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I. ABSTRACT

The action of prostaglandin F2a (pGF2a)1 on guinea-pig iso

lated trachea has been studied. Special emphasis was placed on 

considerations of the possible beta-adrenergic blocking activities 

of this essential fatty-acid derivative.

Experiments were performed using a 20 ml tissue bath and a 

modified phosphate-Tyrode solution. Measurements were made by an 

isotonic myograph and displayed on a Physiograph recorder.

Cumulative log dose-response curves to isoproterenol before 

and after either PGF2a or a beta blocker (MJ 1999) provided data 

for calculating and plotting both isoboles and Lineweaver-Burk 

curves. These, calculations indicated that PGF2a is not inhibitory 

to the action of isoproterenol on guinea-pig trachea in vitro.

Further experiments demonstrated that PGF2a possesses a 

weak inhibitory activity on methacholine-induced tracheal tone.

That this inhibitory activity is not mediated through the beta- 

adrenergic receptor was shown in experiments where beta blocker 

(MJ 1999) failed to inhibit the activity of PGF2a. Inhibition of 

methacholine-induced tone by PGF2a was further differentiated from 

that produced by isoproterenol on the basis of observations that 

PGF2a-induced inhibition was incomplete, even at the highest concen

trations .

1 In this text the symbol a will be used to signify alpha, a .
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II. INTRODUCTION

A. The concept of the alpha and beta receptor

In 1948 Ahlquist (1) proposed that the stimulatory or in

hibitory effects of a number of sympathomimetic amines on a variety 

of adrenoceptive tissues could be explained on the basis of a dif

ference in the receptive sites which were activated by the adrener

gic stimulators. He found that certain responses such as elevation 

of blood pressure and excitation of the nictitating membrane of the 

cat could be ranked as to potency, with 1-epinephrine the most po

tent amine tested. When other parameters of adrenergic stimulation 

were investigated, such as vasodilatation or uterine inhibition, 

another rank order of drugs was obtained according to potency. If 

Ahlquist had had access to the 1-form of norepinephrine, his lists 

would have been more clear-cut, but his conclusions using the exis

tent catecholamines showed well enough that there were only two 

orders of potency; one headed by 1-epinephrine, which mediated ba

sically adrenergic stimulation, and the other headed by isoprotere

nol, which mediated essentially inhibition. Those responses which 

were chiefly excitatory and were mediated by epinephrine were term

ed adrenergic responses, with the alpha receptor being the receptive 

site of adrenergic activation. Those responses which were inhibi

tory were considered to be mediated through the beta-adrenergic 

receptive site, with the most active mediator being isoproterenol.

This terminology has survived to date, notwithstanding 

Ahlquist1s own reservations on the advisability of retaining the
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conceptual terms permanently. As he himself emphasized, the terms 

alpha and beta were used to describe effects mediated by specific 

drugs rather than to differentiate between excitatory and inhibitory 

responses. The heart is primarily a beta-adrenergic organ and iso

proterenol, the most potent beta receptor stimulator, causes an in

crease in both the chronotropic and inotropic activities in this 

organ. In contrast, both alpha- and beta-adrenergic drugs cause in

testinal inhibition. The above examples illustrate the care which 

must be taken when these two receptors are considered solely on the 

basis of generalized activity.

B. Division of the beta receptor into the beta-1 and beta-2 types 

It now appears impossible to designate adrenergic drugs as 

simply alpha and beta. Lands (2) and others (3) have recently shown 

that the beta receptor exists as at least two pharmacologically se

parate receptor entities. Lands has termed these sites the beta-1 

and beta-2 receptor sub-classes. He differentiated between these 

two receptors on the basis of the degree of correlation found with 

regard to the amount of response elicited to a particular catechol

amine from several known adrenergically mediated systems. He found 

that cardiac acceleration and lipolysis showed a high degree of simi

larity in magnitude of response to a given catecholamine, while 

bronchodilatation and vasodilatation did not share this correlation. 

When the latter two responses were compared, a good correlation 

was found. Lands termed lipolysis and cardiac stimulation a beta-1 

effect, and bronchodilatation and vasodilatation a beta-2 effect.



More recent work has expanded this concept even further (4).

C. The beta receptor in the guinea-pig trachea
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Foster (5) has shown that the primary adrenergic receptor in 

guinea-pig tracheo-bronchial muscle is the beta receptor. It appears 

to be such a purely beta-adrenergic tissue that Patil (6) has used 

it to describe the activity of beta-adrenergic antagonists on the 

basis of their activity on that tissue. Timmerman (7) has also shown 

the guinea-pig trachea to be extremely sensitive to beta-adrenergic 

antagonists. It is his opinion that the guinea-pig trachea is pro

bably the best in vitro model to illustrate beta-adrenergic activity. 

Guirgis (8), investigating asthma-like bronchoconstriction in guinea- 

pigs, states that if there are any alpha receptors in the guinea-pig 

trachea, as he suggests, they play a minor physiological role. The 

significance of alpha receptors in bronchial smooth muscle has yet 

to be clearly shown in asthma.

D. Early investigations with beta-adrenergic blockade

The use of beta-adrenergic antagonists has been important in 

the study of drug-receptor mechanisms and has even proven to be a key 

factor in a comprehensive theory on the etiology of asthma (9).

Powell and Slater (10) were the first to show that dichloroisopro- 

terenol (DCI) was an antagonist of isoproterenol on the isolated 

guinea-pig trachea. Castro de la Mata (11) used DCI in anesthetized 

dogs and showed it to be antagonistic to isoproterenol-induced 

bronchodilatation. He also demonstrated an apparent reversal of the 

bronchodilating effects of epinephrine after beta blockade, suggest
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ing a possible alpha-adrenergic component in the tracheo-bronchial 

musculature of the dog. Adolphson et_ al. (12, 13) described the 

antagonistic effects of another beta-adrenergic antagonist, MJ 1999, 

on the relaxation of tracheo-bronchial muscle to isoproterenol in 

Man, dog, rat, and guinea-pig. It was also pointed out that the re

laxing effect of isoproterenol on the tissues of the various species 

showed a good deal of inter-species variation, indicating that dif

ferences exist in the number and apparent activity of beta receptors 

from one species to another. Of particular interest was the finding 

that the guinea-pig trachea most closely corresponds to the isolated 

bronchial tissue of Man. This correlation was based on the fact that 

both human and,guinea-pig tissues relaxed to very low concentrations 

of isoproterenol and did not exibit excessive tachyphylaxis or incom

plete relaxation, which occasionally appeared in dog tracheal muscle 

and often appeared in rat trachea. Thus, the guinea-pig appears to 

be the best model so far suggested to approximate human tracheo-bron

chial tissue in vitro.

