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ABSTRACT 

Monocrota1ine is a pyrro1izidine alkaloid found in 

plants implicated in livestock and human poisoning. 

Laboratory rats given monocrota1ine develop pulmonary 

hypertension and right heart hypertrophy in the weeks 

following administration of the chemical. Lung weight 

increases and right heart hypertrophy correlate with 

increased pulmonary artery pressure. 

Rats which consumed monocrota1ine drinking water (20 

mg/1) for only 4 days developed significant increases in 

lung and heart weights 14 days after exposure began. This 

exposure was equivalent to a dose of 15 mg/kg. Other 

treatment combinations of time (0 - 10 days exposure) and 

monocrotaline concentration (5 - 60 mg/l in drinking water) 

were tested. The accumulative dose calculated for each of 

the treatment combinations which produced toxicity was in 

the range of 15 to 20 mg/kg. Monocrotaline injury appears 

to be cumulative, but organ weight increases reverse once 

exposure is stopped. 

As pulmonary hypertension develops and pulmonary 

arteries hypertrophy, the force with which isolated 

pulmonary artery segments contract decreases. This is a 

loss of efficacy rather than potency to the contracting 

agents KC1, norepinephrine, and 5-hydroxytryptamine. 

----.- -.---.-
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Relaxation of arteries under conditions of potassium-return 

(a measure of Na+/K+ ATPase activity) was also altered by 

monocrotaline treatment. In vivo monocrotaline treatment 

had little effect on the force of K+-return relaxation. 

However, the rate at which arteries relaxed was 

significantly decreased following 4 days ingestion of 

monocrotaline drinking water (20 mg/l). In vitro ouabain 

treatment and endothelial injury also decreased the rate of 

K+-return relaxation. Another Na+/K+ ATPase activity, 86Rb+ 

uptake, was decreased following monocrotaline treatment only 

when 5-hydroxytryptamine was present and only uptake 

associated with the endothelium was affected. 

These studies utilized a very low exposure to 

monocrotaline (4 days ingestion of 20 mg/l monocrotaline 

drinking water or 15 mg/kg) to produce toxicity in rats. 

Monocrotaline-induced toxicity measured 20 days after 

treatment included right heart and lung hypertrophy and 

decreased contractions of isolated pulmonary arteries. 

Monocrotaline treatment decreased the rate of Na+/K+ ATPase-

dependent relaxation of isolated pulmonary arteries 4 days 

after treatment began. 

--- ---_.- . '-."'-"---'--' -_._._-- . 
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INTRODUCTION 

The pyrrolizidine alkaloid, monocrotaline 

Monocrotaline is a chemical which is found in many 

plants of the genus crotalaria. It is toxic to humans, 

livestock and laboratory rats. Monocrotaline (12B,13B

dihydroxy-12A,13A,12A-trimethyl-1,2-didehydro crotalanine) 

is in the class of class of compounds called the 

pyrrolizidine alkaloids. It is composed of a pyrrolizidine 

base, retronecine, and a macrocyclic diester (Figure 1). 

Monocrotaline has not yet been synthesi~;d in the laboratory 

and must be purified from one of the many species of plants 

which produces it. 

Monocrotaline is found in Crotalaria spectabilis and 22 

other species of Crotalaria, family leguminosae (Mattocks, 

1986). These plants contain other esters of necine and 

retronecine but a few species are particularly rich sources 

of monocrotaline. Monocrotaline is the principle alkaloid 

of ~ spectabilis and constitutes up to 3.2% of the dry 

weight of the seeds (Adams and Rogers, 1939). ~ 

spectabilis is a native of India but is now found 

distributed through the tropics and subtropics of all 

continents. It \iaS introduced in Florida as a cover crop 

---.-----.---... 
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MONOCROTALINE DEHYDROMONOCROT ALINE 

Figure 1. structures of monocrotaline and a putative 
metabolite, dehydromonocrotaline. 
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and green manure in 1921 and now grows throughout the 

southwest. The monocrotaline used in this dissertation was 

purified from seeds of ~ spectabilis collected by the 

Agricultural Research Service of the united states 

Department of Agriculture from plants growing in Alabama. 

These plants invade cropland, rangeland, and are easily 

accessible for human use. The first u.s. poisoning with ~ 

spectabilis was reported in 1934 in chickens feeding on its 

seeds. At that time, ~ spectabilis was recommended as a 

cover crop. Seeds and foliage frequently contaminated 

livestock feed. Hens developed chronic liver disease or 

died from acute poisoning. Egg production decreased in 

survivors. Feeding studies with seeds confirmed the source 

of toxicity (Kay and Heath, 1969). 

The target organs in toxicity varied with the species 

of animal exposed. The liver and lungs of birds, lungs and 

the gastrointestinal tract of pigs, and liver, lungs, heart 

and kidneys of cows were targets in crotalaria toxicity. 

other plants of the genus crotalaria have been implicated in 

neurological disease of horses in Australia. The liver and 

lungs are affected and it is proposed that ammonia 

intoxication due to liver dysfunction is the cause of death. 

A direct neurological target of monocrotaline has not been 

ruled out. Similar pathology of the liver and lungs were 

--- ---_._-_ .. - ... _ .. _ ...... -.-
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found in horses of South Africa which consumed another 

species of Crotalaria. 

During the 1950's, Crotalaria intoxication of children 

was described. Young children in Jamaica suffered ascites 

and hepatomegaly. The disease, veno-occlusive disease of 

the liver, is characterized by subendothelial swelling of 

small hepatic veins, resulting in blockage of the veins. 

Fibrosis and cirrhosis follow. Researchers found the 

children had been given an infusion of local plants ("bush 

tea") in the weeks preceding development of veno-occlusive 

disease. The tea was thought to have been prepared from 

plants of the genus crotalaria and from plants of another 

genus containing pyrrolizidine alkaloids, Senecio (stuart 

and Bras, 1957). Animal feeding studies with the Crotalaria 

plants confirmed their toxicity (Bras et al., 1957). 

Human exposure is a complex problem. In the case 

described above, children had been given bush tea to treat 

symptoms of illnesses such as indigestion and infection. 

The "cure" led to symptoms which less astute observers may 

not have associated with the home remedy. In general, human 

exposures to pyrrolizidine alkaloids involve daily or 

intermittent consumption of contaminated tea or food. 

Entire communities have been exposed through contaminated 

grains and breads (Huxtable, 1980). When acute illness or 

death results the problem can be traced, but the diagnosis 

-------------_. 
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of pyrrolizidine poisoning (veno-occlusive disease of the 

liver is pathognomonic) is only made when symptoms a:r:e 

severe. Cases have not been documented for long-term 

ingestion of low levels of alkaloids but it unlikely that 

such exposures do not occur. Chronic ingestion in animal 

feeding studies is not benign. Chronic intoxication can 

result in liver and pancreatic tumors (Mattocks, 1986) and 

pulmonary hypertension. 

Monocrotaline is not toxic but is bioactivated to a 

toxic pyrrole or pyrroles. A putative metabolite is 

dehydromonocrotaline (Figure 1). pyrrole production can be 

monitored using a colorimetric assay. Lafranconi used this 

technique to show that increasing or decreasing the activity 

of the cytochrome P-450 enzyme of the liver respectively 

increased or decreased the production of pyrrole (Lafranconi 

et al., 1985). Lung tissue does not generate a significant 

quantity of pyrrole (Hilliker et al., 1983), so lung damage 

requires hepatic bioactivation to the toxic pyrrole and 

transport to the lungs. The requirement for hepatic 

biotransformation has been obviated by administering 

dehydromonocrotaline (also called monocrotaline pyrrole). 

In rats, this compound produces monocrotaline-like lung 

toxicity (Bruner et al., 1986). 

17 



Monocrotaline-induced pulmonary hypertension 

Monocrotaline administered to rats produces a well 

characterized sequelae of events which CUlminate in 

pulmonary hypertension. Interstitial edema has been 

reported as early as 4 hours following administration of 

monocrotaline (Valdivia et al., 1967) This is followed by 

endothelial cell changes - thinning and thickening of the 

cytoplasm and cell swelling by 24 hours (Valdivia et al., 

1967). Muscle appears in normally nonmuscularized vessels 

after 3 days and by 7 days medial hypertrophy of muscular 

arteries is significant (Meyrick and Reid, 1979; Kay et al., 

1982). By 5 days, proteins appear in lung lavage fluid and 

at 7 days lung weights have increased (Bruner et al., 1983). 

Pulmonary hypertension is significant after 10 days. 

Activity of lung angiotensin II converting enzyme (per mg 

protein) is reduced (Kay et al., 1982) but enzyme activity 

expressed as activity of whole lung is not altered (Huxtable 

et al., 1978). After 12 - 14 days, the right heart has 

hypertrophied (Kay et al., 1985; Hilliker and Roth, 1985). 

The endothelium is altered in monocrotaline 

intoxication. The endothelial lining of the vessels 

proliferates and its ability to take up 5HT and 

norepinephrine is diminished (Huxtable et al., 1978; Gillis 

et al., 1978; Hilliker et al., 1984). Occlusion of the 

--- -----_._--------_. -'. .---. 
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lumen due to cell swelling is seen when low doses (25 mg/kg) 

of monocrotaline are used (Lalich et al., 1977). Along with 

swelling there is an increase in endothelial cell 

organelles, vesicles and enlarged nuclei (Merkow and 

Kleinerman, 1966). 

The development of pulmonary hypertension is monitored 

using direct measurements of pulmonary artery pressure or by 

measuring lung and heart weight increases. These two 

measures correlate with the increased pulmonary artery 

pressure and are a simple and convenient method of 

quantifying change. Much of the information listed above on 

the progression of hypertension comes from lung histology. 

Measurements are made from lung sections under light or 

electron microscopy. Analysis of lung lavage fluid provides 

more information. 

Relatively few studies have focused on very early 

events in intoxication which initiate the changes described 

above. Valdivia and others (1967) examined pneumocytes and 

cells of the interstitium and found histological alterations 

within 24 hours of administration of monocrotaline. Gillis 

found no change in 5HT transport by isolated lungs 48 hours 

following in vivo administration of monocrotaline (Gillis et 

al., 1978). However, Lafranconi found 5HT transport was 

decreased in isolated lung perfused for 10 minutes with 

active metabolites of monocrotaline (Lafranconi et al., 

--- ----- .--. . '._ ....... ,' --- ._-

19 



1985). Other than these studies, immediate changes in 

tissue have not been assessed. Most alterations occur four 

days or so after monocrotaline administration. 

Hypertrophied pulmonary arteries 

Morphological changes in pulmonary arteries occur over 

a 2 week period in the development of monocrotaline-induced 

pulmonary hypertension (Meyrick and Reid, 1979). These 

changes include medial hypertrophy and extension of muscle 

into normally nonmuscularized areas which are similar to the 

pulmonary hypertension produced by hypoxia (Hislop and Reid, 

1976). There is general agreement that structural changes 

in vascular smooth muscle occurs in all forms of 

hypertension and that this is accompanied by an increase in 

vessel reactivity which may be selective for vascular beds 

and vasoconstrictors (Daniel, 1981). In vitro preparations 

of hypertensive muscle may show decreased maximal 

contractions (Daniel, 1981). Changes in vascular response 

could be due to altered muscle mechanics (due to increased 

muscle mass), altered calcium handling, or changes in Na+/K+ 

ATPase, all of which have been invoked as causes of 

hypertension. changes in receptor number, density or 

coupling to cell responses may be factors in increased 

20 



contractility. Removal of endothelium has been shown to 

alter responses to neurotransmitters and adrenergic nerve 

stimulation (Cohen et aI, 1983; Angus and Cocks, 1984; 

Gonzalez and Duckles, 1988). Endothelial dmage rather than 

removal may have similar effects. In addition, changes in 

cell membrane potentials could alter contractile responses. 

Muscle cells of hypertrophied pulmonary artery undergo 

changes in electrophysiology. Suzuki and Twarog (1982b) 

measured cell membrane potentials of pulmonary arteries made 

hypertensive by monocrotaline treatment or hypoxia. These 

investigators found the resting membrane potential of muscle 

cells from monocrotaline-treated rats depolarized or 

hyperpolarized depending on location 1 to 2 weeks following 

treatment. When K+-free solution bathed the vessel, the 

amplitude and time course of changes in membrane potential 

differed in normotensive and hypertensive rats. Restoration 

of K+ resulted in transient hyperpolarization which was 10 

mV greater in some vessels from hypertensive animals. The 

difference in response to K+ between monocrotaline-treated 

and normotensive rats suggests Na+/K+ ATPase activity is 

altered in monocrotaline treated animals and that 

hyperpolarization of resting membrane potential of these 

animals may be attributed to an increase in Na+/K+ pump 

activity. Changes in membrane potential should correspond 

to alterations in contractility. Webb and Bohr (1978) 

21 
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described a functional test for Na+/K+ ATPase in vascular 

smooth muscle termed K+-return relaxation which parallels 

the K+-return experiment used by Suzuki and Twarog (1982a, 

1982b). 

Goals and Objectives 

The work described in this dissertation was undertaken 

to further the understanding of monocrotaline-induced 

pulmonary hypertension. The research focused on the effect 

of monocrotaline on contractions and relaxations of isolated 

pulmonary arteries. Specific objectives were to: 

1. Define a time period for the study of 

early damage to the pulmonary artery. 

I chose to administer monocrotaline in the drinking 

water. The protocol for this method required continual 

dosing for 20 days to produce pulmonary hypertension. 

However, it is well established that a single dose of 

monocrotaline will produce pulmonary hypertension. The 

questions I asked were: What is the minimum exposure 

necessary to produce pulmonary hypertension using drinking 

water administration? Is damage reversible once a toxic 

---._-----_ .... --. 
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dose is administered? Does the concentration of 

monocrotaline in drinking water alter the minimum exposure? 

2. Determine the effects of monocrotaline 

on contractions of pulmonary artery. 

Alterations in muscle morphology indicate there could 

be alterations in transmitter- or nontransmitter-mediated 

contractility. I addressed the following questions: Is 

contractility in response to norepinephrine and 5-

hydroxytryptamine altered in the development of 

hypertension? Are changes progressive? Are there changes 

in K+-induced contractions? 

3. Characterize the Na+/K+ ATPase dependent 

relaxation of pulmonary artery. 

Based on electrophysiological data on hypertensive 

pulmonary arteries, I hypothesized there were monocrotaline

induced alterations in K+-return relaxation. The questions 

I asked were: Is K+-return relaxation increased or 

decreased during the development of pulmonary hypertension? 

How are rate of relaxation and other time dependent 

parameters affected? What is the role of the endothelium in 

K+-return relaxation? 

