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A STUDY OF THE ADRENERGIC RECEPTORS 
IN MAMMALIAN TRACHEAL SMOOTH MUSCLE

Richard Louis Adolphson

Under the supervision of 
J. T. Elder, H. A. Guirgis and R. G. Townley 

From the School of Medicine 
Creighton University

Adrenergic receptors of mammalian tracheal smooth muscle have 

been characterized. After beta-adrenergic blockade with proprano

lol, the responses to epinephrine in both human and guinea-pig tra 

cheal smooth muscle were contractile. These dose-dependent con

tractions were blocked with the alpha-adrenergic antagonists phen- 

tolamine and tolazoline. Alpha blockade did not affect the con

tractile response to methacholine. Thus, alpha-adrenergic recep

tors have been demonstrated in the tracheal muscles of man and 

guinea-pig.

Studies on the effect of cortisol on the beta-adrenergic ac

tion of catecholamines on guinea-pig tracheal smooth muscle were 

done. Hydrocortisone sodium succinate (cortisol), 2.8 X 10~%1, 

when incubated with tracheal tissues for 2 hr, increased the sensi 

tivity of the tracheal tissues to the relaxing action of isopro

terenol and of epinephrine but not to the relaxing action of nor

epinephrine. When tracheal smooth muscle was challenged with cate 

cholamine after an incubation period with cortisol, no increase in
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tissue cyclic 3‘,5'-adenosine monophosphate (cyclic AMP) levels 

was found over those levels measured in tracheas incubated with 

sodium succinate as a control. It was concluded that, under the 

conditions studied, the mechanical activity produced by catechol

amines on tracheal smooth muscle was not dependent on increased 

levels of cyclic AMP for its maintenance.

klw21727
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I N T R O D U C T I O N

Alpha receptors in mammalian tracheal smooth muscle.

The nature of the adrenergic receptors in mammalian tracheal 

smooth muscle has been disputed since the first description of such 

receptors in guinea-pig trachea by Foster in 1966(1). He was able 

to demonstrate beta-adrenergic receptors in that tissue but could 

show no evidence to suggest the presence of alpha-adrenergic recep

tors in guinea-pig trachea. Danko, et al_. (2), using an isometric 

method instead of the isotonic method of Foster(3), could not dem

onstrate alpha receptors in guinea-pig trachea.

Since these two reports, others have described alpha receptors 

in guinea-pig trachea(4, 5, 6 , 7, 8 ). It is not clear why differ

ent groups, using the same compounds, arrived at directly opposite 

conclusions; most likely differences in techniques between investi

gators studying the receptors in this tissue were at least partly 

responsible for the discrepancies. Soma of the variation in exper

imentation that might have led to the disparate results are: iso

tonic vs isometric measurements of muscle contraction, different 

working concentrations of drugs used, and different degrees of mus

cle tone fr.om which receptor activity in each preparation was mea

sured.

Few investigators have studied the adrenergic receptors in hu

man trachea and lung. Guirgis and McNeill(9) found adrenergic
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receptors to be only of the 'beta1 type in isolated human bronchi. 

Adolphson, et a L  (1 0 , n )  reported data suggesting the presence of 

alpha receptors in human trachea. Later, Mathe, et al.(12) report

ed similar findings.

Statement of purpose.

The physiologic importance of alpha receptors in bronchial mus

cle is unclear. The failure to agree on the existence of these re

ceptors in the lung and trachea suggests that their influence on 

physiologic processes is not very great in normal situations. Al

though it is very difficult to study the problem of the significance 

of respiratory tissue-alpha receptors in man, it can be at least 

suggested that their importance lies not so much in the normal 

function of the organism but in the abnormal function. Such dis

ease states as emphysema, bronchitis and asthma have, as part of 

their pathology, a significant degree of bronchospasm. Since it 

has been common practice to treat this bronchospasm with agents 

which affect the beta-adrenergic system, the general feeling re

garding the nature of the bronchospasm has been that it is related 

to a reduction in the activity of the beta receptors of the bron

chial tree. However, Marcelle(13) has given alpha-blocking com

pounds to asthmatics and has shown that airways resistance can be 

reduced with these drugs. Therefore, the question of the existence 

of alpha receptors and their significance in certain disease states
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is of importance.

The effect of adrenal cortical steroids in asthma.

The fact that steroid hormones can modify the asthmatic state 

has long been appreciated. Cocoa(14) has remarked on observations 

made in 1918 by Fishberg that the administration of female sex hor

mones was often beneficial to asthmatics. Cocoa also remarked on 

the well-known observation that asthmatics experiencing natural 

hormonal alterations--such as those which occur at onset of puberty 

and during pregnancy--often enjoy a remission of symptoms which is 

frequently of long standing.

The first clinical trial of glucocortical steroids in asthmatics 

was reported by Carrier, et a]_.(15). They found that in hay-fever 

and asthma patients, cortisone given during symptomatic periods 

was markedly effective in suppressing symptoms in both groups of 

atopic individuals, although relief from asthma was more complete 

than from hay fever. These authors did not attempt to define a 

mechanism of action for glucocorticoids in asthma but they and 

other workers(16, 17, 18) have demonstrated the broad efficacy of 

glucocorticoids in this disease. At the present time how these 

compounds exert their effects in the asthmatic is poorly under

stood. Aviado and Carrillo(19), using data from several animal 

species and also from man, have suggested several means by which 

glucocorticoids might exert their anti-asthmatic effects, but they
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were unable to establish any single mechanism as a satisfactory 

explanation. The purpose of this report is to summarize current 

thinking on steroid actions and to provide experimental evidence 

for another possible action of glucocorticoids in asthma.