Szentivanyi (9) has pointed out the potential importance of 

beta blockade in asthma. He provided evidence indicating that beta- 

adrenergic blockade may be significant in regard to the immunological 

aspects of asthma in addition to its more direct activity in antago

nizing the effects of catecholamines in the bronchial tree. Any ma

terial which would act as a beta-adrenergic antagonist and could be 

expected to be found occurring naturally in the pulmonary system 

would be of obvious importance in investigating the etiology of asthma.
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Several of the prostaglandins have been reported to be catecholamine 

antagonists in isolated tissues from a number of species and from a 

number of different organs, including respiratory smooth muscle (14).

E. Prostaglandins

Structure

Prostaglandins are a group of twenty-carbon, polyunsaturated, 

polyhydroxy fatty-acids, containing a cyclopentane ring from C-8 to 

C-12 (Figures 1-3). They have a molecular weight of about 350._ The 

division of the prostaglandins into classes and subclasses is based 

on the degree of substitution at C-9 and at C-ll of the cyclopentane 

ring by hydroxyl or by keto groups. Prostaglandins are also grouped 

according to the degree of hydroxylation and unsaturation within the 

basic prostaglandin skeleton, called prostanoic acid (Figure 1).

These differences in structure account for the diversity of action 

among the prostaglandins, even with regard to their influences on 

the same process in the same species.

Other substances which appear to be prostaglandins

The activities of a number of compounds previously described 

in the literature as activating smooth muscle and having permeability 

effects and vasoactive properties can most probably be attributed to 

a mixture of physiologically released prostaglandins. These effects 

had been thought to be due to the release of various other substances, 

depending upon the activity they displayed. Some of these previously 

described materials include vesiglandin, darmstoff, irin, SRS-C (not 

SRS-A), medullin, and the menstral stimulants.
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a.

The first report on the activity of prostaglandins was made 

in 1913 by Battez and Boulet (15). They noted that a material ex

tracted from human prostatic tissue had a strong depressant effect 

on blood pressure when given intravenously to dogs. They did not 

identify the hypotensive factor. In 1933 Goldblatt (16) was able to 

distinguish between the activities of human seminal plasma and those 

of then known physiologic mediators, such as histamine and acetyl

choline. In other experiments, material from human seminal plasma 

was separated on an electrophoretic device developed at the Karolin- 

ska Institute. The separation resulted in a material which appeared 

to be responsible for the observed activities of seminal plasma. It 

also indicated the material was of an acid-lipid nature. Since the 

acid-lipid material appeared to be a new active principle, the name 

"prostaglandin" was given to it, which reflected the source of the 

first extracts, the prostate gland. From these early beginnings the 

isolation and identification of the prostaglandin family has become 

much more complete. Their metabolism and biosynthesis have been ex

tensively studied and distribution analysis has shown that almost 

all tissues contain appreciable amounts of the materials. Study has 

shown that they possess potent and varied actions on smooth muscle 

activity and metabolic processes.

Prostaglandins have some effect on almost all systems of the 

body. It has yet to be determined whether these effects are merely
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pharmacologic or are actually physiologic. Despite the present 

state of confusion regarding their physiologic importance, these 

materials are obviously potent substances that could be significant 

both in normal and in pathological states.

Prostaglandin E^ (PGE^) and prostaglandin F2a (PGF2a) are 

representative of prostaglandins of the E and F groups and discus

sion of these two fatty-acids will suffice in lieu of a more lengthy 

description of each individual prostaglandin,

b. Reproduction

PGE^ is a stimulant to guinea-pig seminal vesicle and also 

potentiates the action of catecholamines and hypogastric nerve stim

ulation on the seminal vesicle and vas deferens of the guinea-pig 

and rat (17,18). The stimulation of these structures would enhance 

the transport of sperm at ejaculation when prostaglandins, as a part 

of the seminal plasma, come in contact with these structures. PGE^ 

appears to reduce the tone of the endometrium of several species in

cluding the human (19).

PGF2a has a potent oxytocic effect on the human myometrium 

(20). It does not, however, appear to have any effect on the preg

nant uterus before term, but at term it is a powerful uterine stim

ulant. It has been shown that at term but before labor little pro

staglandin exists in the amnionic fluid, while after the commencement 

of labor these materials can be found in appreciable quantities in 

the amnionic fluid (21).

The effects of prostaglandins on other portions of the gen
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erative system are complex, and the true significance of these effects 

is still obscure; however, taken as a whole, the prostaglandins do 

appear to aid in the processes concerned with reproduction.

c. The CNS

Prostaglandins have been extracted from the CNS and upon 

stimulation of the CNS their concentrations rise appreciably. When 

these materials are injected into the CNS a number of complex re

sponses have been observed, but the end result is generally either 

sedation or the potentiation of reflexes (22). At present it appears 

impossible to estimate adequately the role of prostaglandins in cen

tral nervous transmission.