--- --- -_._-.- ...... -. 
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MATERIALS AND METHODS 

Materials 

Animals 

Male Sprague-Dawley rats, 45 - 200 g, were obtained 

from the University of Arizona's Division of Animal 

Resources or from Harlan Sprague-Dawley, Inc., Indianapolis, 

IN. Rats were housed in the Division of Animal Resources 

with a 12 hour photoperiod and fed Wayne Lab Chow or Teklab 

diets. 

Chemicals 

Monocrotaline was purified from the seeds of Crotalaria 

spectabilis according to the procedure of Adams and Rogers 

(1939). Norepinephrine, 5-hydroxytryptamine, ouabain 

octahydrate, and acetylcholine were obtained from Sigma 

Chemical Co., st. Louis, MO, and prepared as aqueous 

solutions for use in tissue baths. Phenobarbital was 

obtained for injection from Mallinckrodt, st. Louis, MO, and 

in powder form from Elkins and sinn, Inc., Cherry Hill, NJ. 

Radiolabeled rubidium, 86Rb, was obtained from NEN Research 

Products, Boston, MA. Specific activities of the lots used 

were ranged from 3.4 to 9.9 mCi/mg. All other chemicals 

--- ------------- ------ - -
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were obtained from commercial sources and were the highest 

purity available. 

Buffers 

Unless indicated otherwise, Krebs-Henseleit buffer was 

used in all experiments. Its composition was 122 roM NaCI, 

5.2 roM KCI, 1.2 roM Mgs04·7H20, 27 uM EDTA, 1.2 roM KH2P04, 25 

roM NaHC03, 1.6 mM CaC12·2H20 and 0.2% Glucose. Potassium

free buffer (IIK+-free ll ) was prepared by replacing the KH2P04 

with NaH2P04 and omitting the KCI. 

Methods 

Administration of monocrotaline 

Monocrotaline was dissolved in tap water to prepare 

drinking water concentrations of 5, 10, 20, 40 and 60 mg/l. 

Solubility of monocrotaline in tap water is approximately 60 

mg/l. Four dosing regimens were used. 

1: 20 days continuous treatment with 20 mg/l 

monocrotaline drinking water. Animals were killed on 

day 20. 
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2: 0, 5, 10, 15, and 20 days treatment prior to 

sacrifice on day 20 (Figure 2a). 

3: 0, 1, 2, 4, 6, 10, and 20 days treatment starting 

at day o. All animals were sacrificed on day 20. 

Animals treated less that 20 days with monocrotaline 

were given tap water until killed (Figure 2b). 

4: 4 days treatment with 20 mg/l monocrotaline 

drinking water. 

Phenobarbital pretreatment 

Young rats, 50 g, were injected with phenobarbital (65 

mg/kg, i.p.) and maintained on 0.1% phenobarbital in 

drinking water for 7 days. Animals (100 g following 

pretreatment) were then given monocrotaline drinking water. 

Isolation of pulmonary arteries 

Pulmonary artery from the heart to the 3rd (posterior) 

and 4th (post caval) lobes of the right lung was exposed 

under magnification. Connective tissue and small branches of 

the artery were cut using microdissecting scissors. Great 

care was taken not to stretch the artery, only tissue 

surrounding the artery being lifted or pulled for cutting. 

Artery extending 6 or more rom into the 3rd and 4th lobes of 

--- -'-'- .. -... --- .. -.-.----.. --- -----.. 

26 



................................................. 

................................................. 

................................................ 

................................................ .... ~ ................................•.......... ........ ~ ..................................... . 

............................................... 

................................................. 

Me T water 

............ tap water 
5 days 

Figure 2. Experimental design for administering 
monocrotaline to rats in their drinking water. For 
continual exposure experiments, rats ere given monocrotaline 
drinking water 5, 10, 15 or 20 days prior to sacrifice on 
day 20 (a). For discontinuous exposures, rats were given 
monocrotaline drinking water for 1, 2, 4, 6, 10 or 20 days 
and given tap water until sacrifice on day 20 (b). 

---_._--_.-_ .. -..... - .. ----- - .... ---
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the lung (below the 4th bifurcation) was removed and placed 

in buffer (25°e). For a few experiments, the endothelium of 

artery of either the 3rd or 4th lobe was damaged ("rubbed") 

by passing a braided suture through the lumen of the artery. 

Organ weight ratios 

Animals were weighed and then killed by decapitation. 

The liver, kidneys, thymus, and lungs were removed and 

placed in cold saline. The atria were cut from the heart 

and the heart was removed and dissected into right ventricle 

and left ventricle plus septum. Organs were blotted dry, 

weights were recorded ("wet weights") and organs were placed 

in a 50 - 60 0 e oven for 48 hours to dry. Weights were again 

recorded ("dry weights") 24 hours after organs were removed 

from the oven. 

Wet to dry weight ratios were calculated for each 

organ. The ratio of the weights of the right ventricle (RV) 

and the left ventricle plus septum (LV+S) was calculated. 

Both wet and dry organ weights were expressed as percentage 

of the body weight. 

Histology 

Lungs were removed from 100 g rats exposed to 20 mg/l 

monocrotaline drinking water for 0, 1, 2, 4, 6, 10 and 20 

days. Lungs were also removed from rats 20 days after the 

._----_._-_ ... -...... _ .. _ ..• _ ... -_. 
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above exposures. The trachea was cannulated and the lungs 

instilled with 10% buffered formalin under low pressure. 

They were then placed in 3 - 5 volumes formalin for later 

sectioning. The posterior lobe of the lung was removed, 

dehydrated, and embedded in paraffin. sections were cut 

such that the major branch of the pulmonary artery in the 

sections corresponded to the pulmonary artery used in tissue 

bath studies. Wall thickness of large and small (30 microns 

diameter) pulmonary arteries were measured under 400 x 

magnification. 

Lung Lavage 

Cells were harvested from the lungs of rats (100 -125 

g) given 20 mg/l monocrotaline drinking water for 0, 1, 2, 

4, or 6 days. Animals were anesthetized with sodium 

pentobarbital and the thoracic cavity exposed. The trachea 

was cannulated with flexible tubing attached to a 3 way 

stopcock. sterile saline (0.023 ml/g body weight) was 

instilled under gravity flow, the fluid was removed from the 

lungs via a syringe attached to the cannula, and a second 

volume was instilled and withdrawn. A total of 5 - 7 ml was 

collected from each rat. The lavage fluid was placed on ice 

until fluid from 10 rats was collected. The lavage fluid 

was centrifuged for 7 minutes at 1200 rpm (4°C) and the 

supernatant removed for protein analysis using the method of 

______________ 0 _ 0 __ _ 
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Lowry. The pellet was resuspended in a solution of 5% 

bovine serum albumin in saline. A cell count was made after 

staining an aliquot of the suspension with Turk's solution. 

A second aliquot was then diluted with the 5% bovine serum 

albumin solution to make an estimated cell concentration of 

105 cells/mI. An aliquot (200 ~l) of this solution was 

centrifuged for 6 minutes at 1000 rpm in a cell cytometer to 

produce a cell smear on a glass slide. The slide was 

stained with an H & E stain (Geimsa). Approximately 500 

cells were counted at 400 x on each slide and the 

percentages of polymorphonuclear leUkocytes, macrophages and 

lymphocytes was calculated. 

contraction of pulmonary artery 

Four 2mm ring segments were cut from isolated artery. 

Platinum wires (0.005 inches in diameter, California Fine 

Wire Co., Grover City, CAl were threaded through each of the 

segments and the lower wires were mounted in 50 ml, 37°C 

tissue baths filled with Krebs-Henseleit buffer and aerated 

with 95% °2/5% C02. The upper wires were connected to 

Gould-Statham UTC3 force transducers (Oxnard, CAl. The ring 

segments were equilibrated for 1 hour in Krebs-Henseleit 

buffer before a resting load was applied. The resting force 

was determined from results of separate length-tension 

experiments and a resting load of 200 mg was chosen. 

--_ •............. _ .. _._._. -.---. _._-
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resting loads were suboptimum, but generated approximately 

80% of the maximum force inducible by administration of 

norepinephrine for both monocrotaline-treated and untreated 

rats. When a stable baseline was achieved with the applied 

load, contractions were produced by stepwise addition of 

norepinephrine (NE, 10-12 to 10-5 M) or 5-hydroxytryptamine 

(serotonin or 5HT, 10-8 to 10-4 M). The force developed 

with each addition of neurotransmitter was recorded on a 

Soltec chart recorder (Sun Valley, CA). KCl was added (120 

roM bath concentration) following maximal transmitter-

mediated contractions. contractions were expressed as 

developed force (mg) and as percent of KCl-induced 

contraction. 

K+-return relaxation of pulmonary artery 

Four ring segments of isolated artery were mounted in 

tissue baths filled with Krebs-Henseleit buffer. Vessels 

were equilibrated 40 minutes and a resting load which 

optimized contractions, 0.6 g, was applied. When a steady 

baseline was established the bath medium was drained and 

replaced with K+-free buffer (Figure 3a). In experiments 

using ouabain, concentrations up to 1.6 x 10-4 M ouabain 

were prepared in K+-free buffer and used to replace the 

buffer containing potassium. After 4 minutes, vessels were 

contracted with 5 x 10-5 M 5HT or 10-7 M NE. six minutes 

-------- -----_._-------_. -. ---

31 



0.8 g -

0.6 g -

10 min 

A A 

NE or 6HT 7.6 mM KCI 

I 
I 

I 
I rate of 

\ 
\ 

contraction relaxation 
(mg/mln) 

relaxation ~ [100 mg 

1 min 

Figure 3. Tracings from the ~-return relaxation 
experiment. A typical tracing is shown (a). Lines are 
drawn on the tracing (b) for measurements of rate and force 
of contraction and relaxation. 
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later, vessels were relaxed with the addition of 7.6 roM 

KCl. Vessels were allowed to completely relax. After 

approximately S minutes, the arteries began to contract and 

in another lS minutes the neurotransmitter-induced 

contraction was reestablished. This "second" maximum 

contraction was measured twenty minutes after K+ was added. 

A second relaxation was elicited by adding 10-S M 

acetylcholine (ACh) to the bath. 

Measurements made from the tracings included magnitudes 

of contractions and relaxations in mg force. Relaxation 

rates were measured by handfitting a tangent to the initial, 

linear portion of the relaxation curve (Figure 3b). In 

addition, the time to half-maximal relaxation (tSO) and time 

to maximal relaxation (tmax) were measured. 

Whole artery rubidium uptake 

Arterial segments (S-7 rom) were placed in Krebs-

Henseleit buffer and kept on ice until arteries from six 

animals had been removed (3 control, 3 treated; 3 hours 

dissection time). Buffer was aerated with 9S% 02-S%C02 at S 

minute intervals. Arterial segments were transferred to 

microfuge tubes containing chilled ~-free buffer. After 10 

minutes incubation in K+-free buffer, the segments were 

transferred to K+-free buffer (37°C) containing RbCl (2 roM) 

and 86Rb+ (O.S to 2.4 ~M). The specific activity used 
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ranged from 0.3 to 0.9 nei/pmo1. One of each pair of vessel 

segments was also incubated with 2 x 10-4 M ouabain. 

Vessels were incubated in the buffer containing radiolabel 

for 1 to 30 minutes to determine the time course for the 

uptake of Rb+. Segments were rinsed for 30 seconds with 

buffer containing 2 mM Rbe1 and quickly blotted and left to 

dry. Dry vessels were weighed using a eahn e1ectroba1ance 

and placed in scintillation vials for counting with a 

Beckman Model LS 1800 liquid scintillation counter. Uptake 

was expressed as pmo1/mg dry tissue. 

Luminal rubidium uptake 

Arterial segments (7-9 mm) were placed in Krebs

Hense1eit buffer and immediately cannulated with blunted 23 

gauge needles attached to tubing. Vessels were tied in 

place with silk suture and the length of the segment 

extending beyond the cannula tip measured. The diameter of 

the vessel was measured when distended under a slight 

pressure. Two segments of artery were prepared from each 

animal and two animals, one control and one treated, were 

tested at the same time. The four cannulas were connected 

to a perfusion pump and aerated Krebs-Hense1eit buffer was 

perfused through the lumens of the vessels at a rate of 2 ml 

per 10 minutes. The cannula tubing was warmed in a water 

bath. Vessels were peri fused with warmed buffer containing 

---_ ... ----------- - -" _. .- .. --
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potassium to maintain a temperature of 36 to 38°C. After 30 

minutes equilibration in buffer containing K+, the vessels 

were perfused for 10 minutes with K+-free buffer. The 

vessels were then perfused with buffer containing 

radiolabeled Rb with or without ouabain (described above) 

for 10 minutes. Vessels were perfused with a 30 second 

rinse of buffer containing 2 mM RbCl. Vessels were blotted, 

dried, and placed in scintillation vials for counting. 

Uptake was normalized to surface area of the vessel, 

calculated from the length of the vessel and its diameter, 

and expressed as pmol/mm2• 

Data analysis 

Force of contraction was measured in grams and 

converted to stress (mg/mm2) for some experiments. The 

following conversion was used: 

(total force)/2 = force generated by one wall of 

the ring segment 

wall tension = (force of one wall)/length of 

segment 

stress = (wall tension)/thickness of wall 
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Total force was measured directly in grams, wall tension was 

calculated using the measured length (2 rom) of the ring 

segment, and stress was calculated using wall thickness 

measurements from slides of lungs at progressive stages of 

hypertension. 

A dose-response curve for neurotransmitter-induced 

contractions of each segment of artery was derived using 

computer assisted nonlinear regression analysis (Knott, 

1979). The maximum response (Rmax) in mg force or percent 

of KCI-induced contraction and the neurotransmitter 

concentration (X) producing half-maximal response (D50) were 

estimated by fitting the following equation to the data: 

response = Rmax / [l+(D50/X)n] 

statistics 

Tests of significance for single comparisons to control 

were performed using independent samples Student's t test. 

Multiple comparisons to control (i.e. Rmax, D50 and other 

measurements using more than two treatment groups) were 

performed using Analysis of Variance and Tukey's Honestly 

significant Difference test. Values of p<0.05 were 

considered significant in all tests. Tests were computed 

using the SPSSx Information Analysis System Release 3.0 

(SPSS Inc., Chicago, IL). 

--- ---_ ..... _._._-_ .. __ . 
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RESULTS 

Administration of Monocrota1ine 

Time Course for the development of organ weight changes 

Two experiments were performed to assess the 

development of the organ weight changes in monocrota1ine 

intoxication. Both used 55-60 g rats exposed to drinking 

water containing 20 mg/1 monocrota1ine. Organ weight 

changes are time and dose dependent. In the first 

experiment, the number of days necessary for organ weight 

changes to develop was determined. In the second 

experiment, the number of days exposure to monocrota1ine 

needed to induce these organ weight changes was determined. 