It now seems clear that the anti-asthmatic effects of steroids 

cannot be attributed to a single mechanism. There are a number of 

rather broad areas of steroid influence which must be considered 

when describing their anti-asthmatic actions. These are: 1 ) in

flammation, 2) immunity, 3) pharmacodynamics of mediators, 4) spas- 

mogen antagonism, 5) direct spasmolysis, and 6 ) catecholamine po

tentiation.

I Anti-inflammatory effect.

One of the best-known actions of steroids is their anti-inflam

matory effect. Selye, et al_. (20) studied the effect of anti-phlo

gistic corticolds on the experimental granuloma pouch in the rat. 

They found that cortisol injected directly into the pouch would in

hibit the development of these structures. Weissmann and Dingle 

(2 1 ) showed that cortisol protected rat liver lysosomes from lysis 

by ultra-violet irradiation. It is thought that one important com

ponent oi inflammation is caused by the release of proteolytic acid 

hydrolases (cathepsins) from the lysosome, which are normally iso

lated from the other cellular components by the lysosomal membrane. 

When these acid hydrolases are released their proteolytic activity



7

is thought to initiate the tissue damage characteristic of inflam

mation.

Other investigators have confirmed the initial findings on rat- 

l’ver lysosomes and have attempted to describe the mechanism of ac

tion for steroids on lysosomes. Bingham, et al,(2 2 ) have shown that 

the stability of artificial lipid membranes is enhanced by pharma

cologic concentrations of anti-inflammatory steroids (1er6 to 10~4M) 

while larger concentrations of the steroids lyse them. Lewis,et ah 

(23) showed that heat dénaturation of albumen was retarded by cor

ticosteroids such as cortisol and prednisone at pharmacologic con

centrations while larger concentrations increased the degree of dé

naturation of the protein. They(23) also demonstrated lysosomal 

membrane stabilization at pharmacologic levels of anti-inflammatory 

steroid. Other steroids without anti-inflammatory activity, or 

higher concentrations of anti-inflammatory steroids, induced rup

ture of the lysosomal membranes. The work of Bingham(2 2 ) and Lewis 

(23) suggests that membrane stabilization may be at least partly a 

function of steroid-lipoprotein or steroid-lipid interactions in 

the membrane of the lysosome. Pollock and Brown(24) used a number 

of anti-inflammatory compounds, including steroids such as cortisone 

acetate and dexamethasone, to dissociate the anti-inflammatory ac

tion of some of these compounds from their ability to stabilize 

lysosomal membranes. They concluded that not all the anti-inflam

matory activity could be attributed to the stabilization of
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lysosomes. Although they did not offer a hypothesis regarding 

what additional factors were operative, other studies have shown 

that glucocorticoids greatly modify the nature and activity of the 

cell membrane(25, 26}.

Keeney and Palmer(27) reported that steroids retard the inflam

matory response seen in asthmatic bronchi. They compared post

mortem bronchial tissue from asthmatics on cortisone and asthmatics 

who had not taken steroids prior to death. In all cases described, 

patients had not died as a direct result of their asthma. Keeney 

and Palmer were able to recognize an absence of peribronchiolar in

flammation in those asthmatics who had taken steroids. There was a 

reduction of mucus-gland activity, reduction in basement membrane 

prominence, and apparently a reduction of hypertrophy of the smooth 

muscle in the bronchial and bronchiolar walls: all of which could 

be taken to be signs of reduced tissue irritation resulting from 

the inflammatory process(27).

II Suppression of the immune response.

The allergic reaction thought to be involved in atopy is a non

complement-requiring, immediate reaction of free antigen interact

ing with antibody to passively sensitize a cell surface. This has 

been termed a type I allergic reaction(28) and is further charac

terized by the release of physiologically active substances by sen

sitized cells upon challenge with appropriate antigen. A cell is
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sensitized when a specific class of immunoglobulin, gamma E (IgE), 

is fixed to its surface(29). IgE, skin sensitizing antibody, or re- 

agin, as it is variously called, fixes to tissue mast cells and 

blood basophils. The combination of IgE antibody and antigen takes 

place on the mast-cell surface. As a result of such antigen-anti

body combinations the membrane of the mast cell is structurally 

altered so that the vaso-active materials within the cell are al

lowed to escape, either by means of active extrusion or by passive 

diffusion through a membrane which has lost structural integrity.

A common method of demonstrating this reaction is to place a drop 

of allergen on a needle-prick in the skin of an allergic individual. 

While the resultant inflammatory response is suppressed by specific 

antagonists of the vaso-active materials released from the mast 

cell, corticosteroid administration does not alter the expression 

of this reaction.

As previously mentioned, this type of reaction is immediate 

and, theoretically, would produce an immediate allergic reaction 

which would manifest itself systemically in the asthmatic as a pe

riod of increased pulmonary resistance, occurring in a single epi

sode. Pepys(30) has shown that asthmatics sometimes display a bi- 

phasic type of bronchoconstriction in response to allergen chal

lenge.

