar. The decreased DNA/RNA ratios in monocrotaline treated animals 

also indicate that cellular hypertrophy was the process by which lung 

mass increased. 
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The cause of this hypertrophy is still a major question. The 

major metabolite of monocrotaline, dehydromonocrotaline, is electrophi

lic and it has been postulated that it binds to the nucleophilic 

sulfhydryl groups on the pulmonary endothelium as the initial toxic 

event (Hayashi and Lalich, 1967; Huxtable ~ al; Chesney ~ aI, 1974; 

Hurley and Jago, 1975). What happens to the lung after this binding is 

unkown. Ultimately, pulmonary hypertension and medial hypertrophy of 

arterioles develop. The latter is much like that observed in hypoxia 

induced pulmonary hypertension (Meyrick and Reid, 1979). However, the 

medial layer of vascular smooth muscle comprises little of the mass of 

the lung, so it is unlikely that hypertrophy of this material could 

account for the 80% increase in dry lung weight. One the other hand, 

endothelial cells comprise about 40% of the mass of the normal lung 

(Weibel et_ ~, 1976), and increased thickness of these cells has pre

viously been reported (Hayashi and Lalich, 1967) Therefore, it is 



likely the increased lung mass is due to hypertrophy of endothelial 

cells. By what mechanism this increase occurs is unknown. 
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The right ventricle from animals treated with monocrotaline 

developed fibrosis, as demonstrated by elevated levels of 

4-hydroxyproline and detergent solubilized collagen proteins. Both the 

lung and right ventricle hypertrophied, but, unlike the lung, a signi

ficant fraction of the increase in mass of the right ventricle was 

attributable to collagen. 

In normal cardiac tissue a fine balance is obtained between the 

necessary structural support provided by collagen proteins and 

compliance of the heart. Ideally, the percent of protein which is 

collagen would remain unchanged as the heart progresses from the normal 

to the hypertrophied state. However, in pathological hypertrophy, the 

collagen concentration of the heart increases thereby decreasing the 

compliance of the heart and predisposing the animal to heart failure. 

Collagen levels in pathologically hypertrophied right ventricles have 

been shown to increase in rodents (Bartosova ~~, 1969; Bing ~ aI, 

1971; Turto, 1977; Skosey .!:.!.~, 1972) and felines (Buccino et aI, 

1969). Studies with pressure overload induced right heart hypertrophy 

have shown that the rate of (3H)proline incorporation increased at the 

end stage of hypertrophy (Turto, 1977; Skosey, 1972). 

In monocrotaline treated animals, the differing biochemical 

changes in the right ventricle and lungs suggest that the hyper

trophying stimulus differed. It appears that the lung responds to 

direct chemical damage, whereas the right ventricle responds to a 



physiological stimulus: the increased workload caused by pulmonary 

hypertension. The temporal relationships established for organ weight 

increases supports this contention. 
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Right ventricular hypertrophy caused by mono crotaline is charac

terized by an increase in membranous proteins. Detergent fractionation 

of lung tissue revealed that the largest increase in mass occurred in 

the Triton soluble fraction. This fraction contains primarily 

cytoplasmic proteins. But the ,greatest increase in mass in the right 

heart was the LDS fraction which is comprised of cytoplasmic proteins. 

This difference in protein fractionation further reflects the divergent 

responses of the lung and the right ventricle to monocrotaline intoxi

cation. 

Changes in Angiotensisin Converting Enzyme and 5 ' -Nucleotidase. 

When angiotensin converting enzyme activity and 5 ' -nucleotidase acti

vity were determined in lungs, there was a significant decrease in 

specific activity of both of the enzymes (Table 13). Kay and his 

collegues (Kay ~ al , 1982; Keane et al, 1982) also reported that 

pulmonary angiotensin converting enzyme activity was reduced in 

monocrotaline induced pulmonary hypertension. They concluded that 

monocrotaline reduces angiotensin converting enzyme activity in the 

lung. Our conclusions however, differed from those of Kay ~ al. 