First, rats were given monocrota1ine for 0, 5, 10 ,15 

or 20 days prior to sacrifice. Exposure for 20 days 

resulted in decreased body weight gain, right ventricular 

hypertrophy, and increased lung weight. Right ventricular 

hypertrophy (RVH) is used to mean a significant increase in 

the ratio of the weight of the right ventricle to the weight 

of the left ventricle and septum (RV/LV+S). Lung and heart 

weights progressively increased but weight changes were not 

significantly different from control values until animals 

--------- - -_.--_.-_ .. ---- ,- --- - .. -_.-
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had received monocrotaline drinking water for more than 15 

days (Table 1). 

In the second experiment, rats were given 20 mg/l 

monocrotaline drinking water for 0, 1, 2, 4, 6, 10 or 20 

days. Rats were given monocrotaline water on day 0 and were 

killed on day 20. Animals treated less than 20 days with 

monocrotaline water were given tap water until killed. with 

this dosing regimen, rats required 4 days exposure to 

develop RVH and lung weight increases comparable to the 

increases observed with 20 days continuous exposure (Table 

2). This experiment was repeated with older animals to 

compare the toxicity profile of 60 g rats to 100 g rats and 

to rule out an age-related influence on toxicity. 

Monocrotaline-induced organ weight changes in the 60 and 100 

g rats were nearly identical (Figure 4). 

Dose-response relationships 

Experiments were conducted to determine which 

combinations of monocrotaline concentrations in drinking 

water and duration of exposure would produce significant 

changes in heart and lung weights. Rats were given 5, 10, 

20, 40, or 60 mg/l monocrotaline water for 0, 1, 2, 4, 6, 

10, or 20 days, starting on day 0, and organ weight changes 

were measured 20 days after initial exposure. Some animals 

in the 40 and 60 mg/l treatment groups died before 20 days 
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Table 1. Organ weight ratios of rats given monocrotaline continuously in drinking 
water. Rats were given 20 mg/l mono crotaline (MeT) drinking water for 5, 10, 15 or 
20 days prior to sacrifice on day 20. 

Days of MeT Body Weight Right: Left Right ventricle: 
treatment (BW, g) ventriclea BW (X103) 

0 195 ± 9b 0.33 ± 0.03 0.81 ± 0.06 

5 177 ± 26 0.31 ± 0.02 0.72 ± 0.08 

10 177 ± 15 0.33 ± 0.05 0.87 ± 0.12 

15 192 ± 32 0.36 ± 0.04 0.94 ± 0.09 

20 149 ± 11* 0.58 ± 0.20§ 1.73 ± 0.S6§ 

Right ventricle/Cleft ventricle with septum). a 
b 

* 
Mean ± standard deviation; 4 rats were tested in each group. 
Significantly different from 0 day treatment group, p<O.OS. 

Lung: 
BW (X103) 

6.12 ± 0.81 

5.40 ± 0.89 

7.22 ± 0.58 

7.85 ± 1.97 

11.6 ± 2.1S§ 

§ Significantly different from 0, 5, 10 and 15 day treatment groups, p<0.05. 

W 
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Table 2. Organ weight ratios of rats given monocrotaline discontinuously in drinking 
water. starting on day 0, rats were given 20 mg/l monocrotaline (MCT) drinking water 
for the number of days indicated and given tap water until sacrifice on day 20. 

Days of MCT 
treatment 

Body weight 
(BW, g) 

Right: Left 
ventriclea 

Right ventricle: 
BW (X103) 

Lung: 
BW (X103) 

a 
b 

* 
§ 

o 

1 

2 

4 

6 

10 

20 

179 ± 15b 

184 ± 3 

184 ± 10 

160 ± 24 

112 ± 21* 

133 ± 10§ 

132 ± 26§ 

0.27 ± 0.03 

0.25 ± 0.001 

0.28 ± 0.05 

0.58 ± 0.05* 

0.66 ± 0.07* 

0.57 ± 0.08* 

0.59 ± 0.06* 

Right ventricle/Cleft ventricle with septum). 

0.74 ± 0.08 

0.70 ± 0.05 

0.76 ± 0.06 

1.61 ± 0.20* 

1.91 ± 0.16* 

1.67 ± 0.26* 

1.98 ± 0.35* 

6.0 ± 0.7 

5.7 ± 0.2 

5.8 ± 0.1 

9.6 ± 2.1 

13.9 ± 4.2* 

13.0 ± 1.9* 

14.8 ± 1.7* 

Mean ± standard deviation; 3 rats were tested in each group. 
Significantly different from the 0, 1 and 2 day treatment groups, p<0.05. 
Significantly different from the 1 and 2 day treatment groups, p<0.05. 
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Figure 4. Heart and lung weight changes of 60 and 100 g 
rats given 20 mg/l monocrotaline drinking water. Right 
heart hypertrophy, expressed as the ratio of right ventricle 
to left ventricle plus septum, is shown in the upper panel 
and wet lung weights, expressed as percent body weight, is 
shown in the lower panel. Rats received monocrotaline water 
for the days indicated and were maintained on tap water 
until sacrifice on day 20. Values are means and standard 
deviations (n=3) and values significantly different from the 
o day values are indicated (*). 
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had elapsed. In the 40 mg/1 treatment group, 3 of the 4 

animals exposed for 4 days survived and 2 of the 4 animals 

exposed for 6 days survived. In the 60 mg/1 treatment 

group, while 3 of the 4 animals exposed for 4 days were 

alive on day 20, only 1 survived the mild stress of 

transport to the laboratory for necropsy. However, in these 

same treatment groups there were no deaths of animals 

exposed for more than 6 days. Dying animals panted, 

wheezed, and were cyanotic, with blue noses and paws. 

Deaths were not necessarily accompanied by an increase in 

the lung wet to dry weight ratio (Table 3), which was used 

as a measure of edema. 

Of the animals given 5 and 10 mg/l monocrota1ine water, 

RVH was measured only in the group given 10 mg/l for 10 

days, the maximum exposure (Figure 5). There was a 

significant increase in lung weight in this group (Figure 5) 

but no change in the wet:dry weight ratio. The whole body 

weight gain in this group was significantly less than the 

control value. 

Animals given 20 mg/1 monocrotaline water showed a 

significant increase in lung weight with 6 or more days 

exposure and RVH with 4 or more days exposure (Figure 5). 

There was no change in the wet:dry weight ratio (Table 3). 

Weight gain was significantly decreased only in the 6 day 

exposure group. 
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Table 3. Lung edema of rats given monocrotaline drinking water. Rats were given 5, 10, 
20, 40 or 60 mg/l monocrotaline (MCT) water for up to 20 days. Starting on day 0, rats 
were given MCT drinking water for the number of days indicated and given tap water until 
sacrifice on day 20. Lung edema was defined as the lung wet weigh~ to dry weight ratio. 

Days of MCT 
treatment 

o 

1 

2 

4 

6 

10 

20 

concentration of moonocrotaline in drinking water 
5 mg/l 10 mg/l 20 mg/l 40 mg/l 60 mg/l 

4.9 ± 0.04(4)a 4.9 ± 0.04(4) 4.8 ± 0.1(4) 

4.8 ± 0.2(4) 

5.0 ± 0.2(4) 

5.0 ± 0.1(4) 

5.0 ± 0.1(4) 

4.4 ± 0.04(4) 4.7 ± 0.2(4) 

4.7 ± 0.05(3) 

4.7 ± 0.3(3) 

4.9 ± 0.01(3) 

5.0 ± 0.05(4) 

4.6 ± 0.1 93) 

4.8 ± 0.04(3) 

4.9 ± 0.05(3) 

5.0 ± 0.7(4) 

4.6 ± 0.2(4) 4.7 ± 0.04(4) 

4.6 ± 0.2(4) 4.7 ± 0.1(3)b 

4.9 ± 0.2(3)b 4.8 ± 0.04(3)b 

5.3 ± 1.0(2)*b 4.9 ± 0.2(4) 

5.2 ± 0.05(3) 4.6 ± 0.3(5) 5.1 ± 0.2(4)* 

5.0 ± 0.2(3) 4.6 ± 0.1(4) 

a Mean ± standard deviation, number animals tested in parenthesis. 
b Treatment groups with dying animals. 
* Significantly different from 0 day treatment group. 
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Figure 5. Heart and lung weight changes of 100 g rats given 
5, 10, 20, 40 or 60 mg/l monocrotaline drinking water. 
Right heart hypertrophy, expressed as the ratio of right 
ventricle to left ventricle plus septum, is shown in the 
upper panel and wet lung weights, expressed as percent body 
weight, is shown in the lower panel. Rats were given 
monocrotaline in drinking water for 0 to 10 days and 
sacrificed 20 days after initiating exposure. Values are 
means and standard deviations en= 3 or 4 unless indicated) 
and values significantly different from the corresponding 0 
day values are indicated (*). 
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Lung weight and RVH changes of animals given 40 mg/l 

monocrotaline water did not differ from changes measured in 

the 20 mg/l treatment group (Figure 5). Body weight gain 

was significantly decreased in the 4 day group and also in 

the 20 day exposure group. The latter group also had a 

significant increase in kidney dry weight and kidney wet:dry 

weight ratio. There was a significant increase in the lung 

wet:dry weight ratio of the 6 day treatment group (Table 3). 

The 60 mg/l treatment group was unusual in the apparent 

edema (an increase in the wet:dry weight ratio) measured in 

right heart, left heart, lung, liver and kidney. Edema was 

scattered among exposure groups receiving monocrota1ine 

water for 4 or more days. RVH developed after animals had 

received monocrotaline water for 24 hours or more (Figure 

5). Lung weight was significantly increased in animals 

receiving monocrotaline water for 48 hours or more (Figure 

5). Animals in the 2 day and 10 day exposure groups gained 

significantly less weight than controls. 

Phenobarbital treated animals 

In an attempt to increase the production of the active 

metabolite of monocrota1ine, rats were pretreated with 

phenobarbital to induce the enzymes which produce the 

pyrrole. Rats were then given 20 mg/l monocrota1ine 

drinking water for 0, 1, 2, 4, 6, 10, or 15 days. Animals 

---- --- .. _ ..•.... , ... -. .. 
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pretreated with phenobarbital had a somewhat unusual profile 

of organ weight changes. One group of animals was to have 

received monocrotaline water for 20 days but by day 15, the 

animals breathing was labored and they had lost weight. I 

had previously found that once animals began to lose weight 

they died within a few days. These animals were killed on 

day 15 to recover as much data as possible and to avoid 

further suffering. There were no controls, therefore, for 

this particular group. Animals in this group weighed 

significantly less than the 20 day controls and had 

significantly lighter left hearts and livers. RVH was 

apparent as was an increase in lung weight. Animals given 

monocrotaline water for 4 or more days had RVH and increased 

lung weights (Figure 6). Liver weights of the 4, 6, 10 and 

20 day exposure groups were significantly decreased (6.4 to 

9.2 g) compared to control values (11.7 g). However, these 

exposure groups also failed to gain as much weight as the 

control group and the liver to body weight ratio (0.052 to 

0.046) was not altered by monocrotaline treatment. 

Sacrifice at 14, 21 and 28 days 

The time course for the development of organ weight 

changes was monitored in an experiment measuring organ 

weights 2, 3, and 4 weeks following a minimal exposure (4 

and 6 days) to monocrotaline. Animals given 20 mg/l 

.-----.. --- _ .... _ .. - .. _ ..... - ... 
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Figure 6. Monocrotaline-induced heart and lung weight 
changes following phenobarbital treatment. Right heart 
hypertrophy, expressed as the ratio of right ventricle to 
left ventricle plus septum, is shown in the upper panel and 
wet lung weights, expressed as percent body weight, is shown 
in the lower panel. Rats (60 g) were pretreated with 
phenobarbital for 7 days prior to receiving monocrotaline 
drinking water. Rats were given 20 mg/l monocrotaline 
drinking water for 0 to 20 days and sacrificed 20 days after 
initiating exposure. Data for rats (100 g) given 
monocrotaline water without pretreatment are shown for 
comparison. Values are means and standard deviations (n= 3 
or 4 unless indicated) and values significantly different 
from the corresponding 0 day values are indicated (*). 
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monocrotaline water for 4 or 6 days developed RVH after 2, 3 

or 4 weeks (Figure 7). Increases in lung weight were 

significant in both exposure groups at 2 weeks, in the 6 

day exposure group at 3 weeks, and was not significant in 

either group measured at 4 weeks (Figure 7). The right 

heart and lung wet:dry weight ratios were significantly 

greater than control values at 3 weeks, which had not been 

noted before. 

Histological evaluation 

Two sizes of pulmonary artery were evaluated. "Large" 

pulmonary arteries corresponded anatomically to the arteries 

isolated for tissue bath studies. "Small" pulmonary 

arteries were arbitrarily defined as 30 microns in diameter. 

Wall thickness of the large pulmonary artery increased with 

duration of monocrotaline treatment. At day 20, thickness 

of the wall of arteries from rats exposed for 0, 1, and 2 

days ranged from 32 - 48 microns. Wall thicknesses of 

arteries from animals exposed for more than 4 days and 

evaluated at 20 days ranged from 56 - 90 microns. Wall 

thickness of small pulmonary arteries taken from animals 

exposed for 0, 1, 2, and 4 days and terminated immediately 

following exposure ranged from 2 - 6 microns. The wall 

thickness of small pulmonary arteries from animals exposed 

for 1 or more days and terminated on day 20 was 8 - 10 

--- ---- '-"'-"-'-'--"-' -- _._-
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Figure 7. Heart and lung weight changes measured 2, 3 or 4 
weeks following monocrotaline treatment. Right heart 
hypertrophy, expressed as the ratio of right ventricle to 
left ventricle plus septum, is shown in the upper panel and 
wet lung weights, expressed as percent body weight, is shown 
in the lower panel. Rats were given 20 mg/l monocrotaline 
drinking water for 0, 4, or 6 days and were killed 2, 3, or 
4 weeks after initiating treatment. Values are means and 
standard deviations (n=3) and values significantly different 
from the 0 day values are indicated (*). 
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microns. The vessel lumen of these arteries was almost 

occluded by muscle. Measurements of wall thickness were 

used to convert measurements of force of contraction to 

stress. 

Lung Lavage 

The protein concentration of lavage fluid increased 

significantly at 6 days treatment with monocrotaline (Table 

4). The percentages of polymorphonuclear leukocytes, 

macrophages, and lymphocytes recovered were not affected by 

treatment. The percentage of polymorphonuclear leukocytes 

in the 6 day treatment group was elevated but not 

significantly greater than the control value. 

contractions of Pulmonary artery 

Two experiments on pulmonary artery contractility were 

performed in conjunction with those assessing the 

development of the organ weight changes in monocrotaline 

intoxication. Pulmonary artery was taken from the same rats 

for which the organ weights were measured. 

In the first experiment, contractions of isolated 

pulmonary artery were measured following continual exposure 

of rats to 20 mg/l monocrotaline for 5, 10, 15 or 20 days. 