The first phase is an immediate allergic reaction (type 1; see 

page 8 ) in response to allergen challenge and is easily reversed
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with beta-adrenergic bronchodilators. The second phase of the re

sponse occurs several hours later and is classified as a type III 

(Arthus), late reaction, rather than a type IV, delayed reaction.

The type III reaction is one which is initiated when antigen reacts 

in the tissue spaces with precipitating antibody, forming micro

precipitates in and around the small vessels causing damage to 

cells; or when antigen reacts in the blood stream with precipitating 

antibody forming soluble circulating complexes, which are deposited 

in the blood-vessel walls or in the basement membrane and cause 

local inflammation. The type IV, delayed, reaction is initiated by 

specifically sensitized mononuclear cells which react with antigen 

deposited at a local site.

The second phase (type III) reaction is less easily reversed 

with bronchodilators than is the first phase. It is the type III 

reaction rather than the type I reaction that is suppressed by cor

ticosteroids. The possibility exists that a reaction not unlike 

the type III reaction is operative in many asthmatics. A type III 

reaction has been shown in selected hypersensitive patients(30).

It is clear from the above that the immune system is closely in

volved in the allergic reaction of the asthmatic.

It was recognized very early that corticosteroids were capable 

of influencing the functioning of the immune system. In 1935 Ingle 

(31) reported thymic atrophy in rats given adrenal extracts. Dough

erty and White(32) showed that ACTH injected into rats and rabbits
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produced a lymphopenia which was directly attributable to the action 

of adrenal cortical hormones. Later, Heilman(3 3 ) demonstrated an 

increased rate of degeneration of small lymphocytes in tissue-cul

ture media containing cortisone. Herbert and DeVries(3 4 ) produced 

a decrease in circulating lymphocytes and eosinophils by injections 

of ACTH in human subjects. Mi col, et a]_.(35, 36, 37) examined the 

immune system of guinea-pigs, and reported that the injection of 

10 mg oi cortisone per day produced a marked depression (initially) 

of the reticuloendothelia1 system, a sustained reduction in the 

number of lymphocytes, and a decrease in gamma globulin.

Temporal relationships involved in the immune response were 

studied by Medawar, ert al_. (38, 39), who performed skin homografts 

in rabbits, some of which had been previously sensitized to the 

homografts. They showed cortisone (10 mg s.c.) had little effect 

on the rejection process per se but suppressed the sensitizing pro

cess, one of the earliest steps in the immune response. These 

findings were later confirmed in mice(40). Berglund and Fagraeus 

(41) sensitized rats to sheep red blood cells (RBC's). At various 

times, up to six days prior to sensitization, cortisone (40 mg/kg 

per day) was given until the rats were injected with the sensitiz

ing dose of sheep RBC's. It was found that the best time to begin 

cortisone administration in order to depress antibody development 

to the sheep RBC's was two days prior to the sensitizing process.

If cortisone was given two days prior to the RBC's no sensitization
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occurred. If spleen or thymus cells were given together with the 

RBC s in animals pre-treated with cortisone sensitization took 

place normally. Thus, the spleen and thymus were implicated in 

the sensitization process and their sensitivity to the effects 

of cortisone was demonstrated. Since the effect of cortisone on 

the immune process (38, 39, 40, 41) occurred prior to the 

initiation of antibody production, the effect of cortisone on 

antigen-antibody interaction was ruled out. Others have shown 

that cortisone does not depress the immune reaction in the 

passively sensitized animal (42, 43). This further substantiates 

the contention that cortisone must act by modifying the capacity 

to produce antibody, rather than by interacting with antigen- 

antibody complexes.

Other in. vivo experiments suggested some forms of allergic 

response were inhibited in certain animals and not in others. 

Germuth and Ottinger (42, 43) showed the protective effect of 

cortisone ( 1 0 mg/day) against the active Arthus reaction in 

raDbits but not against the passively induced Arthus reaction.

The guinea-pig proved to be much less sensitive to the effects 

of cortisone. As much as five times the amount of steroid used 

in rabbits provided only incomplete protection against the active 

Arthus reaction in the guinea-pig and almost no protection against 

active or passive anaphylaxis. Harris and Harris (4 4 ) investi

gated the tuberculin reaction in guinea-pigs and found that the



delayed tuberculin reaction was suppressed by cortisone ( 10 rrg 

day). This was unlike the results obtained when anaphylactic 

shock was induced by challenge with horse serum in sensitized 

guinea-pigs.

Experiments in human subjects have not been conclusive.

Mi rick (45) was unable to demonstrate antibody suppression in 

patients sensitized with the potent antigen pneumococcal caps, 

polysaccharide while being given cortisone in doses as large a 

10 unit-equivalents"1 per day. He did observe antibody suppres 

if cortisone was given prior to sensitization. On the basis o 

similar studies using this antigen, Larson and Tomlinson (46) 

eluded that cortisone (approximately 3 unit-equivalents per 

did not impair antibody production or sensitization to antibed. 

Friedman (47) used a different antigen (typhoid vaccination) i 

patients taking a larger daily dose of cortisone (4 to 12 unit 

equivalents) and could demonstrate no effect of the steroid on 

immunization.