d. Bronchial musculature

A number of workers have described the direct effect of PGE^ 

and PGF2 q on isolated bronchial tissue from several species. Sweat- 

man and Collier (23) showed PGF2Q causes contraction of isolated hu

man bronchial muscle. They also demonstrated that SRS-A and PGF2a 

are different substances by producing tachyphylaxis to SRS-A and 

showing no subsequent cross-tachyphylaxis to PGF2a- Sheard (24), 

Sweatman and Collier (23), and others (25) have investigated PGE^ 

and have shown it to be inhibitory either to spontaneous tone or to 

tone induced by acetylcholine or by histamine. Turker and Kahairal- 

lah (26) described the effects of PGE]̂  on canine bronchial smooth 

muscle. They tried to characterize the receptor on which PGE^ acts 

to cause relaxation. It was shown that a relationship exists be

tween the PGE^ receptor and the D receptor of serotonin. Kohli and
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Innes (27) independently have come to the conclusion that there is 

a great deal of structural similarity between the epinephrine recep

tors and the serotonin receptors of several systems. If additional 

investigations confirm the relationship between the serotonin and 

the PGE-l receptor in other systems, it should be possible to specu

late on the interrelationship of these compounds, their effects and 

their receptive sites,

e. Hormone antagonism

PGE^ appears to be an antagonist of various hormones that 

lead to increased cyclic-AMP levels in their target cells. One well 

documented example of antagonism is against the action of catechol

amines, corticotropin, glucagon, and other hormones on the induction 

of lipolysis (28, 29). Since these various hormones are thought of 

as activating different receptors, a better understanding of the 

nature of the inhibition of lipolysis is necessary. Stock and West- 

ermann (30) believe the catecholamine stimulation of lipolysis is 

blocked competitively by PGE^.

The inhibition of lipolysis previously mentioned has led to 

a theory of control feedback which, while unproven, is attractive 

in simplicity. Horton (22) summarizes it as a negative feedback in

duced by a stimulant which, in addition to causing increased lipolysis, 

acts to inhibit the lipolytic stimulus; thus establishing a control 

over fatty-acid release.

Gastric secretion due to a number of secretagogues is appar

ently mediated via cyclic-AMP (31). PGE-̂  is an effective inhibitor
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of gastric secretion and it is thought that this inhibition also 

functions through cyclic-AMP. Horton (22) feels that many hormone- 

mediated processes could function under this sort of negative feed

back system. Other tissues suspected of being influenced in this 

manner are steroid-producing cells, the thyroid, cardiac muscle, and 

smooth muscle.

Clegg (14) has investigated the interaction between PGE^ and 

catecholamines on rat and guinea-pig vas deferens and has suggested 

her results indicate that PGE^ facilitates the binding of the cate

cholamine to its receptor. This may cause a potentiation of the ini

tial sympathetic response and then a prolonged inhibition of adren

ergic stimulation, due again to a firm binding of the catecholamine 

to its receptive site.

Binding of the catecholamine to the receptor site is thought 

to produce receptor blockade, according to Paton's (32) kinetic the

ory of drug action, which states that for an agonist to be effective 

it must combine with the receptor and then dissociate from it. Suc

cessive combinations and dissociations produce additional receptor 

activation. If a potential agonist were to combine with a receptor 

and, for some reason, not dissociate, the benefit of successive re

ceptor combinations would be lost and the agonist would now be act

ing effectively as an antagonist.

Adolphs on e_t al. (12) showed that PGF2Q was inhibitory to 

both catecholamine- and theophylline-induced relaxation of bronchial 

smooth muscle in several species. It was not possible to identify
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the type of antagonism demonstrated but a competitive antagonism at 

the beta receptor could not be ruled out. The work by Clegg (14) 

indicated a functional competitive antagonism at the catecholamine 

receptor site in reproductive tissue (it should be noted that this 

inhibition is observed in only selected species and only in certain 

parts of the reproductive tract). Furthermore, she has also report

ed an inhibition of catecholamine action by PGF2a and PGE^ on the 

isolated tracheae of several species including the guinea-pig.

F. Statement of purpose

In view of the fact that other systems which are antagonized 

by prostaglandins appear to be inhibited competitively, it is of im

portance to determine the nature of the prostaglandin antagonism on 

bronchial smooth muscle which has been reported by Clegg (14). It 

has been shown that PGF2a and PGE2 (similar to PGEĵ  in effect) are 

found to occur naturally in the lungs of several species including 

Man (33). Enzymes for converting essential fatty-acids to prosta

glandins also occur in the lung (34). Horton (22), in his review 

article, speculates on the possibility of a metabolic lesion occur

ring in the asthmatic lung which would derange the synthetic enzymes 

associated with prostaglandin formation in such a way that relative

ly more PGF2a than PGE2 was produced. Thus the direct effects of 

PGF2a would be expected to predominate, while catecholamine inhibi

tion and cholinergic potentiation would also be present. In view 

of the work already cited, showing certain prostaglandins to be an

tagonistic to catecholamines in some systems, it is the purpose of
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this work to confirm or refute the reported antagonism produced by 

PGF2a and also to determine the nature of the antagonism, if it does 

exist.

III. MATERIALS and METHODS

A. Tissue bath

A 20 ml muscle bath was used in order to provide enough bath 

volume to permit cumulative additions of drug without changing the 

total bath volume excessively during one experiment. In initial stu

dies the maintainance of constant volume to preserve original drug 

concentration was, indeed, found to be important. When isoprotere

nol was added in cumulative fashion to a 5 ml bath to which certain 

other drugs had already been added, up to a 40% decrease in the con

centrations of the previously added drugs occurred. With the use 

of a larger bath and strictly regulated volumes of subsequently ad

ded solutions, the change in total bath volume over one experiment 

was controlled so that an increase of not more than 5% occurred, as 

recommended by Van Rossum (34).

B. Compounds

The drugs used included acetyl-beta methacholine, n-isopro- 

Pyl noradrenaline (isoproterenol), prostaglandin F ^ 1, and MJ 1999 

(4-(2-isopropylamino-l-hydroxyethyl)methanesulfonanilide HCl)^.

All doses were calculated as the molar concentration of the salt at 1 2

1 PGF2 a courtesy of the Upjohn Co., Kalamazoo, Michigan.

2 MJ 1999 supplied by Mead Johnson & Co., Evansville, Indiana.
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final equilibrium in the tissue bath fluid.

C. Selection of species

The guinea-pig was chosen for this work because of the sim

ilarity of experimental anaphylaxis in this animal to anaphylaxis 

and asthma seen in Man. Both species show marked bronchoconstriction 

which seems to be at least in part due to histamine. The guinea-pig 

with experimentally induced beta-adrenergic blockade displays a sim

ilar increased sensitivity to histamine and other mediators of bron

chocons triction. This reaction occurs to challenging doses of the 

mediators in far smaller concentrations than it does in normal coun

terparts of the same species. For this reason it was of interest to 

use the guineai-pig in attempting to establish the inhibitory nature 

of PGF2a on catecholamine-induced relaxation of bronchial smooth mus

cle .