NE- and 5HT-induced contractions were attenuated by 
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Table 4. Effect of monocrotaline on cell differentials from lung lavage. 
Rats were given 20 mg/l monocrotaline (MCT) for the days indicated and lungs 
were lavaged immediately after treatment. Protein concentrations of lavage 
fluid were measured and lymphocytes, polymorphonuclear leukocytes (PMN) and 
macrophages were counted. 

Treatment Protein Total Lymphocytes PMN Macrophages 
(days MCT) ug/ml Cells % total % total % total 

0 162 ± 27a 510 ± 9 2.1 ± 1.1 12.9 ± 3.9 85.0 ± 3.6 

1 166 ± 24 500 ± 21 3.4 ± 1.6 9.7 ± 6.5 86.9 ± 6.1 

2 175 ± 59 510 ± 10 4.5 ± 2.3 10.6 ± 3.9 84.8 ± 2.3 

4 170 ± 36 519 ± 83 3.2 ± 1.5 11.5 ± 9.3 85.3 ± 9.2 

6 295 ± 70* 521 ± 24 2.5 ± 1.4 19.9 ± 9.1 77.6 ± 8.8 

a Mean ± standard deviation, 5 or 6 animals per treatment. 
* Significantly different from 0 day treatment group, p<0.05. 
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monocrotaline treatment. It is customary to report arterial 

contractions as percentages of KCl-induced, i.e. non-neural, 

contractions. However, KCl-induced contractions were 

significantly lowered by 20 days treatment with 

monocrotaline (Table 5). contractions were therefore 

analysed both in terms of developed force and as percent of 

KCl-induced contractions. 

The potency of 5HT was not significantly affected by 

monocrotaline treatment. When data were expressed as mg 

developed force or as percent of KCl-induced contractions, 

the maximum response (Rmax) and the transmitter 

concentration producing half-maximum response (D50) 

calculated for each exposure group were not significantly 

altered by monocrotaline treatment (Table 6). Dose-response 

curves were calculated for each exposure group and these 

curves were superimposable when 5HT contractions were 

expressed as percentages of maximum (KCl-induced) 

contraction (Figure 8). Curves were not superimposable when 

5HT contractions were expressed as mg force (Figure 8) but, 

as already stated, the differences in Rmax and D50 were not 

significantly different. 

Although the D50 of norepinephrine was unaffected by 

monocrotaline treatment, the maximum response was reduced 

with longer treatment times (Table 6). When the data were 

expressed as mg developed force, vessel responses decreased 
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Table 5. Effect of continuous monocrotaline treatment on 
KCl contraction of pulmonary arteries. Rats were given 
monocrotaline(MCT) in drinking water (20 mg/l) for up to 20 
days. Pulmonary arteries were removed and a resting force 
of 200 mg was established. Arteries were contracted with 
KCl (120 roM) following maximal contractions elicited by 
norepinephrine or 5-hydroxytryptamine. 

Days of MCT KCl contraction 
Treatment (mg) 

0 162 ± 53 (16)a 

5 199 ± 92 (11) 

10 157 ± 70 (15) 

15 130 ± 63 (14) 

20 75 ± 38 (15)* 

a Mean ± standard deviation; number of vessels tested are 

* 
shown in parenthesis. 
significantly different from the 0 and 5 day treatment 
groups, p<0.05. 
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Table 6. Effect of continuous monocrotaline treatment on dose-response curves to 
norepinephrine and S-hydroxytryptamine. Dose-response curves were generated using 
norepinephrine (NE) or S-hydroxytryptamine (SHT) and vessels were contracted with 120 mM 
KCl following maximal contractions. The maximum transmitter-mediated contraction (Rmax) 
and transmitter concentrations producing half-maximal contractions (DSO) were estimated 
using nonlinear regression. Rmax is shown as mg developed force and as per cent of KCl
induced contraction. 

Rmax DSO 

Days of MCT NE SHT NE SHT NE SHT 
treatment mg force mg force % of KCl % of KCl LogM LogM 

0 111 ± 39a 123 ± 33 76 ± 7 71 ± 11 -8.2 ± 0.2 -S.6 ± O.S 

S 1S0 ± 6S 161 ± 98 80 ± 7 72 ± 11 -8.1 ± 0.2 -S.4 ± 0.2 

10 87 ± 40 136 ± 63 64 ± 8§ 74 ± 12 -7.9 ± 0.4 -S.4 ± 0.3 

1S 61 ± 30§ 96 ± S6 SO ± 9*§ 74 ± 21 -8.0 ± 0.1 -S.8 ± 0.6 

20 30 ± 27*§ 76 ± 34 63 ± 10*§ 81 ± 9 -8.0 ± 0.1 -S.3 ± 0.2 

a Means ± standard deviations for S-8 arterial segments from a total of 4 rats per group. 
* Significantly different from the 0 day treatment group, p<O.OS. 
§ Significantly different from the S day treatment group, p<O.OS. 
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Figure 8. contractions in response to 5-hydroxytryptamine 
expressed as mg developed force (upper panel) and as per 
cent of KCl-induced contractions (lower panel.). Each line 
represents the mean of data points for 6 - 8 arteries taken 
from 4 rats exposed to monocrotaline for the periods 
indicated. standard error of the mean ranges from 0.4 to 
8.1% and 0.5 to 42 mg. 

55 



I 

with duration of monocrotaline treatment (Figure 9). The 

Rmax of the 20 day treatment group was significantly 

different from control values. When responses were 

expressed relative to the contraction elicited by KCl, mean 

maximum contractions ranged from 76% of KCl (control group) 

to 50% of KCl (15 day treatment group). contractions in the 

15 and 20 day treatment groups were significantly different 

from control values. Dose-response curves did not 

superimpose when NE contractions were expressed as 

percentages of KCl-induced contraction (Figure 9). 

In the second experiment, rats were given monocrotaline 

beginning at day 0 for 0, 1, 2, 4, 6, 10 or 20 days. 

Responses of isolated artery to NE were assessed on day 20. 

Vessel responses paralleled organ weight responses. 

contractions (Rmax) of arteries taken from rats given 

monocrotaline water for less than four days (Table 7) were 

identical to control values. Four or more days treatment 

with monocrotaline resulted in similar decreases in 

responsiveness to NE and to KCl (Table 8). No gradations in 

effects were observed within either the groups given 

monocrotaline water less than four days or more than four 

days. Curves generated from arteries taken from animals 

exposed for 4, 10 or 20 days were superimposable (Figure 

10). 
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represents the mean of data points for five to eight 
arteries taken from four rats exposed to monocrotaline for 
the periods indicated. standard error of the mean ranges 
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Table 7. Effect of discontinuous monocrotaline treatment on 
dose-response curves to norepinephrine. Arteries were 
contracted with 120 roM KCl following the maximal 
norepinephrine (NE) contraction. The maximum transmitter
mediated contraction (Rmax) and transmitter concentrations 
producing half-maximal contractions (050) were estimated 
using nonlinear regression. Rmax is shown as mg developed 
force and as per cent of KC1-induced contraction. 

Rmax 

Days of MCT 
treatment mg force % of KCl 

0 247 ± 78a 79 ± 7 

1 192 ± 39 77 ± 8 

2 223 ± 60 78 ± 6 

4 91 ± 30* 75 ± 13 

6 128 ± 48§ 85 ± 22 

10 92 ± 32* 75 ± 10 

20 89 ± 28* 70 ± 14 

a Means ± standard deviations for 6-12 
from a total of 3 rats per group. 

* significantly different from the 0, 
groups, p<0.05. 

050 

Log M 

-8.0 ± 0.3 

-8.0 ± 0.3 

-8.0 ± 0.1 

-8.2 ± 0.1 

-7.9 ± 0.4 

-8.2 ± 0.3 

-8.2 ± 0.2 

arterial segments 

1 and 2 day treatment 

§ significantly different from the 0 and 2 day treatment 
groups, p<0.05. 
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Table 8. Effect of discontinuous monocrotaline treatment on 
ReI contraction of pulmonary arteries. Rats were given 
monocrotaline (MeT) in drinking water (20 mg/l) for the 
indicated days and given tap water until sacrifice on day 
20. Pulmonary arteries were removed and a resting force of 
600 mg was established. Arteries were contracted with ReI 
(120 roM) following maximal contractions elicited by 
norepinephrine. 

Days of MeT treatment ReI contraction 
(mg) 

0 313 ± 90 (ll)a 

1 250 ± 50 (11) 

2 285 ± 70 (12) 

4 122 ± 43 (12)* 

6 157 ± 66 (6)* 

10 125 ± 49 (12)* 

20 133 ± 44 (11)* 

a Mean ± standard deviation; number of vessels tested are 

* 
shown in parenthesis. 
significantly different from the 0, 1 and 2 day treatment 
groups, p<0.05. 
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Figure 10. contractions of pulmonary artery following 
discontinuous exposure to monocrotaline. Vessels contracted 
in response to norepinephrine expressed as mg developed 
force (upper panel) and as per cent of KCl-induced 
contractions (lower panel). Each line represents the mean 
and standard deviation of data points for 6 to 12 arteries 
taken from .,3 or 4 rats exposed to monocrotaline for the 
periods indicated. Rats were given tap water until 
sacrifice on day 20. 
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Femoral arteries from rats given 20 mg/l monocrotaline 

water for 15 or 20 days were also removed and tested for 

response to norepinephrine. contractions of arteries taken 

from treated rats were not different from those taken from 

control animals. Pulmonary artery from the same rats was 

contracted with norepinephrine in the presence of the beta 

adrenergic blocker propranolol; desoxycorticosterone, which 

blocks nonspecific tissue uptake of norepinephrine; and 

desipramine, which blocks presynaptic uptake and release of 

norepinephrine. contractions of arteries from 

monocrotaline-treated and untreated rats were similar to 

contractions elicited by norepinephrine alone, indicating 

the norepinephrine-induced contraction was due primarily to 

alpha adrenergic activity. Lungs from these same animals 

were saved and used in an alpha adrenergic binding study 

(Appendix B). 

Potassium-induced relaxation of pulmonary artery 

K+-induced relaxation 

The ability of pulmonary artery segments to relax was 

explored using the assay of K+-return relaxation. Animals 

were given 20 mg/l monocrotaline drinking water for 0, 4, 8, 

12, or 20 days and killed immediately following treatment. 
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Animals in each treatment group weighed approximately 200 g 

when killed. Organ weights were measured to confirm the 

development of RVH (Table 9). Representative tracings of 

arteries taken from monocrotaline-treated or untreated rats 

and arteries incubated with ouabain are shown in Figure 11. 

Monocrotaline treatment resulted in a decrease in the 

magnitude of NE or 5HT-induced contraction and a decrease in 

the magnitude of K+-induced relaxation (Figure 12). There 

was, however, no significant change in the ratio of 

relaxation/contraction (Table 10). contractions were 

similar in magnitude to those elicited when arteries were 

contracted in buffer containing K+. The earliest and most 

pronounced monocrotaline-induced changes were in the rates 

of relaxation. At the earliest time point, 4 days exposure 

to monocrotaline, the rate of relaxation was significantly 

lower than the control value (Figure 13). The t50 was 

significantly greater than control values by 8 days 

treatment with monocrotaline (Table 10). Monocrotaline did 

not alter the time to maximal relaxation. Measurements were 

also converted to stress (wall tension/wall thickness, in 

mg/mm2) to correct for the effects of increased wall 

thickness, measured under light microscopy, which was 

apparent at 12 and 20 days. Analysis of data expressed as 

stress indicated magnitudes and rates of contractions and 

relaxations were significantly different from control values 
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Table 9. Organ weight ratios of rats given monocrotaline continuously in 
drinking water. Rats were given 20 mg/l monocrotaline (MeT) drinking water 
for 0, 4, 8, 12 or 20 days prior to sacrifice on day 20. 

Treatment Body Right RV/LV+Sa 

a 
b 

Weight ventricle: 
(days) (BW, g) BW (X103) 

0 192 ± 19b 0.70 ± 0.03 0.274 ± 0.007 

4 215 ± 11 0.75 ± 0.08 0.284 ± 0.022 

8 203 ± 5 0.72 ± 0.04 0.279 ± 0.021 

12 167 ± 6 0.87 ± 0.06* 0.318 ± 0.028 

20 150 ± 35* 1. 74 ± 0.16* 0.599 ± 0.057* 

Right ventricle/Cleft ventricle + septum). 
Mean ± standard deviation, n = 3 to 6. 

Lung 
Weight: 

BW (X103) 

5.01 ± 1.05 

4.60 ± 1.90 

6.22 ± 0.72 

7.89 ± 0.68 

13.3 ± 4.3* 

* Significantly different from 0 day treatment group, P<0.05. 
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Figure 11. Representative tracings from the K+-return 
relaxation experiments. contractions and relaxations of 
pulmonary artery segments were measured in grams using a 
force transducer and a strip chart recorder. A passive load 
of 600 mg was established and the bath medium was replaced 
with K+-free buffer. 5-Hydroxytryptamine (5 x 10-5 M) was 
added 4 minutes later to produce a contraction. KCl (7.6 
roM) was added 6 minutes later and arteries relaxed. Tracing 
A is of an artery from an untreated animal. Tracing B is of 
an artery from a rat given 20 mg/l monocrotaline drinking 
water for 8 days. Tracing C is of an artery from an 
untreated animal but incubated with 10-4 M ouabain. 
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Figure 12. Effect of monocrotaline on the force of 
norepinephrine- or 5-hydroxytryptamine-induced contractions 
and subsequent K+-return relaxation. Pulmonary arteries 
were taken from rats given 20 mg/l monocrotaline drinking 
water for 0, 4, 8, 12 or 20 days. Pulmonary artery segments 
were contracted with 10-7 M norepinephrine (NE) or 5 x 10-5 
M 5-hydroxytryptamine (5HT). Arteries were then relaxed 
with 7.6 roM KCl. The force of contractions and relaxations 
were measur.ed in grams. Values are means and standard 
deviations of 4 to 12 arteries and values significantly 
different from 0 day values are indicated (*), p<0.05. 
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Table 10. Effect of monocrotaline on ~-return relaxation. Force and rate of 
contractions and relaxations of pulmonary arteries are expressed in mg. Rats were given 
monocrotaline in drinking water (20 mg/l) for 0, 4, 8, 12 or 20 days. 