Activities based on protein normalizations are valid only when 

the weights or protein contents of the organs are unchanged. The lung 

frequently responds to injury by an increase in protein content, either 

through accumulation of exogenous protein or through increased protein 
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synthesis (Witchi, 1977). For a true evaluation of changes in 

activities of enzymes such as angiotensin converting enzyme or 

5 1 -nucleotidase, the data need to be presented as a function of the 

whole organ. With angiotensin converting enzyme or 5 1 -nucleotidase 

measurements this is difficult because the activities of the crude lung 

homogenate are quite low, and the homogenate is possibly contaminated 

with non-specific peptidases (Bakhle, 1976). To measure the activities 

accurately, enrichment of the enzymes by differential centrifugation is 

necessary. This step introduces some variability into the assay. In 

addition, the activities are measured in a protein sample that is a 

fraction of the original protein, which also makes it difficult to 

extrapolate to activities for the entire lung. Despite these limita-

tions, we calculated angiotensin converting enzyme and 5 1 -nucleotidase 

activities per lung based on the total activity of the pellet recovered 

after the 100,000 x g spin because the enzyme activity per whole organ 

is more meaningful than the activity expressed per unit of protein. 

The value we obtained revealed that monocrotaline had no effect on the 

total lung activity of angiotensin converting enzyme or 5 1 -nucleotidase 

activity. 

What are the Early Events 
in Monocrotaline Induced P~l~onary Damag~? 

Temporal Relationships 

The sequence of events in monocrotaline induced pulmonary damage 

has never been firmly established. Huxtable ~a~ (1978) first 

reported that monocrotaline adiminstration in the drinking water of 



94 

male Wistar rats caused significant increases in lung and right 

ventricle mass before significant increases in pulmonary artery or 

right ventricle pressures. In studies in which animals were fed 

Crotalaria spectabilis seeds, pulmonary artery pressures were elevated 

one week before right ventricular hypertrophy occured (Meyrick ~ aI, 

1980). In contrast, Ghodsi and Will (1981) found that pulmonary artery 

pressure and right ventricle weights ~.,ere both significantly increased 

at the same time after a single intra-peritoneal injection of monocro

taline. Our experiments agree with those reported by Huxtable et a~ 

(1978) and establish that in the female Sprague-Dawley rat the increase 

in pulmonary and rig~t ventricular mass precedes a significant increase 

in either pulmonary artery pressures or right ventricular pressures 

(Figures 9,10,11). The cause of the difference in response may depend 

upon the monocrotaline exposure regimen. The relationship between 

increased mass and increased pulmonary artery pressures is unclear. We 

postulate that the pulmonary increase in mass is caused by hypertrophy 

of endothelial cells which leads to reduced lumen diameter and eventual 

hypertension. With the information available at present we cannot spe

culate on the mechanism of this endothelial hypertrophy. 

Pulmonary Edema 

The earliest effect we observed after poisoning female rats with 

monocrotaline in their drinking water was pulmonary edema which deve

loped after 5 days (Figure 12). That this effect could not be observed 

in in vitro suggests that the edema that is generated may be the result 

of other organs interacting with the lung-liver response. Tertiary 
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responses to chemically induced lung damage have been reported with 

other systems and may be responsible for the inability of our in vitro 

system to duplicate the pulmonary edema observed .!!!.~£.. Hiliker et 

~ (1982) reported a significant decrease in platelets after a sin.gle 

injection of monocrotaline. Platelet aggregation has been reported in 

monocrotaline induced pulmonary hypertension (Turner and Lalich, 1965; 

Valdivia~al, 1967). The platelet accumulation has been postulated 

to occur after endothelial cell damage either as a result of altera-

tions in endothelial surfaces or because of an increase in serotonin 

levels caused by inhibition of pulmonary serotonin uptake. Platelets 

contain vasoactive compounds that may be released during monocrotaline 

induced platelet aggregation. According to this hypothesis, pulmonary 

edema would be observed ~~ivo where there are circulating platelets, 

but an in vi tr..£. system would not necessarily contain platelets, and the 

edema observed in vivo would not occur in vitro. 