D. Tissue preparation

The guinea-pig was killed by cervical dislocation, the tra

chea was rapidly removed from the animal, cleared of surrounding con

nective tissue, and placed in a modified Tyrode solution containing, 

in grams per liter: NaCl, 8.0; KC1, 0.2; MgCl2, 0.1; CaCl2, 0.2; 

NaHCOg, 0.5; Nal^PO^-I^O, 0.044; and dextrose, 0.5. Temperature 

was maintained at 37°C. The tissue was gassed with a mixture of 

95% 02 and 5% C02.

The trachea was then prepared according to the method of 

Timmerman and Scheffer (7). Briefly, each tracheal ring was first 

separated at the trachealis muscle by cutting through the muscle at
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a point between each cartilage ring. Then the original cuts were 

enlarged, separating each cartilage ring from the adjacent ring, to

gether with its section of intact trachealis muscle. The cuts were 

made so that each ring of cartilage and muscle was connected to its 

adjacent rings at only one point. The net result was a chain of in

tact rings connected together without the tedious job of tying each 

ring to the other.

Figure 5. Diagram of the method used for cutting

the guinea-pig trachea. (From Timmerman 

and Scheffer (7)).

Tracheal activity was measured isotonically by an E&M iso

tonic myograph and was displayed on a Physiograph recorder. A load 

of between 0.75 g and 1.0 g was used. Maximal recorder magnification 

of 40 X was considered necessary to measure the response.

E. Experimental procedure

Tone in the trachea was induced by addition of methacholine, 

5X10 ^M. This concentration of spasmogen consistently elicited a 

reproducible, nearly maximal contraction. Then the tissue, either 

untreated, pretreated with a beta-adrenergic blocker (in 4 concen

trations, from 3.48X10-8M to 3.48X10-5M) or pretreated with PGF2a
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(in 4 concentrations, from 1.41X10_8M to 1.41X10~5m ) was relaxed 

with cumulative additions of isoproterenol to 100% relaxation (100% 

relaxation is explained below). Additions of isoproterenol were 

made in the following manner: 1X10-9m , 2X10~9M, 7X10-9M, 2X10-8M, 

etc. so that upon cumulation the molar concentrations were simplifi

ed to 1X1(T9M, 3X10_9M, 1X10_8M, etc.

Isoproterenol generally began to be effective at 1X10"" 8M and 

produced 100% relaxation at 1X10-8M, assuming no tachyphylaxis had 

set in and no beta-adrenergic antagonist was present. Sensitivity to 

isoproterenol was variable but decreased after additions of beta 

blocker. In all cases, either with or without blocker, isoproterenol 

was added unti). no further relaxation would occur. When the tissue 

would no longer relax to isoproterenol 100% relaxation was assumed.

The total amount of relaxation produced was found to correlate well 

with the amount of contraction initially induced in the trachea. 

Fluctuations in the height of contraction due to methacholine, produced 

fluctuations in the values for isoproterenol-induced 100% relaxation, 

when measured in millimeters. Therefore, heights of contraction of 

all methacholine contraction curves were considered usable only when 

they were within 10% of control, the initial contraction at the 

beginning of the experiment.

Time was allowed for each addition of compound to equilibrate, 

not only with the bath fluid but, theoretically, with the tracheal 

smooth muscle receptors themselves. Equilibration was evidenced by 

a cessation of change of tone in the smooth muscle. When methacho-
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line was added, equilibrium was attained in about 15 minutes, i.e. 

no additional contraction of the trachea took place. When isopro

terenol was added to the bath fluid each dose was allowed to exert 

its full effect before the next dose was given.

All measurements were made from relaxations. Taking the 

maximal amount of relaxation possible with isoproterenol as 100%, 

each individual relaxation was converted to a cumulative % response 

which, in turn, was converted to a probit. The corresponding cum

ulative molar concentrations of isoproterenol were changed to nega

tive logarithms, which were then plotted vs. their respective probits. 

From the resultant graph the response elicited by any concentration 

of agonist could be derived. In this case, 50% response was used in 

all calculations.

The bath concentration of a drug at which a response of 50% 

maximal is obtained is called the EC^q . The EC^q for isoproterenol 

alone and after contact with either a known beta-adrenergic antago

nist or with PGF2a was found. From these data the pA£ and any pAx 

(defined below) could be found.

F. Theoretical considerations 

pAy and pA2

The terms pA and pAx were coined by Schild (36) in an attempt 

to provide a method of quantifying the activity of competitive antago

nists. He defined pA as the negative logarithm of a molar concen

tration of an antagonist. He added x to the symbol pA in order to 

relate the concentration of antagonist to the amount of antagonism
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it produced. A fraction utilizing the activities of agonist before 

and after the antagonist provided a value for x. For example, if a 

certain concentration of antagonist reduces the effect of an agonist 

to 50% of its activity before addition of the antagonist, then x is 

2. A simple way to approach actual measurement of these values is 

with the use of the EC^q , a measure of drug activity previously de

scribed. If an ECcjQ for isoproterenol before a beta-adrenergic 

blocker is 5X10_8M and after beta blockade is 1X10"7M, the fraction

EC50 (after antagonist) 1X10_7M 
X= --------------------------------------- _ _ _ _ _  = ------------------ = ?

_  O **
EC^q (before antagonist) 5X10 M 

provides a measure of antagonist effectiveness. This value can be 

associated with the particular pA (negative log molar concentration 

of antagonist) that produces the 50% reduction in agonist activity.

In the example, if the negative log molar concentration of antago

nist is 7.4, this would also be its pA2 .

A slightly different way of expressing pAx is that negative 

log concentration of antagonist which depresses the action of agonist 

A from E^ to E^/x (36), where E^ represents the effect of an ago

nist A. The latter definition is essentially the same as the former, 

but the former has certain advantages which will become evident later. 