The results of experimental anaphylaxis in guinea-pigs ha 

been extremely difficult to interpret, as Hicks (48) has point 

out. Germuth (43), for example, reported even larger doses of 

cortisone failed to protect guinea-pigs against active or pass 

anaphylaxis, although he described a reduction of the active

^One unit-equivalent is equal to 25 mg of cortisol, the amc..-: 
that steroid which is secreted in one day by the adrenal ce-:

'XJ
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Arthus reaction in guinea-pigs when cortisone was given during 

sensitization. On the other hand, Feinberg and Maikiel (49) 

found that cortisone protected guinea-pigs from experimental 

asthma induced by aerosolization of antigen to passively sensitized 

animals. Hicks (48) points out that the extensive literature in 

this field is almost evenly divided on the question of the effi

cacy of cortisone in altering experimental allergy in guinea-pigs. 

It is not surprising that controversy exists, in view of certain 

peculiarities of guinea-pig physiology. These animals have an 

extremely high plasma cortisol level (33 yg%) (50). This is 3 

times the level found in humans and suggests that guinea-pigs 

have a tolerance to 17-hydroxy corticolds. This tolerance is 

illustrated by the fact that corticosteroids, except at exceed

ingly high concentrations, do not possess significant depressing 

activity on the immune response in the guinea-pig.

It can be seen from the above experiments -- demonstrating 

steroid effects on antibody production -- that the concentrations 

of steroid used are far in excess of those normally employed in 

the successful maintenance of asthmatic patients. One to 3 

unit-equivalents generally provide adequate steroid dosage for 

all but the most severe asthmatics, while much larger doses are 

needed to be truly immunosuppressive. In addition, Pepys (51) 

points out that corticosteroids do not appear to affect the 

common allergen challenge (type I allergic reaction) in asthmatic 

subjects.
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Recent experiments(52) have shown that agents which increase 

cyclic AMP in tissues sensitive to them, eg., beta-adrenergic 

mediators, selectively inhibit the production of IgE. Asthmatics 

treated with steroids still appear to have elevated IgE levels, 

as shown by the radio-allergo-sorbent test (RAST)(53).

The preceeding discussion suggests that adrenal steroids 

do not exert their anti-asthmatic effects via the immune sys

tem. Most of the effects of corticosteroids can be seen to be 

directed against the type III (Arthus) allergic reaction. While 

Pepys(54) has shown this to be a significant factor in certain 

allergic subjects in rather special circumstances, it is gener

ally considered that the asthmatic reaction is a type I, immed

iate allergic phenomenon and the response to it is mediated via 

vaso-active substances such as histamine(12). As stated pre

viously, corticosteroids do little to modify this reaction.

Ill Effect on storage, formation, and release of mediator.

Rose(55) observed that adrenalectomized rats maintained on 

0.85% saline were unable to inactivate injected histamine in a 

normal manner unless they were given desoxycorticosterone acetate 

(DOCA) or extracts of adrenal cortices. Later(56) it was shown 

that histaminase, an enzyme which inactivates histamine, was 

found in subnormal amounts in adrenalectomi zed rats. The authors 

suggested that, even though the principle organs for
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detoxification of histamine, the kidney and the liver, were 

thought to have little histaminase, the inhibition of another 

histamine-metabolizing enzyme might explain the decreased resis

tance to histamine shown in adrenalectomized rats. Roth and 

Tabachnick(57) point out that the location and distribution of 

the enzymes for the metabolism of histamine are still in dispute, 

and it appears possible that the so-called histaminase (diamine 

oxidase) enzyme is present in these tissues and that this enzyme 

is inhibited by the absence of adequate cortical steroids. Smith 

(58), working with isolated swine carotid artery-smooth muscle, 

showed that prior incubation with cortisone accelerated that 

rate of recovery from vasoconstriction induced by histamine. He 

concluded that this rapid recovery reflected the activation of 

enzymes which metabolize histamine.

Histamine levels in tissues have been investigated by many 

authors. Bartlett and Lockett(59) studied the effect of adrenal

ectomy and histamine-depleting drugs on tissue-histamine levels. 

They showed that adrenalectomy moderately increased histamine 

levels in the skin and more so in the intestinal wall of the rat. 

Since the skin contains only low histaminase activity, they con

cluded that the observed effects were not wholly due to altera

tions in the activity of that enzyme. However, increase amine 

uptake into mast-cell-rich skin was also unlikely because it has 

been shown that the skin does not take up injected histamine(SO).
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In addition, no elevation in blood-histamine concentration could 

be detected after adrenalectomy(59). Bartlett and Lockett(5 9 ) 

concluded that greater binding and, hence, a decreased release of 

histamine must account for the increase in skin histamine, while 

decreased histaminase activity was probably responsible for mark

edly elevated levels of histamine in the intestine, an organ 

with relatively few mast cells and large amounts of histaminase. 