The Dose Response of Monocrotaline Induced Pulmonary Damage. 

~he dose response relationship is of paramount importance in 

establishing that a response is correlated with administration of a 

compound. Yet we were unable to establish dose response relationships 

for monocrotaline induced pulmonary damage (Figure 15). There are 2 

possible explanations for these results. First, the dose-reponse rela-

tionship is extremely steep, and the time between 4 days of exposure 

and 5 days of exposure contains the entire gradation of responses bet-

ween no pulmonary effect and the pulmonary and cardiac increases in 

mass and pressures. All attempts to establish this relationship 
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between responses observed on day 4 and on day 5 failed to show any 

gradation in response. It appears that the lung responses to moncrota

line are all or none. 

The second explanation for the lack of a dose response curve may 

be because of a tertiary interaction. In this theory, the primary 

damage caused by monocrotaline is to another organ besides the lung. 

Once this organ is damaged sufficiently, it causes inappropriate levels 

of an endogenous substance to reach the lungs and results in pulmonary 

damage. The lack of a dose response in the lung then would be because 

the actual response that should be observed is in the third organ (lung 

and liver being the first 2 organs). Once the damage threshold is 

achieved in this postulated third organ, the resulting pulmonary 

changes occur without any apparent relationship between the dose of 

monocrotaline given and the pulmonary response. 

These types of interactions have only been postulated, and there 

is little direct experimental evidence to suggest this mechanism of 

pulmonary damage is important. However, of particular interest to this 

discussion is the example of serotonin induced shock mentioned in the 

introduction. When shock is induced in a rabbit by continuous per

fusion of serotonin, the permeability of the gut wall is increased and 

endotoxins are released from the gut which reach the lungs and cause 

pulmonary damage (Cuevas et aI, 1972). This type of mechanism may 

contribute to the overall effects of monocrotaline, especially in light 

of the fact that monocrotaline causes a decrease in the pulmonary remo

val of serotonin. If the inhibition of serotonin removal is severe 



then it can be postulated that circulating levels may increase to the 

point where gut wall permeability is increased and endotoxins are 

released. Huxtable ~~ (1978) showed that the distribution of 

(3H)dehydroretronecine results in high concentrations of radioactivity 

in the gut. If monocrotaline is being metabolized to a reactive form 

97 

by the liver, then affecting the gut, causing release of endotoxin this 

may ex.plain the not only the lack of a dose response curve for pulmo-

nary responses to monocrotaline but may also explain the delay in 

pulmonary response to monocrotaline. However, our efforts to investi-

gate this as a possible mechanism of action of monocrotaline have 

failed. When animals were placed on water containing lactulose to 

reduce the gut levels of endotoxin producing bacteria, there was no 

significant decrease in the pulmonary response to monocrotallne. Lung 

and right ventricle masses increased and pulmonary hypertension deve-

loped despite the treatment with lactulose. 

Can Monocrotaline Induced Pulmonary Dama~ 
be Produced Solely by Lung Liver Interactions? 

Hiliker et al (1982) proposed that the c'ardiopulmonary effects 

of monocrotaline may be mediated by the action of platelets. Their 

reasoning was based on the observation that platelet counts decrease in 

response to a single injection of monocrotaline and the histological 

appearance of platelet aggregates in the lung (Turner and Lalich, 1965; 

Valdivia et~, 1967). This theory is reasonable for 2 important 

reasons. First, it would explain the platelet aggregation and decrease 

in platelet counts caused by monocrotaline. Secondly, it could help 
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explain the apparent disparity between the reactiviy of the proposed 

metabolites of monocrotaline - dehydromonocrotaline and dehydroretrone

cine and the transit to the pulmonary endothelium from the liver. Both 

of these metabolites are chemically reactive and it has been postulated 

that survival of these species from the liver to the lung in the blood 

is unlikely. Therefore, the binding of these metabolites to platelets 

or other blood elements may partially explain how these reactive meta

bolites of monocrotaline reach the lung endothelium. The association 

with blood elements may stabilize the metabolites until they reach the 

pulmonary endothelium with its turbulent flow of blood and large sur

face area. Once the platelets reach the endothelium, the metabolites 

that are associated with the platelets, react with the pulmonary 

endothelium causing damage. In effect, the platelets or other blood 

elements act as carriers for the metabolites. 