This is essentially how Schild first described the use of pA, pÂ ., 

and pA2 . His method was used in deriving all pA2 values for this 

paper.

Isoboles

Schild (36) formed an equation which was modified by Ariens
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(37) for the analysis of competitive antagonism. The equations were 

originally derived from considerations of the Langmuir adsorption 

isotherm (38) which deals with the adsorption of a monomolecular 

layer of a gas onto a flat surface. With minor modifications it was 

felt that the combination of a drug molecule with a receptor on the 

surface of a cell membrane is subject to the same mathematical manip

ulations as were the gas molecules under consideration in the Lang

muir isotherm.

To derive the equation needed here, a prohibitively long mathe

matical derivation is required for clarity. Therefore, the reader is 

referred to Drill1s Pharmacology in Medicine, third edition, 1968, ed

ited by Joseph R,. DiPalma. In this text, the equation

log(x—l)=log l/Kg-pAx 1

is fully derived and represents a set of points, all of which satisfy 

the condition that E, the effect of an agonist at a specific concen

tration, equals E^g, the effect of the same agonist at a higher con

centration and of agonist A and a given concentration of antagonist B. 

Plotting pAx against log(x-l) from the above equation yields a straight 

line with a slope of -1 (45°). That this is true is seen by simple 

inspection of the equation.

The above discussion has introduced the concept of measuring 

drug activity on the basis of identical effects of combinations of 1

1 All terms here have been defined elsewhere except Kg, which stands 

for the dissociation constant of the antagonist-receptor complex.
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two compounds. These measurements are termed isoboles.

The isobole method of analysis for competitive antagonism 

was used because it eliminates response variability due to mechani

cal factors which cannot be overcome and often tend to distort the 

data. This is especially true when the test tissue is composed of 

relatively few contractile elements and also when relaxation instead 

of contraction is being measured (35). As stated above, the measure

ment of isoboles consists of analyzing the activity of a drug at one 

point in the total relaxation, and always using the same point to 

compare subsequent relaxations. For convenience, the EC5q was em

ployed in this work. It provided a means of measurement of activity 

while utilizing only one part of the total relaxation curve; the 50% 

effect point. With an EC^q for isoproterenol alone and with other 

ECs q 's in the presence of a beta-adrenergic antagonist, a number of 

pAx 's can be found (see Table 1).

Lineweaver-Burk analysis

The Lineweaver-Burk method (39) of determining competitive 

antagonism was also studied (see Figures 6-8). One of the chief 

drawbacks -to this method is the error induced by the threshold phe

nomenon (40), which will be discussed later. When that data were 

plotted on a standard Lineweaver-Burk graph, the results were curved 

lines instead ofi straight lines. A correction factor had to be cal

culated in order to produce straight lines which met the ordinate 

at one point. It was felt that the isobole method was more apt to 

be free of experimental error than the Lineweaver-Burk method.
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Other criteria for establishing the nature of inhibition

Other less rigid criteria for establishing the existence of 

competitive antagonism involve the nature of the shift of the log 

dose-response curve due to the activity of the antagonist. If the 

shift is parallel and the % maximal response remains the same after 

an antagonist as before (Figure 9), competitive antagonism is sug

gested. However, if the shift is not parallel and the % maximal 

response decreases after an antagonist, then noncompetitive antago

nism is likely (Figure 10).

Methods for analyzing simple antagonism have briefly been 

discussed. One is a mathematical approach and the other takes ad- 

vantage of observations directly from dose—response curves.

In all cases where log dose-response curves were used to de

rive an EC^q , data from the cumulative log dose-response curves were 

transformed into coded negative logs and into probits, as previously 

described. These data, when plotted produced a straight line; from 

which an EC^q could easily be derived with the use of a computer. 

Confidence limits are all at the 95% level.

IV. RESULTS 

A. MJ 1999 

Isoboles

MJ 1999 was used to demonstrate true competitive antagonism. 

Figure 11 shows that parallel shifts in the log dose—response curve 

did occur in the system used. In the presence of the antagonist 

there was no depression of the percent maximal response, as compared
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with the control. Furthermore, when log(x-l) was plotted against 4 

pAx 's for MJ 1999 the slope of the line on the isobole graph was 45°, 

within the limits of experimental error (see Figure 12). When a 45° 

line on the graph is considered to have a slope of -1, the experi

mental line gave a value for the slope of -0.827. Values for x and 

pAx used in plotting the curves were derived from the ratios of the 

ECcjo isoproterenol alone compared with those EC^g's of isoprotere

nol in the presence of various concentrations of beta-adrenergic an

tagonist. The negative log of the particular concentration of the 

antagonist involved gave a pA, and the above ratio gave x for pAx. 

Table 1 shows a series of EC^q 's and the equations necessary to de

termine pAx and also includes other data necessary to plot the graph 

of Figure 12. The curve drawn from log(x-1) vs. pAx should intersect 

the abcissa (pAx) at a value of the ordinate corresponding to pA£, 

i.e. log(2-l)=0l Values of pA£ were also calculated from a modifi

cation of Furchgott's formula (41):

EC50 AB B
+ 1 .

EC50 Ao Kb
where AQ refers to the agonist in the absence of any antagonist, Ag 

to the agonist in the presence of an antagonist, B to the molar con

centration of the antagonist, and K to the affinity constant of the
D

antagonist (its intrinsic activity is generally, but sometimes in

correctly, assumed to be zero).

Lineweaver-Burk plots

The above data were plotted to demonstrate competitive an-
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tagonism according to the method of Lineweaver and Burk (39). The 

so-called threshold phenomenon described by Ariens ej: al. (40) was 

observed, as shown by Figure 6. The threshold phenomenon refers to 

the distortion of the dose-response curve due to the specific amount 

of stimulus needed to elicit an observable initial response in the 

tissue. It may be that there is a certain amount of inertia that 

the tissue must overcome in order to produce a response. Thus, at 

the onset, the effect observed does not correspond to the concen

tration of agonist needed to elicit that response. This is more 

easily seen when the data are plotted arithmetically in a dose-response 

curve.