TREATMENT RATE (mg/min) FORCE (mg) PERCENT T a 
CONTRACT RELAX CONTRACT RELAX RELAXATION (~~n) 

Norepinephrine-induced contraction 

0 788 ± 204b 326 ± 88 326 ± 56 196 ± 34 60 ± 8 0.36 ± 0.07 

4 709 ± 220 192 ± 81* 286 ± 81 142 ± 65 48 ± 17 0.48 ± 0.13 

8 497 ± 263 170 ± 37* 275 ± 36 137 ± 21 50 ± 6 0.53 ± 0.04 

12 471 ± 205 126 ± 80* 211 ± 78* 105 ± 49* 50 ± 12 0.68 ± 0.27* 

20 308 ± 238* 75 ± 56* 134 ± 77* 78 ± 18* 71 ± 29 0.91 ± 0.35* 

Serotonin-induced contraction 

0 580 ± 263 388 ± 1...: ~ 331 ± 68 185 ± 45 58 ± 17 0.31 ± 0.05 

4 482 ± 169 259 ± 110* 270 ± 62 155 ± 66 56 ± 18 0.43 ± 0.11 

8 429 ± 143 213 ± 76* 275 ± 67 157 ± 50 59 ± 17 0.55 ± 0.12* 

12 426 ± 151 155 ± 96* 219 ± 64* 126 ± 52 57 ± 14 0.66 ± 0.21* 

20 584 ± 300 178 ± 133* 252 ± 110 184 ± 112 70 ± 16 0.85 ± 0.44* 

a Time to half-maximal relaxation. 
b Mean ± standard deviation, n=4 to 12. 
* Values significantly different from 0 day treatment group. 
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Figure 13. Effect of monocrotaline treatment on the rate of 
~-return relaxation. Pulmonary arteries were taken from 
rats given 20 mg/l monocrotaline drinking water for 0, 4, 8, 
12 or 20 days. Pulmonary artery segments were contracted 
with 10-7 M norepinephrine or 5 x 10-5 M 5-
hydroxytryptamine. Arteries were relaxed with 7.6 mM KCl 
and the rate of relaxation measured. Values are means and 
standard deviations of 4 to 12 arteries and values 
significantly different from 0 day values are indicated (*), 
p<0.05. 
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at earlier time points than when data was expressed in mg 

(Table 11). 

Ouabain inhibition 

High concentrations of ouabain, 1.6 x 10-4 M, 

completely abolished K+-induced relaxation without affecting 

5HT contractions. Ouabain treatment differed from 

monocrotaline treatment by decreasing the ratio of K+

induced relaxation to 5HT-induced contraction. Lower doses 

of ouabain mimicked monocrotaline by reducing the magnitude 

and rate of relaxation (Figure 14). A concentration of 4 x 

10-5 M ouabain mimicked the effect of 8 days treatment with 

monocrotaline. 

Endothelial injury 

The effect of injury to the endothelium was compared to 

the effect of ouabain. Rubbing the endothelium by passing a 

braided suture through the lumen reduced the rate of 

relaxation in response to K+ as did treatment with 4 x 10-5 

M ouabain (Figure 15). The magnitude or rate of relaxation 

in response to ACh was not significantly altered by 

monocrotaline (Table 12). The rate of contraction in 

response to 5HT was, however, enhanced following rubbing 

(Table 12). When the endothelium was removed (confirmed by 

light microscopy) by drawing a thick suture through the 
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Table 11. Measurements of pulmona~ artery contractions and ~-induced 
relaxations in units of stress (g/mm). Animals were given monocrotaline 
in drinking water (20 mg/l) for 0, 4, 8, 12 or 20 days. 

TREATMENT RATE (g/mm2/min) STRESS (g/mm2) 
(days) CONTRACTION RELAXATION CONTRACTION RELAXATION 

Norepinephrine-induced contraction 

0 6.6 ± 1.7a 2.7 ± 0.74 2.7 ± 0.46 1.6 ± 0.28 

4 5.4 ± 1.7 1.5 ± 0.61* 2.2 ± 0.61 1.1 ± 0.49* 

8 3.4 ± 1.8* 1.2 ± 0.25* 1.9 ± 0.25* 0.93 ± 0.14* 

12 3.1 ± 1.3* 0.83 ± 0.53* 1.4 ± 0.51* 0.69 ± 0.32* 

20 1.5 ± 1.1* 0.36 ± 0.27* 0.64 ± 0.37* 0.38 ± 0.09* 

5-Hydroxytryptamine-induced contraction 

0 4.8 ± 2.2 3.2 ± 1.01 2.8 ± 0.57 1.5 ± 0.37 

4 3.7 ± 1.3 2.0 ± 0.83* 2.0 ± 0.47* 1.2 ± 0.50 

8 2.9 ± 1.0* 1.4 ± 0.52* 1.9 ± 0.45* 1.1 ± 0.34 

12 2.8 ± 1.0* 1.0 ± 0.63* 1.4 ± 0.42* 0.83 ± 0.34* 

20 2.8 ± 1.4 0.86 ± 0.64* 1.2 ± 0.53* 0.88 ± 0.54 

a Mean ± standard deviation, n = 3 to 6, p<0.05. 
* Significantly different from 0 day treatment group values. 
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Figure 14. Magnitudes and rates of 5-hydroxytryptamine 
(5HT)-induced contractions and ~-induced relaxations of 
pulmonary artery rings incubated with ouabain. Vessels were 
incubated with ouabain in ~-free buffer for 10 minutes, 
during which time contractions were elicited with 5 x 10-5 M 
5HT. K+ was returned to the bath (7.6 mM) to produced 
relaxations. The upper panel shows the effect of ouabain on 
the magnitudes of contractions and relaxations, the bottom 
panel shows the effect of ouabain on the rate at which they 
develop. Values are means and standard deviations of 
responses of 5-6 arteries from 5-6 rats and values 
significantly different from control values are indicated 
(*), p<0.05. 
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Figure 15. Effect of ouabain treatment and endothelial 
injury on the rates of contractions and relaxations in K+
return relaxation. Pulmonary arteries were taken from 
untreated animals and used as controls, incubated with 4 x 
10-5 M ouabain, or the endothelium was gently rubbed. 
Arteries were contracted with 5 x 10-5 M 5-hydroxytryptamine 
(5HT contraction) and then relaxed by adding 7.6 mM KCl (K+ 
relaxation) to the bath. When the 5HT contraction was 
reestablished, arteries were relaxed a second time with the 
addition of 10-4 M acetylcholine (ACh relaxation). Values 
are means and standard deviations of 7 arteries and values 
significantly different from control values are indicated 
(*), p<0.05 • 
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Table 12. Effect of ouabain treatment and endothelial injury on ~-return 
relaxation. Contractions, relaxations, and rates of each are shown for 5-
hydroxytryptamine-induced contractions, ~-return relaxation and acetylcholine
induced relaxation. 

TREATMENT RATE OF CONTRACTION FORCE OF CONTRACTION 
OR RELAXATION (mgjmin) 

5HT ~ ACh 
OR RELAXATION (mg) 

5HT K+ 
5 x 10-5 M 7.6 mM 10-5 M 5 x 10-5 M 7.6 mM 

CONTROL 298 ± 155a 344 ± 134 234 ± 123 221 ± 78 79 ± 64 

OUABAINb 309 ± 127 138 ± 47* 319 ± 153 233 ± 70 154 ± 44 

RUBBEDc 526 ± 263* 208 ± 76* 171 ± 63 229 ± 81 159 ± 52 

a Means ± standard deviations of responses of 7 animals. 
b In vitro treatment with bath concentration of 4 x 10-5 M ouabain. 
c A braided suture was passed through the lumen of an isolated 

segment of artery. 
* Significantly different from control values, P<0.05. 

PERCENT 
RELAXATION 

81.1 ± 3.4 

67.1 ± 8.6* 

70.2 ± 5.7* 
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lumen of an artery, ACh-induced relaxation was abolished (0% 

ACh-induced relaxation compared to an artery with an intact 

endothelium). However, contractions in response to NE were 

depressed as much as 78%. Passing a smaller suture through 

the lumen of an artery 2 or 3 times reduced ACh-induced 

relaxation (25% of control relaxation) but still decreased 

NE-induced contractions (36% decrease). Very gentle 

rubbing, 1 pass with a small diameter suture, decreased ACh 

relaxation (80% of control relaxation) and increased NE

induced contractions by as much as 71%. The latter 

technique was finally chosen as it produced the most 

consistant decrease in ACh relaxation with the least 

impairment to NE-induced contractions. 

Rubidium uptake 

Rubidium uptake by whole artery in the presence of 

ouabain (ouabain insensitive) was subtracted from total Rb 

uptake to derive ouabain sensitive uptake; that uptake 

associated with the Na+/K+ pump. Four days of monocrotaline 

treatment had no effect on uptake at any of the rubidium 

incubation time points (Figure 16). Rubidium uptake by 

vessel segments perfused for 10 minutes with buffer 

containing 86Rb was also not affected by 4 days 

monocrotaline treatment (Table 13). 
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Figure 16. 86Rb+ uptake by whole artery segments taken from 
untreated rats and rats given monocrotaline drinking water 
(20 mg/l) for 4 days. Vessels were incubated with 2 x 10-4 
M ouabain (ouabain insensitive uptake) during the periods of 
86Rb+ uptake shown. Ouabain sensitive uptake is the 
difference between total uptake and ouabain insensitive 
uptake. The upper panel shows results of incubations of 1, 
2, and 5 minutes; the lower panel shows results of 
incubations of 10, 20 and 30 minutes. Values are means and 
standard deviations of 9 arterial segments. 
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Table 13. Effect of monocrotaline treatment on 86Rb+ uptake 
by perfused arterial segments. Pulmonary artery segments 
were taken from rats exposed for 4 days to 20 mg/l 
monocrotaline drinking water. Arteries were perfused with 
86Rb+ for 10 minutes. 

Treatment 

Control 

Monocrotaline 

Total 
uptakea 

0.67 ± 0.24d 

0.60 ± 0.60 

Ouabain 
Insensitive 

uptakeb 

0.20 ± 0.03 

0.20 ± 0.04 

a 
b 
c 
d 

Pmol/mm2 luminal surface area. 
Uptake in the presence of ouabain. 
Total uptake - ouabain insenstive uptake. 
Mean ± standard deviation, n=6. 

- ~--~---~--------- ~-------------~ .. _._- - _. 

Ouabain 
Sensitive 
Uptakec 

0.47 ± 0.23 

0.39 ± 0.15 
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The rubidium uptake experiments were repeated to 

duplicate the conditions of K+-return relaxation. In these 

experiments, 5HT was present in the K+-free buffer used to 

incubate the tissue and in the 86Rb+ buffer. The presence 

of 5HT had no effect on 86Rb+ uptake by whole artery 

segments but preliminary data indicated perfused arteries 

from untreated rats accumulated more radiolabel than 

arteries from rats given monocrotaline water for 4 days 

(Table 14). Ouabain sensitive 86Rb+ uptake of segments of 

arteries taken from two monocrotaline-treated rats was 2.82 

and 1.71 pmol/mm2 luminal surface area. Uptake by arteries 

taken from untreated rats was 4.62 and 9.87 pmol/mm2 luminal 

surface area. 
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Table 14. The effect of monocrotaline on arterial uptake of 
86Rb+ in the presence of 5-hydroxytryptamine. Arteries were 
taken from rats exposed for 4 days to 20 mg/l monocrotaline 
drinking water. Arteries were incubated or perfused with 
86Rb+ in the presence of 5-hydroxytryptamine for 20 seconds 
or 30 seconds, respectively. 

Treatment Total 
Uptake 

Uptake by whole arteries: 

Control 3.84 ± 0.41c 

Monocrotaline 4.21 ± 0.85 

Uptake by perfused arteries: 

Control 8.69 ± 4.26d 

Monocrotaline 3.21 ± 0.52 

Ouabain 
Insensitive 

Uptakea 

3.22 ± 0.38 

2.64 ± 0.23 

1.44 ± 0.56 

0.94 ± 1.31 

Uptake in the presence of ouabain. 
Total uptake - ouabain insenstive uptake. 

Ouabain 
sensitive 
uptakeb 

0.62 ± 0.43 

1. 57 ± 0.62 

7.24 ± 3.71 

2.26 ± 0.78 

a 
b 
c 
d 

Mean ± standard deviation, n=3; pmol/mg dry tissue. 
Mean ± standard deviation, n=2; pmol/mm2 luminal surface 

area. 

-----_._ ... _---
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DISCUSSION 

The objective of this work was to determine the minimum 

exposure to monocrotaline drinking water necessary to 

produce toxicity, how pulmonary artery contractility was 

altered by monocrotaline treatment, and how K+-return 

relaxation and Na+/K+ ATPase activity of pulmonary artery 

was affected by monocrotaline treatment. 

Dose-response relationships in the development 

of organ weight changes 

Monocrotaline treatment with any of the drinking water 

concentrations had no effect on kidney, liver or thymus 

weights. Therefore, only data on heart and lung weights 

have been presented. Monocrotaline-induced lung weight 

changes, with the exception of a few individuals, were 

changes in tissue mass (dry weight) rather than changes due 

to edema. Edema was defined as a significant increase 

(above control values) of the ratio of wet weight:dry 

weight. Lafranconi and others (1984) showed that lung 

weight increases in monocrotaline intoxication were due to 

increases in protein content without a change in total 

collagen content. They concluded the lung weight increase 

~ ... ""-.,,------,,,-,-,--
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was not a fibrotic change. Heart weights were expressed as 

per cent body weight and as the RVH ratio already described. 

other researchers have shown good correlation between an 

increase in this value and pulmonary hypertension measured 

as pressure within the pulmonary artery (Bruner et al., 

1983; Kay et al., 1982; Ghodsi and Will, 1981). 

continuous dosing versus noncontinuous dosing 

The development of organ weight changes were measured 

in animals given monocrotaline water continually from 0 to 

20 days. RVH and lung weight values increased with duration 

of monocrotaline treatment and were significantly increased 

by day 20. However, this could also be considered an 

increase correlating with the length of time following the 

initial insult. Was the increase in organ weights dependent 

on length of monocrotaline treatment or was it a time-

dependent process? This question was answered by 

determining the number of days rats needed to consume 

rnonocrotaline in their drinking water to develop significant 

changes in right heart and lung weights 20 days after 

initial treatment. This dosing regimen was discontinuous as 

animals were given monocrotaline drinking water for less 

than 20 days and given tap water until day 20 when they were 

killed. Rats which consumed monocrotaline water for 4 days 

or more developed RVH while organ weights of rats which had 
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consumed monocrotaline water for 1 or 2 days did not differ 

from control values. 

Increases in organ weights is therefore a time

dependent process which does not depend on continuous 

dosing. The most interesting finding in this experiment was 

that the organ weight changes elicited by these exposures 

appeared to be all or none. No gradations in response were 

found due to length of treatment. Once damage was initiated 

the changes in the heart and lungs progressed to the same 

endpoint by 20 days. 

Threshold effect 

The minimum dose or threshold for producing RVH 

appeared to be 4 days consumption of monocrotaline water. 