Another proposal is that the platelets are themselves reacting 

with the metabolites of monocrotaline in the liver. The damaged plate

lets then pass out of the liver and to the lung where, because of their 

altered surface membranes, break in the turbulent flow of the lung, 

releasing vasoactive substances and causing the pulmonary damage 

observed. 

We tested these theories with in vitro methods. When monocrota

line metabolites generated by an isolated liver were perfused through 

an isolated lung, pulmonary damage in the form of decreased serotonin 

transport could be produced (Figure 20), thus establishing that 

monocrotaline induced pulmonary damage could occur without the 
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involvement of platelets or other blood elements. Further, the effect 

of the metabolites generated by perfused livers can be reduced ~ vitro 

using inhibitors of liver biotransformation of monocrotaline 

(Table 17). These experiments demonstrate that not only can the pulmo

nary effects of monocrotaline that take weeks to develop ~ vivo be 

produced in vitro, but that the effects can be manipulated with phar

macological agents. The particularly useful aspect of this finding is 

that the inhibition of serotonin transport by the perfused lungs can be 

used as an endpoint or a marker of toxicity for monocrotaline metabo

lite damage to the lung. With this as a tool, it will be possible to 

conduct further investigations ~ vitro to study the pulmonary response 

to monocrotaline metabolites in detail. 

However, the experiments ~.;;rhich demonstrate decreased serotonin 

transport ~ vitro do not eliminate the involvement of platelets in ~ 

vivo monocrotaline induced lung damage. These experiments only indi

cate that lung damage caused by monocrotaline metabolites may occur 

without blood borne elements. In addition, the earliest change we 

observed in viv~ was pulmonary edema yet this response was not 

demonstrated in vitro. As discussed earlier, this discrepency may be 

caused by the lack of some unknown blood element in the perfusion 

medium that helps mediate the pulmonary toxicity. Attempts to add pla

telets or even whole blood to the perfusion medium failed because of 

damage to these elements that occured as they passed through the pump. 
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Techniques Developed in this Dissertation Work 

In designing experiments to answer the questions posed at the 

beginning of this work, we have also developed 2 useful techniques that 

may prove valuable in studying pulmonary endothelial damage caused by a 

variety of pulmonary toxicants. 

Accurate Measurement of Vascular Permeability 

Pulmonary edema is an initial event in many chemically induc.ed 

pulmonary injuries (Witschi, 1977). The lung possesses a unique struc

ture providing a thin septum between the alveolar gas exchange cells 

and the vascular space. Damage to this barrier results in fluid move

ment out of the vasculature. The wet to dry ratio of the lung can be 

used to quantify edema and it is an important index in determining the 

severity of pulmonary damage. However, the wet to dry weight ratio 

does not provide information about the nature of the lesion. Increased 

vascular permeability may result from minor alterations in membrane 

integrity or disruption of entire segements of the membrane. The 

distinction between these two types of lesions is useful in charac

terizing the process by which lung edema occurs and further serves to 

help determine the mechanism of pulmonary injury. We have used a 

radiolabeled, polar molecule of known molecular weight as a probe to 

investigate the vascular lesions caused by monocrotaline and other 

agents known to cause pulmonary edema. With this technique, polyethy

lene glycol will enter extravascular compartments only if the membrane 

damage is severe. 
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Perfusion of polyethylene glycol through the lung and subsequent 

measurement of retention of this compound in the lung revealed that 

monocrotaline metabolites from the liver may cause a discrete membrane 

damage as observed by inhibition of serotonin transport, but these 

metabolites did not cause pulmonary edema or increased vascular per

meability in vitro. Increases in vascular permeability were observed 

with one other agent known to cause pulmonary edema, histamine and one 

agent suspected of causing pulmonary edema, equinatoxin. With this 

technique it will be possible to investigate the severity of the lesion 

by using various sizes of polyethylene glycol and determine the lung 

retention of each after a toxic insult. 