This non-linearity of the initial concentrations of agonist 

and the response that they elicit is shown in Figure 8, where the 

data previously graphed as log dose-response are plotted arithmeti

cally, i.e. % response vs. molar concentration of agonist. The com

mon point of intersection of the various isoproterenol curves on the 

ordinate, before and after several concentrations of beta-adrenergic 

antagonist, is below the abcissa. The degree to which the intersec

tion point is depressed reflects the amount of error introduced to 

the Lineweaver-Burk curves of Figure 6. When this error value, term

ed 'S', was introduced into the Lineweaver-Burk equation for the 

ordinate values, as did Ariens (40), the curves became straight lines 

(Figure 7). Thus, Figure 6 was plotted using 100/EA vs. 1/A (stand

ard Lineweaver-Burk coordinates), where EA refers to the effect of a 

certain concentration of agonist 'A*, and A is the molar concentra-



tion of agonist 'A'. Figure 6 is then subject to a certain error 

corresponding to S. If the equation for the ordinate is modified 

to 100+S/E^+S while the abcissa remains the same, 1/A, then 

straight-line Lineweaver-Burk plots are derived (Figure 6).

B. PGF2a

When PGF2a was evaluated for its antagonistic properties on 

isoproterenol relaxation, none was found. PGF2a was added to the 

bath, either alone (for the purpose of incubation prior to the ad

dition of isoproterenol) or together with methacholine (Figures 13 

and 14, Table 2). In other experiments PGF2a was incubated with 

isoproterenol, hopefully to facilitate the proposed inhibitory mech

anism suggested by Clegg (14), and discussed in a later section of 

this paper (Figure 15). None of the methods employed brought out 

any antagonism against isoproterenol relaxations.

Log dose-response curves

Figure 16 shows log dose-response curves of isoproterenol 

alone and with 4 concentrations of PGF2Q, from 1.41X10 to 1.41X10 -*M. 

The slight shift in the log dose-response curves was shown not to be 

statistically significant when the EC^Q±its correlation 

coefficient for each log dose-response curve was calculated (Table 2). 

This experiment was conducted on 7 separate tracheae and multiple 

trials of antagonist and of control were performed.

Attempts to reproduce previously reported antagonism

In an attempt to duplicate the original observations of an

tagonism to isoproterenol by PGF2a, Clegg's (14) experiments were

24



duplicated (Figure 17). A methacholine-induced tone was produced 

in the trachea and the isoproterenol was added to relax the tissue. 

This constituted the control. After the methacholine-induced tone 

in the trachea was stable, isoproterenol and PGF2a (in a concentra

tion of prostaglandin which corresponded to the concentration used 

by Clegg) were given and the amount of relaxation produced was com

pared to the relaxation produced by the same concentration of iso

proterenol added alone (the control). Figure 17 shows that no inhi

bition was observed. If a larger concentration of PGF2a was used, 

excessive relaxation to the prostaglandin was encountered. If smal

ler concentrations were used, no effect was observed that differed 

from the control.

Additional observations

As mentioned above, PGF2a did cause inhibition of the metha- 

choline response. This inhibition was shown to take place on recep

tors other than the beta-adrenergic receptor by the following experi

ments. After a methacholine contraction was fully developed PGF2a 

was added in graded doses until no further relaxation would take 

place. It was found that PGF2a would not relax the tissue to base

line, i.e. to the original tone of the preparation prior to the ad

dition of methacholine. In contrast to isoproterenol, which will 

completely restore the original baseline, PGF2a relaxed the tissue 

only to about 20% of the total contraction induced by methacholine. 

Additions of isoproterenol after PGF2a had ceased to be effective 

in relaxing the tissue, succeeded in producing further relaxation

25
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to baseline (Figure 18). Note also that the relaxation produced 

by PGF2 q differed in the time-course aspect of relaxation. When iso

proterenol was effective in producing relaxation it did so much more 

rapidly than did PGF2a. Whether or not this represents a difference 

in the locations of the beta receptor and the PGF2a receptor is not 

really possible to say from the data. It is fairly well accepted that 

the beta receptor is on the surface of the cell membrane. A delay in 

response as was seen with PGF2a could indicate that the material has 

to diffuse through a certain amount of cell membrane (if not the whole 

membrane) to be active. Other observations on the activity of prosta

glandins tend to indicate that at least PGE^ has its receptive site 

on the surface of the cell membrane (26).

When beta-adrenergic blockade was present PGF2a still re

tained its potential to relax the tissue but, as expected, isopro

terenol could no longer affect a response (Figure 19).

V. DISCUSSION

A. MJ 1999

The data gathered for MJ 1999 adequately shows that the me

thods employed for the analysis of competitive antagonism were 

sound. A parallel displacement of the log dose-response curve as 

was demonstrated in this example results from the fact that in com

petitive antagonism the receptor population occupied by either ago

nist or antagonist depends upon the concentrations and affinities 

(a measure of avidity, or quality of degree of dissociation) of the 

agents used. Depending upon these values any receptor is theoreti
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cally available at some time for occupation by either of the agents 

applied. This makes a 100% response always possible and only affects 

the log dose-response curve by requiring a higher concentration of 

agonist to begin the activity. This idea is substantiated by the 

law of mass action.

As mentioned above, the degree of response does not change 

with competitive antagonism because potentially all of the receptor 

pool is still available if a high enough concentration of agonist is 

reached.

The mathematical basis for analysis of receptor-drug inter

action is based on the principle of one receptor and one drug react

ing with that Receptor at any one time. The slope of the isoboles 

plotted for MJ 1999 approached -1, which suggested a competition for 

one receptor by agents with two different affinities for that recep

tor.

The Lineweaver-Burk method of analysis of antagonism is com

monly used to illustrate chemical antagonism, both in enzymology and 

in pharmacology. Intersection at the ordinate of the curves result

ing from the plot of the reciprocals of the molar concentration vs. 

the % response should occur to indicate competitive inter3Gt±8n. 

Technical difficulties prevent the Lineweaver-Burk method from being 

a very efficient means of analysis in this situation, where the 

threshold phenomenon only adds to the difficulties of interpretation.