No studies with depleting compounds were done here. Cass and 

Marshal(61), however, depleted rat mast cells of histamine and 

serotonin with compound 48-80 and demonstrated a reduction in the 

rate of regeneration of these autacoids in mast cells of animals 

treated with cortisone or cortisol, but not in those treated with 

DOCA. It was also shown that non-mast-cell histamine was de

pleted by cortisone(61). On the basis of the findings of 

Bartlett and Lockett(59), who showed that adrenalectomy greatly 

reduces the histaminase activity in non-mast-cell-containing 

tissue, it appears likely that non-mast-cell-histamine deple

tion by cortisone was due to increased histaminase activity in 

these tissues. Hicks(62) found substantially the same results 

as the above authors when he treated guinea-pigs with cortisone 

for long periods of time (1-4 weeks). Although he noticed a 

gradual fall in ileal and lung histamine content, it was con

cluded that the decreased histamine levels were due to an 

inhibition of replenishment of the histamine that was lost
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through normal turnover. He made no distinction between mast- 

cell histamine (lung) and non-mast-cel 1 histamine (ileum). Sig

nificantly, Kovacs(63) observed the greatest effect of cortisone 

in lowering tissue histamine levels was in the lung. Hicks(62) 

further implicated the adrenal cortex in the regulation of hista

mine levels in experiments in which cortical output was inhibited 

by metyrapone, a drug which interrupts synthesis of cortisol by 

blocking the 11 /? -hydroxylase enzyme of the adrenal cortex. The 

administration of metyrapone raised histamine levels in lung and 

ileal tissue samples. He showed that the injection of 11-desoxy 

steroids, which are released by the adrenal gland when normal 

secretion of 1 1 -hydroxy corticolds is inhibited, also raised 

lung-histamine levels, but not to the extent found in the lungs 

of animals having undergone adrenalectomy. This suggests that 

the absence of normal adrenal cortical secretion was the princi

ple factor involved in the raised lung histamine levels exhibited 

by the metyrapone-treated animals. The influence of the 11-desoxy 

corticolds on tissue histamine levels has been evaluated. Kovacs 

(63) gave ACTH along with metyrapone to guinea-pigs and found this 

treatment raised histamine levels over those achieved with metyra

pone alone.

It was noted(64) that cortisone given to rats decreased the 

numbers of mast cells observed in the skin, muscle, and myo

cardium. Bloom(65) reported that dogs with mastocytomas which



19

were treated with cortisone experienced regression of their tu

mors , both on macro- and on microscopic examination. None of 

the authors speculated whether lowered histamine levels resulting 

from active histaminase might have accounted for the decreased 

numbers of mast cells observed, but it seems just as likely that 

their results could be interpreted to indicate a decrease in syn

thesis of new histamine or an inability to bind free histamine. 

Histamine binding has been extensively studied by Schayer(60, 6 6 ). 

He has demonstrated that cortisone inhibits the amount of bound 

histamine in rat skin(6 Q). Later, he showed this effect not to 

be on the binding mechanism itself but on the formation of new 

histamine from ^C-histidine(6 6 ). The reduction of the formation 

of new histamine resulted in lowered levels of bound histamine.

The above data show the effects of glucocorticoids on the 

formation, storage, and release of histamine. Pepper, et al.(67) 

and Kaliner, et aj_. (6 8 , 69) showed that increased levels of cyclic 

AMP reduced the rate of IgE-mediated release of histamine and 

slow-reacting substance of anaphylaxis (SRS-A) in actively and 

passively sensitized tissue from humans and monkeys. Slow- 

reacting substance is a material, or group of materials, probably 

of an acid-lipid composition, which produces a characteristically 

"slow", contractile response when applied to an appropriate tissue 

in vitro, such as guinea-pig ileum or human tracheal smooth muscle.

This material was first described by Kell away and Trethewie(70)
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and was implicated in the allergic response in vivo in guinea- 

pigs. Schild, et a]_. (71) described a similar material and related 

it to human allergy. Goadby and Smith(72) incubated lung tissue 

from actively sensitized guinea-pigs with corticosteroids and 

demonstrated a depression of the release of SRS-A which is seen 

when sensitized guinea-pig lungs are challenged with antigen.

Aviado and Carrillo(73) found that actively sensitized rab

bits and rats had elevated levels of lung histamine over control 

animals which had not been sensitized. When sensitized and unsen

sitized animals were given cortisone, both groups showed a reduc

tion of histamine. The cortisone-treated, sensitized animals 

actually showed lower absolute values of lung histamine than did 

the similarly-treated, unsensitized, control animals.

It is known that glucocorticoids administered to animals in

duce hyperglycemia(74), and that hyperglycemia produced either by 

i.v. glucose or by corticosteroids causes histamine release that 

potentially leads to the depletion of histamine stores(75). All 

of the above evidence points out the effect of steroids on the 

pharmacodynamics of histamine and conceivably of other mediators 

of the allergic response. However, Beal 1(76) states that even 

when guinea-pigs are depleted of significant amounts of lung hista

mine (greater than 90% of the total lung-histamine content) by 

steroid administration, inhibition of histidine decarboxylase, 

or by passive anaphylaxis they still experienced the same severity
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of symptoms when again subjected to passive anaphylaxis. This 

probably reflects the difficulty in reducing histamine in the 

appropriate tissues to a sufficiently low level, or the fact that 

other mediators, unaffected by agents and methods used to deplete 

histamine, are responsible for the anaphylactic response. That 

inadequate depletion is probably the reason for the response to 

passive anaphylaxis after histamine depletion is shown by investi

gators who have demonstrated the protective effect of antihista

mines in guinea-pig anaphylaxis(77). However, antihistamines are 

rather ineffective in the treatment of asthma in humans(78), which 

suggests that other mediators in addition to histamine may parti

cipate in the complete allergic response.