Tandem in vitro Lung Liver Perfusions 

The other technique developed was that of tandem lung liver' per

fusions which provided us with the means to study the importance of 

liver metabolism in monocrotaline induced pulmonary damage. With this 

technique, the effusate from the liver contains metabolites that the 

liver in vivo would likely generate. These can then be tested on the 

perfused lung for possible toxic events. The true advantage of this 

method is that the reactive intermediates the lung is exposed to are 

freshly generated and in ratios that more closely reflect the in ~ivo_ 

situation. When metabolites are chemically synthesized then added to 

the perfused lung, it is unlikely that the metabolite added is the sole 

product of liver metabolism~ vivo. Other metabolites produced by the 

liver may compete with one another for reaction with lung tissue and 

result in a different pattern of toxicity than is produced when a 
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single metabolite is added. In addition, there may be metabolites pro-

duced by the isolated liver that have not been isolated, identified and 

synthesized or, as is the case with monocrotaline, are too difficult to 

synthesize. In these cases, the toxic effects of the metabolites can 

still be investigated with confidence that the responses observed in 

the lung accurately reflect the responses that occur ~ vivo. 

Summary 

The work presented in this dissertation has addressed the 4 

questions proposed in the introduction. 

I. What are the pulmonary and cardiac effects of monocrotaline? 

This question was asked to establish a basis for designing an 

accurate hypothesis for monocrotaline induced lung and heart damage. 

Monocrtaline administered to female rats in their drinking water causes 

pulmonary edema which is transient and resolved in a 5 day time period, 

increased lung mass characterized by increased non-collagen protein 

content, an increased right ventricle mass which is characterized by 

increased collagen proteins. Further, there is a decrease in the spe-

cific activity of both angiotensin converting enzyme and 

5 ' -nucleotidase activities when the activities are expressed based on a 

mg of protein, but the activity is unchanged when expressed as total 

activity for the entire lung. 

2. What are the earliest observable events in 
monocrotaline induced lung damage? 

This question further charachterized the effects of monocrota-

line on the lung and heart and was also necessary for the formation of 



the hypothesis posed in the last question. The earliest event was 

pulmonary edema which occured on day 5. This efect could not be pro-

duced i~ vitro indicating that some component of the reaction between 

lung and monocrotaline metabolite is missing in the in vitro system. 

3. Can a dose response relationship be established 
for monocrotaline induced pulmonary damage? 

No dose response relationship could be established for the 

pulmonary effects of monocrotaline. The effects observed appeared to 
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be all or none. This suggests that either the response is too steep in 

the lung for accurate determination by our techniques, or that the 

primary toxicity of monocrotaline metabolites is not the lung, but some 

other organ which produces the lung damage after it has proceded 

through its own dose response to monocrotaline and has reached some 

threshold value. Once it passes the threshold value it causes damage 

to the lung by some unknown mechanism. 

4. Can pulmonary damge caused by monocrotaline be 
produced with lung liver interactions alone? 

This question tests the hypothesis that has been formulated from 

answers to the above questions, namely, that monocrotaline exerts 

pulmonary and cardio toxic effects through tertiary interactions with 

other organs. Inhibition of serotonin uptake by the pulmonary endothe-

lium can be demonstrated in vitro with lung liver interactions alone. 

In addition, this observation can be used as a sensitive endpoint for 

further studies of the endothelial damage caused by monocrotaline. 