B. PGF2a

When PGF2a was considered by the above standards, no con-
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sistant evidence was obtained to suggest an inhibition of any sort 

against isoproterenol. However, numerous workers have ascribed a 

beta-adrenergic blocking activity to PGF2a in such systems as epi

nephrine-induced lipolysis of isolated rat epidydimal fat cells and 

in other smooth muscle preparations, e.g. guinea-pig and rat vas 

deferens stimulated with epinephrine. Clegg (14) shows data indi

cating inhibition of the relaxation due to isoproterenol and epine

phrine by PGF2a in the isolated guinea-pig trachea. She felt that 

there was no direct competition for the beta receptor in the inhibi

tion she observed. She postulated that PGF2a was somehow facilitat

ing the attachment of the catecholamine to the receptor; the resul

tant bond being so strong that the receptor was effectively blocked 

when the catecholamine was unable to dissociate from the receptor. 

This theory explained her data, which almost always showed an initial 

potentiation of the catecholamine effect, followed by a prolonged 

inhibition of the same effect. She acknowledged the need for a 

mathematical analysis of the inhibition.

Attempts by this author to duplicate her results were un

successful. Only a direct relaxing effect upon the trachea was 

noted. This effect was also noted by Clegg and may partially ex

plain the discrepancy in her work and the author's.

The experiments where PGF2a and isoproterenol were incubated 

prior to the addition of methacholine were done to facilitate binding 

of catecholamine and prostaglandin in an attempt to substantiate 

Clegg's hypothesis oh the nature of the antagonism by PGF2a. These
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experiments too, showed that there seemed to be no inhibitory mechan

ism operating in this system, except for that produced by both iso

proterenol and by PGF2a on methacholine contractions.

Additional experiments showed the relaxing effect of PGF2a 

to be mediated via receptors other than what is now considered to be 

the beta-adrenergic receptor because beta-adrenergic blockade was 

ineffective in blocking the relaxation of the trachea due to the 

prostaglandin (see Figure 19). The relaxation to PGF2a> contrary to 

that produced by isoproterenol, was incomplete at the highest conrr 

centrations. This finding is similar to that found by Turker and 

Kahairallah (26) with PGE^ on canine trachea, and also by Adolphson 

and Townley (42) with PGE-̂  on guinea-pig trachea. The suggestion 

that the prostaglandin receptor is somehow closely related to one 

of the serotonin receptors may eventually lead to the further eluci

dation of the structures of both receptors: of how they are alike 

and how they are different.

It should be mentioned that this author has previously re

ported an antagonism by PGF2a on guinea-pig trachea similar to that 

found by Clegg. These data previously reported (12) showed minimal

ly significant results using guinea-pig trachea (other species were 

significantly affected by PGF2a). In view of the methods used in 

that study (actually, the same as Clegg's) the results probably in

dicate that there was no effect in the strict sense of competitive 

antagonism or of any inhibition at all. In the earlier studies PGF2a 

was given alone and then methacholine was added to the bath. In
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this way no inhibition of the methacholine curve could be directly 

observed. Since the amount of methacholine inhibition was often 

slight, it was thought to be of little consequence. The procedure 

for those experiments was to analyze only one concentration of iso

proterenol (as did Clegg). One dose would be more apt to be influ

enced by changes in contraction height than would a complete log 

dose-response curve, especially when cumulative doses are used.

This might explain the discrepancy between the author's earlier 

findings along with Clegg's, and the present work.

C. Other adrenergic blockade by prostaglandins

It is obvious that there are systems where one or another 

of the prostaglandins are active as beta blockers. It is of inter

est to briefly consider how they might be doing this, since they 

apparently have no true drug-receptor interaction such as that seen 

between MJ 1999 and isoproterenol. There appears to be no good evi

dence for any of the following suggestions, but they are all possible 

means by which prostaglandins could act as beta blockers.

If ATP were to shunted away from the adenyl cyclase of the 

beta receptor there could be no increase in cyclic-3',5'-adenosine 

monophosphate (CAMP), which is actually the first measurable..product 

of beta stimulation. The same effect would be noted if ATP were to 

be bound by prostaglandin so that it could not reach the cyclase 

enzyme. This would imply that prostaglandin could pass through the 

cell membrane to bind the ATP.

The other possibility to explain the activities of prosta
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glandins is that they either destroy the functional capabilities 

of certain beta receptors by deforming them so that catecholamine 

cannot attach properly to the receptor or that prostaglandins simply 

cover over the receptor so that a functional activity cannot be seen 

in a perfectly good receptor. In the latter example, there would be 

no affinity for the beta receptor mandatory for the initiation of 

inhibition and in this way it differs from true competitive antago

nism, where the antagonist specifically attacks a receptor site.

VI. CONCLUSION

In conclusion, no evidence was found to support the theory 

of competitive antagonism or of any antagonism of the action of iso

proterenol on guinea-pig trachea. This does not rule out significant 

activities of this material on the human bronchial tree, however. 

Studies on the blocking activities of the prostaglandins on human 

bronchi have not been done but PGF£a i-s a potent stimulant of iso

lated human bronchus. At present, however, prostaglandins appear 

to physiologically significant in the lung only to the extent to 

which their direct activities affect normal or pathological proces

ses in that organ.



V - EC50 Ab
ec5 0 a 0

pA ■ -LOG B

C O N C E N T R A T IO N  
OF A N T A G O N IS T

X LOG 0 < - l ) pA x

3 .4 8  X  10"8 M 1 .7 1 - 0 .1 5 7 .4 6

3 .4 8  X  10"7 M 4 .5 6 0. 55 6 .4 6

3 .4 8  X  10"® M 3 4 .0 9 1 .5 2 5 .4 6

3 . 4 8 X  10"5 M 1 9 8 .2 6 2 .3 0 4 .4 6

Table 1. Data and equations needed to plot isoboles as shown in Fig. 12. refers to
agonist A in the presence of antagonist B, AQ to agonist A alone, and B to the 
molar concentration of antagonist B.