This threshold for production of organ weight changes could 

depend on the quantity of monocrotaline consumed, the 

duration of the dosing, or the developmental state of the 

rats. The quantity of the active metabolite of 

monocrotaline produced over 48 hours may be insufficient to 

produce a toxic response in the lung. This quantity may not 

clear the liver (e.g. reactive sites in the liver may not 

saturate in 48 hours) or may reach the lung but cause only 

transient and resolvable damage. The length of time animals 

receive a toxic challenge may be critical. The four day 

period may be necessary, no matter the dose or age of rat 

--- ------ - ------.---------- .. -- ... _,,-
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exposed, to set in motion irreversible processes of 

inflammation and repair. with less than 96 hours exposure, 

animals may be able to repair lesions over the next weeks 

without stimulating chronic inflammatory processes which 

appear to be active in monocrotaline-induced damage. 

Finally, the 96 hour period may relate to the development of 

the rats which have been used in these studies. In the 

studies described above, 60 g animals were tested. Young 

rats (21-26 days old, 50-60 g) may be less susceptible 

during these few days for reasons intrinsic to lung or liver 

development. For example, they may resist effects of 

monocrotaline for 48 hours due to an immature mixed function 

oxidase system in the liver. Todd et al. (1985) have shown 

that lungs of very young rats (8 days old) injected with 

monocrotaline developed normally when examined 

histologically at 2 and 4 weeks post-treatment. Neonates (3 

days old) given the same dose died within 3 weeks and adult 

rats (8 weeks old) developed pulmonary hypertension. It 

appears from that study that even neonates have a liver 

metabolizing system capable of producing a toxic 

monocrotaline metabolite. The cause of death in neonates 

was attributed to the cytostatic effect of monocrotaline on 

alveolar growth as the number of alveoli was severely 

reduced in the these animals. The survival of 8 day old 

rats was attributed to the ability of a developing lung to 

--- --------- ----_ .. _-.---._- -
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assimilate a growth stimulus. Todd and coworkers (1985) 

suggested that the monocrotaline growth stimulus is 

independent of endothelial injury and medial hypertrophy and 

is limited to arterial growth. Although their inference of 

distinct mechanisms of action for the cytostatic and growth 

stimulating effects of monocrotaline is arguable, the data 

indicate that developmental stages in young rats could 

profoundly affect the outcome of monocrotaline intoxication. 

In my study, the youngest rats given monocrotaline drinking 

water (the 20 day treatment group) were approximately 21 

days old when first given monocrotaline. This group should 

have been the least susceptible to vascular remodelling if 

responses are age dependent. 

Age dependency 

To test whether there could be a developmental effect 

related to age, 100 g animals were given the same treatment 

as the 60 g rats (20 mg/l monocrotaline water for 0, 1, 2, 

4, 6, 10 or 20 days). My choice of 100 g animals was based 

on the growth of the 60 g animals. Control rats (initial 

weight 60 g) gained an average of 122 g while rats treated 

20 days gained 74 g. Dosing 100 g rats for 4 or more days 

resulted in organ weight changes of RVH and lung weight 

increases nearly identical to those of the 60 g animals. A 

developmental effect over the 20 day period was ruled out. 

----.~----~-~.~.~-~ '-'~ 
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Dose dependency 

To assess the question of dose dependency, rats were 

given 5, 10, 40 or 60 mg/l monocrotaline drinking water for 

up to 20 days. Huxtable and coworkers (1978) estimated 

young rats ingested 3.6 mg/kg/day when given 20 mg/1 

monocrotaline drinking water. This figure was used to 

estimate a dose for consumption over the various exposure 

periods. Animals consuming 40 mg/l monocrotaline water for 

4 days or more developed RVH and lung weight increases. 

Ninety-six hours exposure is equivalent to 14 and 29 mg/kg 

for the 20 and 40 mg/l treatments, respectively and is less 

than the bolus injections of 40 - 105 mg/kg which other 

investigators have employed (Sugita et al., 1983; Ghodsi and 

Will, 1981; Todd et al., 1985; Altiere et al., 1986). Ten 

days ingestion of 10 mg/l monocrotaline (equivalent to 18 

mg/kg) was a toxic dose. Animals given 5 mg/l monocrotaline 

water for 10 days did not develop pulmonary hypertension by 

20 days post-ingestion. It would take approximately 16 days 

ingestion for these animals to receive a dose of 15 mg/kg. 

Animals given 60 mg/l monocrotaline water consumed a toxic 

dose in 24 hours (11 mg/kg). 

Rats were induced with phenobarbital in an attempt to 

shift the minimum exposure producing RVH away from 4 days x 

20 mg/l. Phenobarbital induction increases the production 

of monocrotaline metabolites about 2-fold (Lafranconi et 

,--_._--_._--_ ..... _... --, 
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al., 1985). Phenobarbital induction coupled with 20 mg/l 

exposures produced organ weight changes similar to the 20 

and 40 mg/l exposures. Phenobarbital pretreatment appeared 

to carry other risks. Pretreated animals given 

monocrotaline for 4 or more days gained less weight than in 

any other treatments and animals lost weight with 15 days 

treatment. Liver weights were decreased with some of the 

treatment periods and the right heart wet:dry weight ratios 

of the 1, 2, and 15 day treatment groups were less than 

control values (control animals received phenobarbital 

pretreatment). No histological evaluation was done to 

determine if the combination of phenobarbital induction and 

monocrotaline was toxic to the liver. There was no 

confirmation of hepatic cytochrome P-450 induction, either. 

It is possible that induction did not occur and that the 

phenobarbital treatment alone caused some of these problems. 

From the results of these experiments, I conclude that 

the threshold for toxicity is dependent on dose. A 

threshold exposure (in days) can be defined for each 

concentration of monocrotaline water tested, but the dose 

equivalent appears to be in the range of 15 - 20 mg/kg. 

Whether this total dose is given in 1 day or over 10 days, 

by 20 days the resulting increases in right heart weight and 

lung weight are identical. The apparent cumUlative nature 

of chronic administration is worth noting. A low drinking 

---.- . __ ... - .. _ ... _._._ ...... - .. _-
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water concentration produced the same toxicity as a higher 

concentration; it just took longer for the animal to consume 

a toxic dose. Equivalent studies have not been reported for 

injected doses of monocrotaline. Human and animal 

intoxication follows a similar pattern to the drinking water 

administration - chronic or perhaps intermittent consumption 

of contaminated teas or forage. This study provides 

evidence for the cumUlative nature of subtle injury which 

has obvious implications for species other than rats. 

Time dependency 

Animals can be intoxicated with 24 hours exposure if 

the dose is large enough. A four day period, therefore, is 

not necessary to stimulate physiologic processes which 

produce pulmonary hypertension. This conclusion is obvious 

from the single injection protocol which so many other 

researchers have employed (Todd et aI, 1985; Altiere et al., 

1986). Although intoxication is not dependent on 4 days 

continual presence of monocrotaline in the rat, there is a 

time-dependent factor in intoxication which is worth noting. 

A disturbing observation in the 20 mg/l studies was 

that RVH appeared to occur before lung weight changes. 

other researchers have clearly shown increases in lung mass 

precede RVH when animals are continuously exposed (Huxtable 

et al., 1978; Lafranconi et al., 1984). In my experiments, 

--_.- _._ .. -._.-_ .. - . --- .- -.-
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however, RVH was significant in animals exposed for 4 days 

and increases in lung weights were significant following 6 

or more days exposure. I explored the possibility that 

lungs of the 4 day treatment group were "recovering" from 

the monocrotaline insult and measured organ weights 14, 21, 

and 28 days after initial exposure. As predicted, lung 

weight increases of the 4 day treatment group peaked at 14 

days while heart weight changes peaked at 21 days. Lung and 

heart weight values returned towards normal by day 28. Thus 

it appears that the response of lung weight increases and 

the attendant heart weight increases are not graded 

responses but that their development is time dependent. 

Lung weights and possibly heart weights return towards 

control values if a small enough dose is given. Hislop and 

Reid (1974) studied recovery following monocrotaline 

intoxication in rats fed monocrotaline for 34 days. These 

investigators found RVH and pulmonary artery wall thickness 

measurements returned towards normal values 31 or more days 

after exposure. There is no evidence, however, that the 

organs have recovered normal function or structure. Changes 

which do not produce a change in organ weight (fibrosis, for 

example) may be permanent and could impair heart or lung 

function. 
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Intoxication following large doses of monocrotaline 

A single bolus dose will produce pulmonary 

hypertension. However, with the higher dosing I employed, 

60 mg/l, the profile of intoxication was not typical of the 

responses observed at doses of 10 and 20 mg/l. Edema was 

significant for right ventricle, lung, left ventricle, liver 

and kidney in a few of the exposure groups. The 60 mg/l 

treatment group had higher mortality than other treatment 

groups, but mortality was restricted to 2 and 4 day 

exposures. However, all of the rats treated for 6 and 10 

days survived. Right heart weight changes were greater in 

the 2 day exposure group than in the 10 day exposure group. 

This raises the possibility that continual dosing with high 

concentrations of monocrotaline, which may produce and 

sustain liver toxicity, could have a protective effect. It 

is unlikely that protection would be due to a decrease in 

pyrrole formation from liver damage since withdrawal of 

monocrotaline results in the greater damage. Rather, it is 

likely that output of liver products which may contribute to 

the development of pulmonary hypertension (i.e., complement 

proteins) are reduced when monocrotaline is given 

continually and in high doses. The endothelial cells also 

release products which participate in processes of 

inflammation and repair (prostaglandins, promoters of 

platlet aggregation) and it is possbile that production of 
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these products are stimulated when damage is minimal and 

inhibited with greater damage. 

The cause of death in the rats given the high 

concentrations of monocrotaline water was not established. 

Dying rats were cyanotic and the thoracic cavity was 

sometimes filled with fluid. These symptoms may have been 

due to diseases in the rat colony. Survival was improved 

after a general cleanup and instigation of isolation 

procedures in the Division of Animal Resources. 

The pneumotoxic dose of monocrotaline I have described 

(14 mg/kg) is far below the dosages used by other 

investigators. The administration of monocrotaline in 

drinking water to young rats produces a mild right 

ventricular hypertrophy and pulmonary hypertension (Huxtable 

et al., 1977; Huxtable et al., 1978) without the 

myocarditis, necrotizing arteritis and gross liver changes 

found in a high percentage of animals given a single 

injection in doses sufficient to produce the same degree of 

right ventricular hypertrophy (Hayashi and Lalich, 1967). 

The toxicity observed in the 60 mg/l treatment group 

resembles toxicity observed with bolus dosing. For example, 

Altiere and coworkers (1986) used a dose of 105 mg/kg and 

produced edematous lungs along with pulmonary hypertension. 

Drinking water administration, however, remains a 

-------------------- --- ---- _._-
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controversial method of dosing. Most investigators prefer 

to give a single measured dose. 

Histology and lung lavage 

Large pulmonary arteries (arteries used in tissue bath 

experiments) from animals exposed for less than 4 days and 

killed on day 20 were indistinguishable from controls. 

After 4 or more days exposure arteries had become more 

muscular. Arterial changes paralleled changes in organ 

weights, in that medial muscularization appeared to an all 

or none event. Muscularization of small arteries may have 

occurred after only 1 or 2 days treatment with 

monocrotaline. Since only one lung was evaluated at each 

time point, no conclusion can be drawn as to whether dam~ge 

occurs in small vessels following dosing with less than 15 

mg/kg monocrotaline. 

The protein concentration of lavage fluid was elevated 

6 days after initiating monocrotaline treatment. This was 

an expected finding, since lung leakage has been documented 

in other studies (Sugita, et al., 1983, Bruner et al., 

1983). I hypothesized a change in the cell differentials of 

lung lavage fluid after 4 days treatment with monocrotaline 

but found no overt increase in inflammatory cells by day 6. 

Changes in numbers of tissue mast cells have been 

investigated with some researchers finding increases and 
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some finding decreases in cell number. The lung lavage 

fluid should reflect changes in numbers and type of cells in 

the lung tissue but since protein leakage was minimal until 

day 6, cells of the interstitium may not have entered the 

alveoli. 

Altered contractility of pulmonary arteries 

Decrease in neurotransmitter and non-neurotransmitter 

mediated contractions. 

Monocrotaline attenuates the 5HT and NE-induced 

contractions of pulmonary artery as well as contractions 

elicited by KCI. The latter is assumed to act as a 

depolarizing agent and contractions are not receptor 

mediated. However, K+ can release neurotransmitters from 

nerve endings (Bonaccorsi et al., 1977). contractions 

(Rmax) were enhanced after 5 days continuous treatment with 

monocrotaline in drinking water and were attenuated at all 

later time points. These results are in close agreement 

with those of Altiere and coworkers (1985) who reported a 

transient increase in responsiveness followed by similarly 

diminished responses 14 days following an injection of 

monocrotaline. 
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Alterations in vessel responsiveness are not apparent 

when contractions are expressed as per cent of KCl-induced 

contractions. This suggests changes in vessel responses are 

a general response accompanying the development of pulmonary 

hypertension. Medial hypertrophy correlates with the 

development of pulmonary hypertension (Ghodsi and Will, 

1981) and measurements made on vessel sections confirm a 

progressive increase in the thickness of the medial layer. 

If the decreases in vessel responsiveness were due solely to 

vascular remodelling, alterations in contraction induced by 

5HT and NE would be similar to those seen with KCl. 5HT-

and KCl-induced contractions were attenuated to the same 

extent, as shown in Figure 8. However, decreases in 

norepinephrine-induced contractions exceeded decreases of 

KCl-induced contractions (Figure 9). Contractions induced 

by 5HT and norepinephrine are assumed to be receptor 

mediated. These data suggest that 5HT and NE receptors, 

receptor density, or their respective coupling to muscle 

activity are differentially altered by monocrotaline 

treatment. 

A second experiment was designed to examine 

contractions after pulmonary hypertension was established 

rather than during its development. One of the treatments 

was a 20 day continuous exposure. Although the Rmax 

calculated for NE-induced contractions for this treatment 

----._--_ .. _--.. 
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group was less than in the other treatments, the decrease 

was not significant (Table 7). Results failed to confirm 

that there was a KCI-independent decrease in NE-induced 

contractions. This experiment did show that 

responses to NE and KCI followed a pattern identical to 

organ weight changes. Reduced contractions occur as an all

or-none event. Vessels from treated animals (lor 2 days 

exposure) responded identically to vessels from untreated 

animals or showed a significant attenuation of contraction 

(more than 4 days exposure). 

This series of experiments showed that monocrotaline 

intoxication results in a decrease in the contractions of 

large pulmonary arteries. This is a generalized response 

rather than a lesion at a particular receptor, although 

there is a possiblity that events or sites coupled to the 

activity of norepinephrine are also targeted. The 

chronology for decreases in contractions follow the 

chronology for organ weight changes and anatomical changes 

in the muscle of the pulmonary arteries. A decrease in the 

force of contraction is most likely due to changes in the 

muscle and structure of the artery. 