APPENDIX A 

TABLE 18. Organ to Bod~ Weight Ratios for Various Routes of Exposurea 
Route of 
Administration. Concentration Organ Ratio 

Drinking water a mg/l Lung 10 ± 1 
15 (x 104) 9 ± 1 
20 16 ± 3 
25 17 ± 2 
30 15 ± 3 

Intrperitoneal 
Injection a mg/kg 10 ± 1 

25 10 ± 2 
50 15 ± 2 
100 16 ± 2 
200 16 ± 2 

Sub-cutaneous 
Injection a mg/kg 10 ± 2 

25 10 ± 1 
50 11 ± 2 
100 16 ± 3 
200 22 ± 4 

Drinking water a mg/l Right 14 ± 3 
15 Ventricle 16 ± 3 
20 (xl05) 28 ± 4 
25 27 ± 5 
30 26 ± 4 

Intraperitoneal 
Injection a mg/kg 14 ± 1 

25 13 ± 2 
50 23 ± 4 
100 26 ± 5 
200 30 ± 7 

Sub-cutaneous a mg/kg 15 ± 1 
25 12 ± 2 
50 16 ± 3 
100 30 ± 5 
200 31 ± 5 
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TABLE 18 (continued). Organ to Body \veight Ratios for Various Routes 
of Exposure. 
Route of 
Administration. Concentration Organ Ratio 

Drinking water o mg/l Left 59 ± 8 
15 ventricle 50 ± 7 
20 plus 59 ± 8 
25 septum 59 ± 9 
30 (x 104) 60 ± 9 

Intrperitoneal 
Injection o mg/kg 60 ± 6 

25 62 ± 8 
50 66 ± 9 
100 67 ± 10 
200 72 ± 10 

Sub-cutaneous 
Injection o mg/kg 58 ± 6 

25 57 ± 7 
50 58 ± 8 
100 61 ± 10 
200 62 ± 9 

Drinking water o mg/l Liver 10 ± 1 
15 (x 103) 10 ± 2 
20 10 ± 1 
25 10 ± 2 
30 10 ± 3 

Intraperitoneal 
Injection o mg/kg 10 ± 1 

25 11 ± 2 
50 11 ± 2 
100 12 ± 3 
200 13 ± 2 

Sub-cutaneous o mg/kg 9 ± 1 
25 10 ± 1 
50 10 ± 2 
100 10 ± 2 
200 11 ± 2 



TABLE 18 (continued). Organ to Body Weight Ratios for Various Routes 
of Exposurea 
Route of 
Administration. 

Drinking water 

Intrperitoneal 
Injection 

Sub-cutaneous 
Injection 

Concentration 

a mg/l 
15 
20 
25 
30 

a mg/kg 
25. 
50 
100 
200 

a mg/kg 
25 
50 
100 
200 

aValues are means ± SD. 

Organ Ratio 

KidneI 22 ± 3 
(x 10 ) 19 ± 2 

21 ± 3 
22 ± 3 
22 ± 2 

23 ± 2 
24 ± 3 
27 ± 4 
32 ± 5 
29 ± 4 

20 ± 2 
18 ± 2 
20 ± 3 
25 ± 4 
28 ± 4 
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APPENDIX B 

Female Sprague-Dawley rats were administered lactulose in their 

drinking water (10% weight/volume) to reduce the population of endo

toxin producing gut bacteria, then administered monocrotaline either in 

the drinking water, or as a single sub-cutaneous injection (100 mg/kg). 

There was no observable effect. of lactulose on the course of monocrota

line induced pulmonary damage by any of the parameters measured (Table 

19) • 
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TABLE 19. The Effects of Lactu10se Treatment on the Course of 
Monocrota1ine Induced Pulmonary Damagea 

Group 

No Lactu10se 

Control 

Monocrotaline 
in the drinking 
water (20 mg/1) 

Monocrota1ine 
injected 
sub-cutaneously 
(100 mg/kg) 

10% Lactu10se in 
the drinking water 

Control 

Monocrota1ine 
in the drinking 
water (20 mg/1) 

Monocrota1ine 
injected 
sub-cutaneously 
(100 mg/kg) 

Body 
Weight 
(grams) 

171 ±21 

125 ±lS* 

137 ±17* 

166±20 

121 ±lS* 

110 ±17* 

Pulmonary 
Artery 
Pressure 
(rom Hg) 

lS±2 

31 ±4* 

34±4* 

17 ±3 

3S±4* 

30±4* 

Right Lung 
Ventric. to 
Pressure Body 
(mm Hg) Weight 

Ratio 
(x 103) 

19 ±S 1.1 ±O.3 

42±6* 1.7±O.2* 

40±S* 2.1±O.3* 

22±3 1.3±O.2 

38±4* 

41 ±6* 2.2±O.4* 

aVa1ues are means ± SD for animals per group. 