A study of asthmatics by Latif, et al_. (79) has been reported. 

They measured plasma and urinary histamine before, during and 

after sudden withdrawal of corticosteroids in acute asthmatics.

It was shown that patients not receiving steroids had high plasma 

and urinary histamine levels prior to, and during an attack of 

asthma and that the administration of corticosteroids, while re

ducing the symptoms of asthma, did not concomitantly reduce the 

histamine content of the plasma or urine. These findings in their 

patients prompted additional studies on isolated guinea-pig ileum 

(79). It was demonstrated that corticosteroid incubation reduced 

the response of the ileum to hi staminé-induced contractions.

After the removal of the steroid, the hi staminé-induced



22

contractions in the ileum were enhanced above control levels. 

Although they did not offer an explanation for the enhanced con

tractions to histamine after the removal of steroid, they sug

gested that this increased reactivity to histamine is similar to 

that seen in asthmatics suddenly withdrawn from corticosteroid 

therapy. They speculated that there is a protective property of 

cortisone in spite of elevated histamine levels and that the sud

den removal of steroid permitted the histamine effects to become 

evident.

IV Interference with bronchoconstriction.

Hawkins, et a]_. (78) reported that direct antigen challenge of 

isolated asthmatic bronchi resulted in contractions which were not 

blocked either by an antihistamine or by cortisone in large con

centrations. However, Smith(43) showed that, whereas contraction 

of swine carotid artery smooth muscle v/as not reduced by steroids, 

the rate of recovery from histamine-induced, contraction was accel

erated. An in vitro study(77) demonstrated the ability of large 

doses of an antihistamine to reduce bronchoconstriction produced 

by challenge with specific antigen in the isolated, sensitized 

guinea-pig lung. If corticosteroids were given during sensitiza

tion, bronchoconstriction did not occur when the specific allergen 

was used. This confirms a previous report on the lack of effect 

of steroids in antagonizing antigen challenge and mediator-induced



23

brcnchoconstriction(78). The findings of Stormarken(77) are 

somewhat at variance with those of Hawkins, et al_. (78) in that 

antihistamines were found to inhibit bronchoconstriction if 

added prior to the addition of antigen to challenge the guinea- 

pig lung. The difference may lie in the fact that Hawkins' 

group used human bronchi. Bronchoconstriction in human respi

ratory smooth muscle may be due to the action of more than one 

material, only one of which is antagonized by antihistamine(80). 

In addition, it is not possible to compare concentrations of 

antihistamine between experiments because neither group of in

vestigators gave final bath concentrations of the drugs they 

used. Tiffineau and Dumoyer(81) and Cinelli, et a K  (82) have 

shown that the administration of glucocorticoids to asthmatics 

is generally not associated with a reduction in sensitivity to 

the alleged mediators of asthmatic bronchoconstriction. This 

is not in agreement with the work : ■ hatif, et a]_. (7 9 ) who 

showed an antihistaminic effect of cortisone in their patients. 

Latif, et al_. (79) had not measured lung-histamine content when 

they claimed that corticosteroids protected against high 

plasma-histamine levels. They were measuring histamine release, 

'while the histamine actually involved in the allergic response 

may be that which is located rn the affected tissues.

More recently, interest has been shown in experiments demon

strating the antispasmodic effect of adrenal steroids. Hava and
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Helfert(84) demonstrated the inhibitory effects of androgenic 

steroids on guinea-pig seminal vesicle and rat duodenum chal

lenged with histamine. Grunt and Walker(84) had previously noted 

the same response in rat seminal vesicle using the same compounds. 

Bass and Set!iff(87) investigated isolated intestinal prepara

tions from guinea-pig, mouse, rat, rabbit, and dog. They found 

that adrenal steroids would inhibit drug-induced contractions in 

these tissues. Uterine and bronchial smooth-muscle contractions 

were also reported to be inhibited by corticosteroids. Investi

gating the effects of agents on the lungs of intact rats, Aviado 

and Carri11o(8 6 ) failed to find any antispasmodic effect of cor

tisone against serotonin or bradykinin. Whereas most of the jhn 

vitro studies involved incubation of the tissues with cortisone 

for 1 min or less, Aviado and Carrillo gave injections of large 

quantities of high-potency steroids for 1 or 2 weeks. While this 

procedure would appear to be pharmacologically more sound, be

cause it is generally considered that the anti-asthmatic effects 

of steroids take at least several hours to become evident clin

ically (87), their results were negative.

Hicks(8 8 ) provided evidence that antihistamines protect 

against the major portion of the bronchoconstrictor component of 

anaphylaxis induced by aerosolized antigen in the guinea-pig. In 

addition, tie showed that the remaining bronchospasm (in the 

guinea-pig only a small amount) was inhibited by aerosolized
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cortisone. The suggestion was made that this bronchoconstriction 

might be caused by SRS-A, since it was characteristic of an SRS- 

A-induced reaction. Geddes and Lefcoe(89) showed that a commer

cial cortisol preparation inhibited the spasmogenic effect of 

histamine itself on the isolated cat and guinea-pig tracheal 

chain. Aviado and Carri11o(19) used these findings by Geddes and 

Lefcoe(89) to support their own data(73) showing a similar ster

oid preparation to be a bronchodilator in the rabbit. Later(90) 

the steroid preparation used by Geddes and Lefcoe was shown to 

possess no relaxing action ether than that of the preservatives 

(methyl and propyl paraben) with which it was packaged.