----_._-_._._---_. -. 
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Altered K+-return relaxation of pulmonary artery 

and Na+/~ ATPase activity 

This study was designed to assess the ability of 

pulmonary artery to relax in response to K+-return during 

the development of pulmonary hypertension. The time points 

for monocrotaline exposure were chosen to focus on the first 

weeks following administration of monocrotaline. The 

treatment regimen ensured rats were the same size and age 

when treatment ended. 

K+-induced relaxation or ~-return has been used by 

investigators as a functional measure of Na+/K+ ATPase 

activity (Webb and Bohr, 1978; Bukoski et al., 1983a) and 

the mechanism of K+-return relaxation has been studied 

(Hermsmeyer and Harder, 1986; Bonaccorsi et al., 1977). In 

this assay, vessels are incubated in K+-free buffer to 

suppress the Na+/K+ pump and allow intracellular Na+ to 

accumulate. Vessels are contracted during this period to 

provide tone. A physiological concentration of K+ is added 

to the bath. K+ stimulation of the Na+/K+ pump 

hyperpolarizes the cell membrane (Hermsmeyer and Harder, 

1986). The vessel relaxes in response to the 

hyperpolarization. 

since the duration of K+-free incubation affects the 

magnitude of relaxation upon K+-return (Webb and Bohr, 
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1975) , it was first necessary to determine the optimum 

incubation time. preliminary studies showed no difference 

in the magnitude of relaxation of vessels incubated S to 14 

minutes and a 10 minute incubation was chosen for all 

subsequent studies. Suzuki and Twarog (19S2a) investigated 

changes in membrane potential of rat pulmonary artery during 

an extended (60 min) period of K+-free incubation and found 

that muscle cell membranes of small arteries (100-200 

microns 0.0.) depolarized after 15 minutes in K+-free 

solution but potentials of main pulmonary artery (above the 

first bifurcation) remained stable. It is possible that 

small artery depolarization was due to the release of 

norepinephrine during K+-free incubation, a finding 

described by Bonaccorsi in rat tail and femoral arteries 

(Bonaccorsi et al., 1977). In my preparations, vessels 

(500-S00 microns, 0.0.) neither contracted nor relaxed 

during K+-free incubation and it is likely that these 

vessels, taken near the bifurcation of the third and fourth 

lobes of the right lung, have electrical properties (or 

innervation) similar to main pulmonary artery. During the 

10 minute incubation in K+-free buffer, norepinephrine or 5-

hydroxytryptamine was added to contract the vessel. 

concentrations of neurotransmitters were chosen which 

produced SO-90% maximal contractions. These contractions 

stabilized within 6 minutes and were sustained for 30 
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minutes. The incubation in ~-free buffer was ended by 

adding KCl to the bath to bring the bath media to 7.6 mM. 

The arteries relaxed in response to~. In some of the 

studies, ouabain was used to inhibit this relaxation, 

confirming that it was Na+/~ ATPase dependent. The 

concentration of K+ used affects the magnitude of relaxation 

(Bonaccorsi et al., 1977). I chose the concentration 

present in the Krebs-Henseleit buffer in which the tissues 

were equilibrated. 

Effect of monocrotaline 

Monocrotaline treatment reduced the magnitude of 5HT 

and NE-induced contractions as expected and reduced the 

magnitude of K+-induced relaxations. The relaxation 

expressed as percent of contraction, however, was not 

altered by monocrotaline. Suzuki and Twarog (1982b) 

measured cell membrane hyperpolarization during K+-return in 

pulmonary artery taken from monocrotaline treated rats. 

They found a monocrotaline-induced increase in resting 

potential within 20 days of treatment but found no 

monocrotaline-induced change in membrane potentials of main 

pulmonary artery upon K+-return. They did, however, see an 

increase in the amplitude of hyperpolarization upon K+-

return in small pulmonary arteries. In my study, this 

increase would conceivably result in increased relaxation. 

--------- ---------
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An unexpected finding, therefore, was that 4 or more days of 

monocrotaline treatment reduced the rate of relaxation of 

pulmonary artery. This difference was significant whether 

relaxation was expressed as force/min (Table 10) or 

stress/min (Table 11). There was no indication from the 

electrophysiologic data of Suzuki and Twarog (1982b) that 

monocrotaline-induced changes in membrane potential were 

occurring until two weeks had elapsed. Morphological 

evidence of muscle changes 4 days after initiating treatment 

are also lacking (Kay et al., 1982; Meyrick and Reid, 1979). 

I cannot resolve my findings with the electrophysiologic 

data of Suzuki and Twarog (1982b) except to propose that the 

vessels I used may resemble main pulmonary artery. Their 

data does suggest, though, that K+-return relaxation further 

down the arterial tree may be enhanced following 

monocrotaline treatment. 

At the present time, I have no information on the 

processes which govern rates of relaxation, K+-return or 

otherwise, but I found that both ouabain and endothelial 

injury affected this rate. Ouabain alters magnitude of 

relaxation as well as rate, but its effects on the two 

processes may not be restricted to inhibition of a single 

population of Na+/K+ ATPase. Ouabain can affect 

neurotransmitter release (Bonaccorsi et al., 1977), the 

effect of endothelium-derived relaxing factor (Hoeffner and 
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Vanhoutte, 1987) and membrane potential (Keef and Ross, 

1987) as well as cell membrane Na+/~ ATPase in muscle. 

Support for the hypothesis that monocrota1ine alters Na+/K+ 

ATPase acitivity comes from work with monocrotaline pyrro1e

treated cultured fibroblast cells in which the earliest 

insult was to plasma membrane Na+/K+ ATPase (Johnson, 1981). 

Rate of relaxation may be governed by exchange of Na+ and K+ 

which in turn establishes cell membrane potential. It may 

also be governed by rates of calcium sequestration in muscle 

cells or leakage at the membrane level. Membrane level 

leakage of K+ could also contribute to a slowed rate of 

relaxation. 

Endothelial injury 

Damage to the endothelium significantly reduced the 

rate of relaxation without affecting the magnitude of 

contraction or relaxation (Table 12). The damage caused was 

not enough to abolish ACh-induced relaxation, indicating the 

endothelium was still able to release endothelium-derived 

relaxing factor (EDRF). The rate of ACH-induced relaxation 

(a measurement which is not mentioned in the EDRF 

literature) was decreased, but not significantly. However, 

the rate of 5HT-induced contraction was significantly 

increased. A loss in the release of basal levels of 

relaxing factor would explain an increase in the rate of 
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5HT-induced contraction and a decrease in the rate of ~ or 

ACh-induced relaxation. The relationship between ouabain 

and EDRF is under active investigation by a number of 

laboratories. Some of these investigators have shown Na+jK+ 

pump activity mediates endothelium-dependent relaxation 

(Rapoport et al., 1985). Rubanyi and Vanhoutte (1985) 

suggest Na+jK+ ATPase of the endothelial cells is involved 

in the release of a relaxing factor. These authors 

postulate Na+jK+ ATPase activation releases a unique 

endothelial factor. More recent work supports the 

hypothesis of multiple EDRFs (Hoeffner and Vanhoutte, 1987). 

Results of the studies presented here could be explained if 

release of one EDRF was relatively insensitive to ouabain 

when cells were stimulated with ACh and a second release of 

EDRF (possibly a second factor) occurred constinually or in 

response to K+. This second release would be ouabain 

sensitive and would contribute to artery relaxation rates. 

Rubidium uptake 

Another measure of Na+jK+ ATPase activity is uptake of 

86Rb+. If the altered rate of relaxation measured after 4 

days monocrotaline treatment was due to altered ATPase 

activity, 4 days treatment with monocrotaline should also 

produce a change in the uptake of Rb+. However, under 

conditions similar to the K+-return experiments, no change 

------- ----.-
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was observed. It is possible that a change could have been 

detected using a longer monocrotaline exposure, 8 days, for 

example. Also, if the monocrotaline-induced change in 

vessel relaxation at 4 days is in rate of relaxation and not 

magnitude, the incubation period for Rb+ uptake should have 

been limited to the period of fastest relaxation which was 

approximately 20 seconds (Table 10). The earliest time 

point used to compare Rb+ uptake of control and 4 day 

monocrotaline-treated vessels was 60 seconds and changes in 

rate would probably not have been detected since vessel 

relaxation was approaching maximum levels. 

Bukoski found differences in K+-return relaxation 

between canine femoral and renal arteries which were 

dependent on the presence of norepinephrine (Bukoski et al., 

1983a). These differences were not apparent in Rb uptake 

experiments similar to the ones described here, but did 

appear when NE was added to th~ incubation buffer to 

simulate K+-return conditions (Bukoski et al., 1983b). The 

implication is that Na+/K+ ATPase is not intrinsically 

altered following monocrotaline treatment, but that its 

regulation by neurotransmitters may be affected. When I 

repeated the Rb+ uptake experiment with 5-hydroxytryptamine 

in the buffers, monocrotaline treatment did not affect whole 

artery uptake but did decrease uptake by perfused arteries. 
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This must be considered preliminary data due to the small 

sample size. 

These experiments have shown that neither the magnitude 

of K+-induced relaxation of isolated pulmonary arteries nor 

the ratio of that relaxation to the initial tone of the 

arteries induced by norepinephrine or 5-hydroxytryptamine 

are altered by pretreating rats with monocrotaline. What 

has been shown is that the rate at which the arteries relax 

is significantly decreased following ingestion of a toxic 

dose of monocrotaline in drinking water. This decrease is 

at least partially mimicked by in vitro treatment with 

ouabain, suggesting that it is mediated by Na+/K+ ATPase. 

However, 86Rb+ uptake under conditions of K+ return, a 

measure of Na+/K+ ATPase activity, was decreased only when 

the neurotransmitter 5-hydroxytryptamine was present. In 

addition, only 86Rb+ uptake via the lumen of the arteries 

was decreased. These data suggest that an endothelial 

Na+/K+ ATPase under regulation by 5-hydroxytryptamine and 

norepinephrine is altered by monocrotaline. 

~.--------------- .. -
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SUMMARY 

Work presented in this dissertation has contributed to 

the existing literature on dose-dependent development of 

monocrotaline toxicity. New areas of study, contractions 

and relaxations of isolated pulmonary artery from 

monocrotaline treated rats, provide supportive information 

on the progressive nature of rnonocrotaline-induced 

hypertension. Furthermore, the K+-return relaxation data 

describes a novel change in pulmonary arteries which occurs 

early in monocrotaline intoxication. The following 

objectives were met in this dissertation: 

1. A time period was defined for the study 

of monocrotaline damage to the pulmonary 

artery. 

Damage resulting in pulmonary hypertension occurs 

within the first 4 days of administration of 20 mg/l 

monocrotaline in drinking water. No obvious damage occurs 

when animals are given monocrotaline for 1 or 2 days. An 

accumulated dose of 15 to 20 mg/kg monocrotaline produces 

pulmonary hypertension in rats 14 to 20 days after 

initiating treatment. This quantity is much less than the 

single injection dose necessary to produce similar effects. 
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Data also show that although damage is cumulative, it is 

also reversible. 

2. The effect of monocrotaline on 

contractions of pulmonary artery was 

determined. 

102 

As pulmonary hypertension develops and pulmonary 

arteries hypertrophy, isolated vessel segments are less able 

to contract. This is a loss of efficacy rather than potency 

to the contracting agents Kel, NE, and 5HT. 

3. Na+/K+ ATPase dependent relaxation of 

pulmonary artery from monocrotaline 

treated rats was characterized. 

K+-return relaxation is a measure of Na+/K+ ATPase 

activity of isolated pulmonary artery. Monocrotaline 

decreases the rate of vessel relaxation. The magnitude of 

relaxation, expressed as percent of contraction, is not 

altered by monocrotaline. Another measure of Na+/~ ATPase 

activity, 86Rb+, was decreased only when the 

neurotransmitter 5-hydroxytryptamine was present and only 

uptake associated with the endothelium was affected. 

Endothelial injury mimics the effect of monocrotaline on 

rate of relaxation and the endothelium may modulate this 

process. 

------ --------- - - ----.-[, 
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APPENDIX A 

Heparin and lc.etanserin treatment of 

monocrotaline intoxicated rats 

Two sites of serotonin (5-hydroxytryptamine) activity 

are of interest in the monocrotaline pulmonary hypertension 

model; an endothelial uptake or transport site and the 

receptor associated with smooth muscle contractility. Lung 

endothelium regulates circulating serotonin levels by 

transporting serotonin into the cell and metabolizing it to 

inactive degradation products. One of the measurable 

changes in lungs of rats with monocrotaline-induced 

pulmonary hypertension is a decrease in the ability of the 

lung to remove circulating serotonin (Huxtable et al., 

1978). Serotonin is a vasoconstrictor of isolated arterial 

segments and isolated perfused lungs. Whole lung 

vasoconstrictor responses to serotonin (measured as lung 

perfusion pressure) are enhanced 14 days following 

monocrotaline pyrrole treatment (Hilliker and Roth, 1985). 

However, serotonin-induced contractions of isolated 

pulmonary artery rings are not altered by monocrotaline 

.'-... --------... _--------_ .... _-- ---
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treatment although overall contractility (defined as 

contraction in response to KCI) is decreased. 

In rats, serotonin is released into the circulation by 

mast cells and platelets, both of which may be present due 

to endothelial injury and subsequent inflammation. It is 

not clear whether serotonin levels in monocrotaline treated 

rats are elevated. Lung serotonin levels in monocrotaline 

treated rats may be elevated very locally due to increased 

release by inflammatory mediators. It has been established 

that monocrotaline treatment results in a transient 

thrombocytopenia. It is thought that this is a result of 

sequestration and margination of platelets in the lung. 

Heparin is an endogenous glucosoaminoglycan with a 

strong negative surface charge. It protects endothelium by 

restoring normal electronegativity lost after damage, by 

inactivating damaging substances such as serotonin, by 

reducing platelet adherence to the endothelium, and it may 
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have a role in inhibiting smooth muscle proliferation. 

Heparin treatment could protect against monocrotaline

induced injury by reducing inflammation and protecting 

capillaries from damage. If serotonin levels are altered by 

monocrotaline treatment, heparin could normalize circulating 

levels of serotonin. The anti-proliferative action of 

heparin could reduce vascular remodelling. 
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Heparin has been used in conjunction with monocrotaline 

by other researchers. In previous treatment schedules, 

however, heparin was administered twice a day by injection. 

Heparin has an extremely short biological half-life and the 

most effective method of administering heparin is by 

constant infusion. In the study described below, heparin 

was administered to rats continuously over a 20 day period 

via an implanted osmotic pump. Animals were also treated 

with monocrotaline, and the effect of heparin treatment on 

monocrotaline-induced toxicity was evaluated at 20 days. 