CONCENTRATION 
OF MJ 1999

0

3.48 X 10’ 8 M 

3.48X 10~7 M

3.48 X 10’ 6 M

3.48 X 10"5 M
$

Table 2. The effect of MJ 1 
for the antagonist

EC50 OF ISOPROTERENOL

1.15X  1 0 ’8 ± 0 . 2 9 M  

1.97 X 10~8 1 0.62 M 

5.24X 10'8± 1.72 M 

3.92 X 10 7± 1.26 M 

2.28 X 10’ 6± 0.75 M

on the EC50 of isoproterenol a

pA2 OF MJ 1999

7.31

7.01

6.98

6.75

the resulting pA2 's derived



CONCENTRATION 
OF PGF2a

EC50 OF ISOPROTERENOL

1.58 X 10" 8± 0.26 M

1.41 X 10" 8M 2.06 X 10" 8*  0.96 M

1. 4 1 X 10'7 M 2. 2 9 X 10" 8 ± 0. 5 0 M

1. 4 1 X 10" 6M 2.55 X 10" 8± 1  82 M

1. 4 1 X 10"5 M 2.42 X 10" 8± 0.65 M

Table 3. The effect of Prostaglandin Fya on the EC5Q of isoproterenol in the 
the guinea-pig trachea. E C ^ q  s  are given along with their 95/i con
fidence limits.



CONDITIONS CONCENTRATION EC50 OF ISOPROTERENOL

Incubation with isoproterenol 
15 min. prior to methacholine

Isoproterenol 
1 X 10’ 8M

5.8 X 10~8M

Incubation with PGF2a 15 min. 
prior to methacholine

PGF2a
2.82X 10'5M

5.44 X 10"8M

Incubation with both PGF2a 
and isoproterenol 15 min. 
prior to methacholine

Isoproterenol 
1 X 10"8M
PGF2a ,
2.82 X l tP M

5.59 X 10"8M

Table 4. The effect of incubation of guinea-pig trachea with PGF2a and with isoproterenol on the 
EC^q of isoproterenol.
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Figure 4. Classification of prostaglandins into families 

according to differences in the cyclopentane 

ring. The letters below each cyclopentane 

ring indicate the group to which it belongs, 

i.e. PGE, PGF, PGA, and PGB.

■ ■ ■ ■ ■
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Lineweaver-Burk plot of competitive antagonism 

against isoproterenol produced by MJ 1999. The 

lines are curved as a result of an artifact intro-

duced into the data by the threshold phenomenon.





Figure 7. Lineweaver-Burk plot similar to Figure 6 

but corrected for the threshold phenomenon.

The line representing MJ 1999 3.48 x 10~^M has

been omitted in this figure.
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Figure 8. The same data as in Figures 6 and 7, plotted arith

metically to show the probable common point of in

tersection of the dose-response curves with the or

dinate. The degree to which the intersection is 

depressed below the origin determines the value given 

to S (see page 23).

Curves representing MJ 1999 3.43X10 and 3.43X10 ~*M

were omitted.
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Figure 9. An example of theoretically calculated log 

dose-response curves illustrating competitive 

antagonism. (Ariens, 37).
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Figure 10.
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Figure 10. An example of theoretically calculated log 

dose-response curves illustrating noncom

petitive antagonism, in contrast to curves 

of competitive antagonism in Figure 9. 

(Ariens, 37).
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Experimental log dose-response curves showing 

antagonism produced by MJ 1999 on relaxations 

induced by isoproterenol on the guinea-pig 

isolated trachea, previously contracted with

methacholine.
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Figure 12.



Figure 12. Isoboles plotted to demonstrate that the 

antagonism to MJ 1999 was competitive in 

nature. A slope of 45° (-1) is indicative 

of competitive antagonism. The interrupted 

line represents the experimental line, while 

the solid line represents the actual 45°

line.
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Figure 13. The effect of on isoproterenol relaxations. The

figure shows a control and a representative tracing 

of one of 7 tissues tested with several concentrations 

of prostaglandin. No inhibition was produced, as shown 

by the equal effect elicited to equal quantities of 

mediator in both tissues.
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Figure 14. The effect of incubation with PGF„ on iso-2a
proterenol relaxation in the isolated guinea-

pig trachea. The trachea was either contracted

with methacholine 10 ^M, or first incubated

with PGF0 10 for 15 min., after which a ¿a

tone was induced in the trachea with metha

choline. The figure is representative of 3 

separate tracheae, each tested several times.

It shows no inhibition to isoproterenol after 

PGF2a> in that complete relaxation was attained 

at identical doses of agonist.
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Figure 15. Incubation with isoproterenol 1X10 M for 15 

minutes prior to methacholine 5.1X10~^M, with 

or without concomitant incubation with PGF2a 

2.82X10-^M. This figure shows that Clegg's 

suggested mechanism of inhibition of catechol

amine by prostaglandin (see page 11) apparent

ly does not operate in the isolated guinea- 

pig trachea.
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Figure 16.



Figure 16. Log dose-response curves of isoproterenol 

alone and with various concentrations of 

PGF2a* The clustering of the curves around 

control indicates that the activity of iso

proterenol was not modified by PGF2a"
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Figure 17. A combined experiment attempting to duplicate 

Clegg's original guinea-pig experiments. The 

first curve on the left is an isoproterenol 

control. The second curve demonstrates the 

lack of inhibition when prostaglandin is given 

with methacholine. The third curve demonstrates 

the effects of isoproterenol and prostaglandin 

given together, as in Clegg's original experi

ments. The last curve shows complete relaxation to 

isoproterenol is still possible in the tissue

after prostaglandin.
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Figure 18.



Figure 18. Prostaglandin does not relax guinea-pig

trachea completely, even in extremely high 

concentrations. Isoproterenol in reasonable con

centrations did, however, effect further relax

ation after prostaglandin and did produce a 

100% response.
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Figure 19. The effect of an appropriate dose of beta- 

adrenergic blocking agent on a given dose 

of isoproterenol and a given dose of prosta

glandin. Beta blockade antagonized isoproterenol 

but not prostaglandin. The slight decrease in 

the last prostaglandin response (on the right) 

reflects a moderate tachyphylaxis which rapidly 

sets in in experiments using prostaglandin on

isolated tissues.
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