What additional mediators might be acting in asthma and the 

effects of cortisone on these mediators have been little studied. 

However, Suddick(91) showed cortisone to have an inhibitory ef

fect on the activity of endogenously produced kinins in the rat. 

As mentioned previously, Aviado and Carrillo(8 6 ) showed serotonin- 

and bradykinin-induced bronchoconstriction to be unaffected by 

corticosteroid administration.
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V Direct muscle relaxation.

Lefcoe(89) reported relaxation in isolated guinea-pig 

tracheal smooth muscle preparations after giving larae doses of 

cortisol. Later, Geddes and Lefcoe showed this relaxation to be 

due to the preservatives in the commercial cortisol used in their 

experiments(90). They demonstrated a considerable relaxing ef

fect in their smooth muscle preparations when they used methyl 

and propyl paraben as relaxing agents alone. These materials 

were shown to have a significant inhibitory effect on cyclic 

adenylate phosphodiesterase(90), the enzyme responsible for the 

hydrolysis of cyclic AMP to 5' AMP. The authors also claimed 

that preservative-free dexamethasone in concentrations greater 

than 50 Mg/ml caused contraction of the guinea-pig tracheal chain. 

Nasmyth(92) observed coronary-artery dilatation in response to 

cortisol, which might also have been due to the effects of the 

preservative. Contractions of the isolated guinea-pig ventricle 

were depressed in rate and amplitude by cortisol in that experi

ment. Carrillo and Aviado(73) reported relaxation of bronchial 

smooth muscle immediately after the i.v. injection of cortisol. 

Bass and Set!iff(85) also noted an immediate relaxation of in

testinal smooth muscle in a number of species after the addition 

of cortisol to the tissue bath. None of the above experiments 

rules out the possible effect of corticosteroids on neural
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elements which influence smooth muscle and, therefore, the evi

dence provided is incomplete. One investigator(93) has shown 

corticosteroids to have no effect on transmission in the cervical 

sympathetic ganglia of the cat.

VI Potentiation of catecholamines.

Potentiation of responses to catecholamines can be of two 

types, corresponding to the two types of adrenergic receptors 

shown to exhibit an affinity for catecholamines. These were 

termed alpha and beta receptors by Ahlquist(94) who described 

stimulatory (usually alpha) and inhibitory (usually beta) activ

ities in smooth muscles of many different species. Most evidence 

regarding the proposal that corticosteroids potentiate the ef

fects of catecholamines comes from the data of experiments on 

vascular smooth muscle, a tissue in which the predominant adre

nergic receptor population is of the alpha type.

The effect of desoxycorticosterone acetate (DOCA) on blood 

pressure has long been aPPreciated(95, 96). Disease states af

fecting adrenal cortical output of 17-hydroxycorticoids toward 

eithei extreme also affect the blood pressure(97, 98). More di

rect data have established a considerable controversy regarding 

the action of glucocorticoids on vascular smooth muscle and its 

neurohumor receptors.
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In patients with catechol ami ne-secreti ng tumors of the 

adrenal gland (pheochromocytoma), it is occasionally observed 

that the characteristic hypertension of a pheochromocytoma crisis 

is replaced by a profound hypotension, which is termed epinephrine 

shock. Cortisol increases the vascular tone of patients in epi

nephrine shock when the usual pressor drugs fail(9 9 , 1 0 0).

Others have studied the blood pressure response to corti

sol in man. Dus tan, et al.(101) failed to see an effect on blood

pressure after cortisone or ACTH in their patients, who were al
ii

ready hypertensive. They were looking for decreases in blood 

pressure in these patients but were unable to demonstrate sig

nificant changes in either direction. Kurland and Freeburg(102) 

showed that vascular reactivity to the pressor effects of nor

epinephrine was augmented by cortisone, while another group(l03) 

failed to find an augmented response to norepinephrine in a simi

lar experiment. In both experiments, a considerable amount of 

variability in response to norepinephrine was reported, and in 

the latter study by Sambhi, et aj_. (103) the statistical evaluation 

of the variability was more critical. On the basis of the statis

tical evaluation, Sambhi concluded that the blood-pressure re

sponse to norepinephrine alone did not vary significantly from the 

blood-pressure responses to norepinephrine in the presence of 

cortisone. The changes they observed were attributed to the var

iability of blood-pressure responses obtained to norepinephrine.
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Other work suggests that corticosteroids may affect blood 

pressure mainly in the hypotensive state. Ramey, et al_.(104) 

found that adrenalectomized dogs were unable to maintain 

elevations in blood pressure induced by a constant infusion of 

norepinephrine. What began as a slight pressor response to nor

epinephrine gradually changed to a decline in blood pressure 

which, when the norepinephrine infusion was stopped, fell even 

further. Intact dogs showed typical pressor responses to nor

epinephrine. When the adrenalectomized dogs were given corti

sone, the norepinephrine infusions produced pressor responses 

which were greater than before the steroid was administered, 

while the intact dogs showed no change in their response to nor

epinephrine. This suggests that alpha receptors were becoming 

desensitized to the action of norepinephrine as a result of the 

absence of adrenal steroids which, when supplied, reactivated the 

alpha receptors. It is possible that the beta receptors in cer

tain vascular beds were responsible for the observed lack of re

sponsiveness to the pressor action of norepinephrine, since no 

beta-adrenergic blocking agents were used in these experiments. 