Right 
Ventricle 
to Body 
Weight 
Ratio 

(x 104) 

1.6±0.3 

2 .8±0 .3* 

2.4±0.3* 

1.3 ±O.S 

2.7 ±O .3* 

3.1±0.S* 
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*Indicates significant differences from the control group as determined 
by the student un-paired t test (p<O.OS). Comparisons between groups 
were made with Dunnett's t test. No significant differences existed 
between groups that received 1actu1ose treatment and those that did not. 



APPENDIX C 

A series of experiments were conducted to determine if the adre

nal glands mediated the pulmonary response to monocrotaline. These 

experiments were conducted to try and determine the cause of the delay 

from the time monocrotaline is metabolized and eliminated, to the time 

the first effects (pulmonary edema) are observed. We reasoned that 

monocrotaline, or its metabolites, could damage the adrenals causing 

them to release elevated levels of epinephrine. Epinephrine has been 

shown to cause lung lesions when injected sub-cutaneously (Wang ~~, 

1971), much like the lesions generated by monocrotaline. 

Female Sprague-Dawley rats (initial weight 50-60 g) were 

anesthetized with 25 mg/kg Na pentobarbital and a bilateral adrenalec

tomy removing both the cortex and medulla was performed. Another group 

of animals were anesthetized and underwent sham operations in which the 

adrenals were left in place. Adrenalectomized animals were given 0.9% 

saline in their drinking water. After 4 days of recovery from the 

surgery, animals were placed on monocrotaline containing drinking water 

(20 mg/l for the sham operated animals). The amount of monocrotaline 

consumed by the sham operated animals was calculated and this amount 

added to the drinking water of adrenalectomized animals such that both 

groups of animals received the same amount of monocrotaline per day, 

despite the differences in water consumption. 
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After 21 days of treatment with monocrotaline, body weights, 

pulmonary artery and right ventricular pressures, and organ to body 

weight ratios were determinied in all animals. 
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The sham operated animals that received monocrotaline in their 

drinking water, and the adrenalectomized animals that received monocro

taline in their drinking water were statistically indistinguishable 

from each other in any of the parameters measured (Table 20), as were 

the sham operated and adrenalectomized control groups. Both groups of 

animals that received monocrotaline treatment developed pulmonary 

hypertrophy and hypertension as well as right ventricular hypertrophy. 

Therefor, adrenalectomy had no effect on the course of monocrotaline 

induced pulmonary damage and from this we infer that the adrenals do 

not mediate monocrotaline pneumotoxicity. 



TABLE 20. The Effect of Adrenalectomy on the Pulmonary Response to 
Monocrotalinea 

Group 

Sham operated 

Control 

Monocrotaline 

Adrenalectomized 

Control 

Monocrotaline 

Body 
Weight 
(grams) 

174±20 

165 ±20 

126±16* 

Pulmonary 
Artery 
Pressure 
(mm Hg) 

14±2 

32±4* 

12±2 

29±4* 

Right 
Ventric. 
Pressure 
(mm Hg) 

16±2 

39±S* 

1S±2 

36±2* 

Lung 
to 
Body 
Weight 
Ratio 

(x 103) 

Right 
Ventricle 
to Body 
Weight 
Ratio 

(x 104) 

1.2:1:0.2 1.6±O.2 

1.9±O.3* 2.8±0.3* 

1.1±0.1 1.4±O.2 

2.0:1:0.2* 2.S±0.S* 

aValues are means ± SD for 10 animals per group. Comparisons to 
controls were made ~rlth the student t test. 
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*Indicates significantly different from control means (p<0.05). Other 
comparisons were made between sham operated and adrenalectomized groups 
with one way analysis of variance. This test showed no differences 
between these groups in any of the parameters tested. 
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