Ketanserin is a serotonergic blocking agent with high 

affinity for serotonin (5-HT2) binding sites (Van Neuten and 

Vanhoutte, 1984). In vivo it lowers blood pressure. In 

vitro, it antagonizes the vasoconstrictor effects of 

serotonin in a number of blood vessels of the rat, dog, and 

rabbit. Ketanserin inhibits serotonin-induced platelet 

aggregation and inhibits contractions induced by aggregating 

platelets. Ketanserin does not inhibit the endothelium

dependent relaxation induced by serotonin or aggregating 

platelets. If altered serotonin regulation or serotonin 

receptor activity are critical in monocrotaline toxicity, 

treatment with ketanserin may attenuate monocrotaline

induced damage. In the studies described below, ketanserin 

was continuously administered to rats via an implanted 

----------------- _. 
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osmotic pump. Animals were also given monocrotaline and the 

effects of treatment evaluated after 20 days. 

Methods 

In vivo administration of heparin. 

osmotic pumps were filled with saline or heparin and 

implanted into the peritoneal cavities of 80 g male Sprague

Dawley rats. Pumps delivered heparin (5 U/hr) or saline at 

a rate of 2.5 ~l/hr. Rats were allowed to recover from 

surgery (48 hours) and were then given monocrotaline 

drinking water (20 mg/l). After 20 days treatment with 

monocrotaline, rats were killed and pulmonary artery 

segments were removed for tissue bath experiments. Heart 

and lung weights were measured and a blood sample removed 

for a platelet count. Dose-response curves for 

norepinephrine- or serotonin-induced contractions were 

generated. 

In vitro inhibition of serotonin-induced contractions. 

Isolated pulmonary artery rings were used to determine 

the concentration of ketanserin which inhibits serotonin-

induced contractions. Ketanserin was placed in tissue baths 

and dose-response curves generated with serotonin. 
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In vivo administration of monocrota1ine and ketanserin. 

Ketanserin tartrate was dissolved in saline and placed 

in 2 m1 osmotic pumps. These were implanted into the 

peritoneal cavity of 80 g rats. Rats were given 

monocrota1ine in drinking water for 20 days. At that time 

the rats were killed, organ weights determined and pulmonary 

artery was removed for testing in tissue baths. Vessel 

segments were contracted with serotonin or norepinephrine to 

generate dose-response curves. Ketanserin concentrations of 

1 and 10 mg/1 (25 ~g/hr and 2.5 ~g/hr) were tested along 

with saline controls. Only two rats were tested in each 

treatment group. 

Results and Discussion 

Heparin 

Treatment with heparin or saline failed to 

significantly affect the increase in lung weight induced by 

monocrota1ine (Table 15). All rats given monocrota1ine -

with or without implants of saline or heparin - had right to 

left heart weight ratios larger than control values (Table 

15). The heart weight ratio for monocrota1ine plus heparin 

treated rats was not significantly different from the ratio 

for the heparin controls, suggesting a protective effect of 

heparin. Monocrota1ine treatment alone or in combination 
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Table 15. The effect of heparin on monocrotaline-induced organ weight changes. 
Rats were given 20 mg/l monocrotaline (MCT) dinking water for 20 days while 
continuously administered saline or heparin (5 U/hr) via an implanted osmotic pump. 
Organ weight ratios and blood platelet count were measured at 20 days. 

Treatment 

Control 
Water 

control 
+ Heparin pump 

MCT 
Water 

MCT 
+ Saline pump 

MCT 
+ Heparin pump 

a 
b 

Body Weight 
(BW, g) 

214 # 15b 

210 # 11 

187 # 14 

172 # 16*§ 

175 # 23*§ 

Lung: BW 
x 103 

5.3 # 0.5 

6.2 # 0.8 

9.4 # 0.9*§ 

9.1 # 0.8*§ 

9.0 # 0.9*§ 

RV/LV+Sa 
x 102 

0.28 # 0.05 

0.30 # 0.03 

0.48 # 0.08*§ 

* 0.43 # 0.09 

0.41 # 0.08 

Platelet Count 
x 103 cells/u1 

1043 # 176 (3)c 

964 # 26 (2) 

489 # 452 (3) 

587 # 154 (2) 

885 (1) 

ventricle and left ventricle plus septum. 
from 4 or 5 animals. 

c 

Ratio of the weights of the right 
Mean # standard deviation, values 
Blood samples from 1 to 3 animals was evaluated. Numbers were not statistically 

compared. 
* Significantly different from control, p<0.05. 
§ Significantly different from heparin pump control, p<0.05. 
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with saline produced a mild thrombocytopenia (decrease in 

platelet count). Heparin treatment appeared to reduce this 

thrombocytopenia, although there was too little data to 

allow a statistical comparison. Heparin and saline 

treatments attenuated but did not significantly reduce the 

monocrotaline-induced decreases in norepinephrine- and 5-

hydroxytryptamine-induced contractions (mg force) (Table 

16). When data was expressed as per cent of KCI-induced 

contractions, monocrotaline treatment reduced the Bmax for 

norepinephrine but not 5-hydroxytryptamine. The saline 

implant completely prevented this decrease in 

norepinephrine-induced maximum contraction. 

Ketanserin 

Dose-response curves were generated using 10-7 to 10-4 

M concentrations of serotonin. concentrations of 10-7 and 

10-8 M ketanserin inhibited the response to serotonin 

(Figure 17). This experiment confirmed the existence of 

serotonergic receptors on pulmonary vascular smooth muscle. 
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Ketanserin appeared to reduce the right ventricular 

hypertrophy and lung weight increase normally seen (Table 

17) but data was not statistically analysed due to the small 

number of animals tested. Vessels from monocrotaline-

treated animals had a lower maximum contraction which was 

not improved by treatment with ketanserin. All 
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Table 16. The effect of heparin on monocrotaline-induced 
changes in dose-response curves. Rats were given 20 mg/l 
monocrotaline (MCT) dinking water for 20 days while 
continuously administered saline or heparin (5 U/hr) via an 
implanted osmotic pump. Pulmonary arteries were removed and 
norepinephrine (NE) and 5-hydroxytryptamine (5HT) dose
response curves generated. The maximum contraction (B.max) 
and neurotransmitter concentration producing half-maximal 
contraction (D50) were estimated using nonlinear regression. 
Bmax is expressed as mg force and as per cent of KCI-induced 
contraction. 

Treatment 
mg force Broax% of KCl 

Norepinephrine-induced contractions: 

Control water 

Control + Heparin 

MeT water 

MCT + Saline 

MCT + Heparin 

163 ± 60b 

206 ± 52 

74 ± 25*§ 

110 ± 34 § 

77 ± 34*§ 

76 ± 6 

79 ± 9 

64 ± 7*§ 

77 ± 6 

64 ± 8*§ 

5-Hydroxytryptamine-induced contractions: 

Control water 

Conrol + Heparin 

MCT water 

MCT + Saline 

MCT + Heparin 

172 ± 78 

200 ± 68 

87 ± 32*§ 

144 ± 34 

116 ± 54 § 

90 ± 31 

76 ± 8 

93 ± 13 

92 ± 15 

88 ± 11 

D50 
Log M 

-7.9 ± 0.2 

-7.9 ± 0.5 

-7.8 ± 0.6 

-8.2 ± 0.2 

-7.8 ± 0.5 

-4.9 ± 0.5 

-5.1 ± 0.3 

-5.1 ± 0.3 

-5.6 ± 0.3* 

-5.1 ± 0.3 

a 

b 

* 

Number of vessels tested, 4 or 5 animals were tested in 
each treatment group. 

§ 

Mean ± standard deviation. 
significantly different from control values, p<0.05. 
significantly different from heparin control values, 
p<0.05. 

10 
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10 

6 

8 
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Figure 17. Inhibitory effects of 10-7 and 10-8 M Ketanserin 
on contractions elicited by s-hydroxytryptamine (SHT). 
Three vessels from each of 6 rats tested were simultaneously 
tested in tissue baths. One vessel served as control and 
two were incubated with ketanserin prior to generating a 
dose-response curve to SHT. Vessel responses ~mg) were 
normalized to the response elicited by S x 10- M SHT in the 
control vessel. 
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Table 17. The effect of ketanserin on monocrotaline-induced 
organ weight changes. Rats were given 20 mg/l monocrotaline 
(MCT) dinking water for 20 days while continuously 
administered a solution of saline or ketanserin (1 mg/l or 
10 mg/l) via an implanted osmotic pump. organ weight ratios 
were measured at 20 days. 

Treatment 

control Water 

Control + Saline 

Control + 1 mg/l 
Ketanserin 

MCT Water 

MCT + Saline 

MCT + 1 mg/l 
Ketanserin 

MCT + 10 mg/l 
Ketanserin 

Body Weight RV/LV+Sa 
(BW, g) 

244 ± 16b 0.236 ± 0.004 

220 ± 11 0.261 ± 0.016 

214 ± 16 0.254 ± 0.005 

200 ± 8.5 0.527 ± 0.013 

180 ± 9.9 0.476 ± 0.052 

179 0.306 

183 ± 4.2 0.400 ± 0.041 

Right ventricle/left ventricle plus septum. 

Lung: BW 
(x 103 ) 

5.36 ± 0.38 

5.73 ± 0.26 

5.35 ± 0.47 

11. 5 ± 4.6 

8.76 ± 0.10 

7.46 

7.50 ± 0.69 

a 
b Mean ± standard deviation, values for 1 or 2 animals. 

statistical analysis performed • 
No 

. _----_.-.... __ . 
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monocrota1ine treatments appeared to have a lower D50 for 5-

hydroxytryptamine. In general, neither ketanserin or saline 

treatments had a protective effect on the decrease in 

contractility produced by monocrota1ine treatment. 

The pumps may have had an adverse effect on the livers 

of the rats. Livers were swollen, the capsule opaque and 

adhesions were present. This may have been due to pump 

placement, but was most pronounced in the ketanserin-treated 

animals. It is possible that the dose of ketanserin used 

was hepatotoxic. The ketanserin solutions were acidified to 

dissolve the drug and there was evidence of irritation of 

the body wall at the pump outlet. The slight protective 

effect of ketanserin on organ weight changes may have been 

due to effects in the lung or inhibition of metabolism of 

monocrota1ine in the liver. 

Ganey et a1. (1986) recently reported that ketanserin 

had no effect on monocrota1ine pyrro1e-induced increases in 

lung and right heart weight. In their study, ketanserin was 

administered orally twice daily starting 3 days following a 

single dose of monocrota1ine pyrro1e. Data presented here 

does not refute those findings. 
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APPENDIX B 

Alpha-adrenergic binding in lungs 

following monocrotaline treatment 
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Norepinephrine-induced contractions of isolated 

pulmonary artery are reduced following monocrotaline 

exposure. One possible explanation for decreased efficacy 

of norepinephrine is that mOllocrotaline treatment alters 

norepinephrine receptors. Binding of an alpha-adrenergic 

ligand was quantified in homogenates of whole lungs removed 

from untreated or monocrotaline treated rats. 3H-prazosin, 

a postsynaptic alpha1 blocking agent was used as the ligand 

and phentolamine, another alpha-adrenergic blocker, was used 

as competitor. 

Methods 

Male Sprague-Dawley rats (55-60 g) were given tap water 

or monocrotaline in drinking water (20 mgjl) for 15 or 20 

days. Animals were killed on day 20 and pulmonary artery 

was removed for tissue bath studies in which propranolol, 

desmethylimpramine and deoxycorticosterone were added prior 

to stimulating contractions with norepinephrine. Lungs were 

then frozen for alpha-adrenergic binding. 

----- _ ..... _-_.-
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Frozen tissue was minced and homogenized in tris buffer 

(25 mM tris base, 25 mM tris HCl, 0.5 mM EDTA, 1 mM MgCl2 

and 5.7 mM ascorbic acid). The homogenate was centrifuged 

20 minutes at 2000 g and the supernatent centrifuged for 1 

hour at 40,000 rpm. The pellet was resuspended in buffer 

and an aliquot saved to measure protein content using the 

method of Lowry. The radiolabelled ligand, 3H-prazosin 

(19.3 ci/mmole, NEN) was diluted with buffer to make 6 

concentrations, 5 nM to 0.156 nM, and 100 ~l was placed in 

each of the assay tubes. Buffer (100 ~l) or competitor, 250 

~M phentolamine (Regitine, Ciba-Geigy) was added to the 

assay tubes. Protein (200 ~l) was added while tubes were 

vortexed and incubated with ligand for 30 minutes. All 

experiments were performed in duplicate. Labeled protein 

was harvested and washed (3x) with cold buffer by rapid 

vacuum filtration using a Brandel Cell Harvester and Whatman 

GF/B filters. Filters were placed in scintillation vials 

with 8 ml fluor and radioactivity was measured using a 

Searle Analytical 81 liquid scintillation counter. The 

assay was repeated without protein to quantify 3H binding to 

the filter. Counts per minutes and protein concentration 

were used to calculate total and nonspecific binding in 

fmoles/mg protein. "Free" ligand concentration was 

calculated rather than measured. Maximum 3H-prazosin 

binding (Bmax) in fmoles/mg protein and prazosin 

-----.. -.... _--
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concentration (nM) producing half-maximal binding (Kd) were 

found by fitting the formula 

fCc) = m • c + (Brnax)/(l + ~/c) 
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to the data. Calculations were made using an Apple personal 

computer and the University's DEC 20. A nonlinear 

regression modelling program, MLAB, was used to fit the 

curve to the data. 

Results 

Monocrotaline had no apparent effect on the 

concentration of binding sites in whole lung homogenate or 

on the affinity of these sites for 3H-prazosin (Table 18). 

This assay was repeated using isolated pulmonary artery from 

4 monocrotaline-treated and 4 untreated rats. Arteries from 

each treatment group were pooled for the assay. Brnax values 

for this experiment were variable and binding did not appear 

to be saturable with ligand concentrations used for whole 

lung homogenate. These data indicate there is no overt 

change in alpha adrenergic binding of whole lung following 

monocrotaline treatment. There is a good possibility that 

there are changes in binding in the isolated arteries, but 

an effect by monocrotaline was not detected using the 

methods described here. 
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Table 18. Alpha-adrenergic binding in whole lung following 
monocrotaline treatment. The maximum binding (Bmax) of 3H
prazosin and affinity of prazosin (Rd) for alpha-adrengic 
binding sites in whole lung homogenates was determined 
following 15 or 20 days treatment with 20 mg/l monocrotaline 
drinking water. 

Treatment 

Control 

15 days MCT 

20 days MCT 

Kd 
nM 3H-prazosin 

0.38 ± 0.18 (7) * 
0.33 ± 0.20 (4) 

0.33 ± 0.19 (5) 

Bmax 
fmoles/mg protein 

48.9 ± 7.8 (7) 

49.5 ± 8.4 (4) 

48.3 ± 13.7 (5) 

* Mean ± standard deviation (number of rats tested). 

---- --------_.------- ._-- _ .. -
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