But since the norepinephrine infusions initially produced a rise 

in blood pressure, which only later changed to a reduction in 

pressure, it is possible that the receptors had become unrespon

sive. Smith(105) produced hypotensive rats by potassium deple

tion and found that cortisone restored normal blood pressure
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without adjustment of the hypokalemia. No change in the norepin

ephrine response was demonstrated.

The work of Brust, et_ aj_.(107) measuring blood-pressure in

creases in TEA-treated patients (TEA, tetraethyl ammonium chloride, 

is an autonomic ganglionic blocker which inhibits autonomic activ

ity of both the parasympathetic and sympathetic branches of the 

autonomic nervous system) after corticosteroids or ACTH suggests 

this effect might be on the muscle itself rather than due to an 

increased sympathetic tone. However, they did not consider the 

input of receptors which might have been sensitized to circulat

ing neurohumoral agents by the corticosteroid. The work of 

Giller, et al-(93) also showed that autonomic ganglia were not 

significantly affected by cortisol. They measured the inhibitory 

effect of epinephrine on cervical ganglion transmission by sti

mulating preganglionic fibers and measuring evoked potentials 

postsynaptically. They showed that ACTH-induced hyperadrenal 

corticism did not change the inhibition of ganglionic transmis

sion induced by an infusion of epinephrine into the carotid ar

tery. They also measured the response of the cat's nictitating 

membrane to stimulation of the preganglionic fibers of the cervi

cal sympathetic trunk and showed that hyperadrenal ism did not 

modify the response of the nictitating membrane to nerve stimula

tion .
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Other work has focused on experiments on specific vascular 

beds so that effects of drugs could be observed directly rather 

than recording the effect of the drugs on the circulatory system 

as a whole. It is known that individual vascular beds often 

react differently from each other so that changes in systemic 

blood pressure do not reflect the changes which may be occuring 

in a particular vascular bed(106). Experiments have been done 

on regional blood vessels which suggest that corticosteroids ex

ert an influence on vascular smooth muscle. Mendlowitz, et al. 

(1O8 ) have shown that, while sensitivity to norepinephrine in

creases in the digital blood vessels of patients taking adrenal 

steroids, they often do not become hypertensive. In support of 

previously mentioned work by Smith(105) and Ramey, et aj_.(104), 

which failed to demonstrate augmented sensitivity to pressor 

amines after cortisone, is the work of Fritz and Levine(109).

They showed that, while blood vessels of the adrenalectomized rat 

mesoappendix became refractory to applications of norepinephrine, 

the application of cortisone restored vascular sensitivity. That 

normal sensitivity was reinstated by cortisone in dilated vessels 

of the ear has also been demonstrated in rabbits with hypotension 

caused by serum sickness(110 ). Ashton and Cook(lll) also studied 

rabbit blood vessels using the ear-chamber technique and reported 

that such vessels become hypersensitive to norepinephrine after 

vortisol. Williams, e_t a]_. (112) were unable to demonstrate
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potentiation of norepinephrine in rabbit ear vessels after corti

sone but claimed that cortisone was, nevertheless, necessary for 

the maintenance of proper tone. The ineffectiveness of cortisone 

in potentiating the action of norepinephrine in a number of sit

uations has been shown in the cat and rabbit(93, 113), in the dog 

(104, 114) and in man(103).

While the data presented certainly do not unequivocally 

demonstrate the specific nature of the effect of cortisone on 

the vasculature, considerable evidence has been listed supporting 

the contention that an effect is seen. That this effect is at 

the receptor or directly on the smooth muscle of the resistance 

vessels is most likely from present information. Altura(115) in

vestigated rat mesocoecal blood vessels and concluded that, while 

cortisone itself exerted no direct effect on smooth muscle, it

did potentiate the action of constrictor materials such as cate

chol amines.

Other data indicate directly that adrenergic receptors are 

afiected by adrenal steroids. Lillehei's dogs suffering from 

endotoxin shock(116) showed signs of severe liver ischemia which 

was demonstrated to be preventable by the early administration of 

cortisol, suggesting a potentiation of the beta receptors media

ting vasodilation or a reduction of the effects of the alpha re

ceptors mediating vasoconstriction. That this was an effect upon 

the receptors themselves was shown by experiments in which alpha
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blockers also increased the survival of dogs in endotoxin shock. 

This does not rule out the possibility that cortisol was effec

tive in this situation because of its direct vasodiiatory capa

city. However, the evidence for a direct smooth-muscle relaxing 

action for adrenal steroids is at best meager, and it would seem 

unlikely, therefore, that this is the case. Townley, et aj_.(ll7) 

were able to demonstrate an inhibition of alpha receptors in tra

cheal smooth muscle preparations from man and guinea-pig after 

treatment with cortisol. Alpha receptors were demonstrated in 

isolated strips of tracheal smooth muscle by recording the iso

tonic contractions in response to epinephrine with or without 

the addition of a beta-adrenergic blocker, propranolol. It was 

shown that the contractions in response to catecholamine (blocked 

by the addition of alpha blocker, if added) were inhibited by 

the addition of pure cortisol. A criticism of this work lies in 

the fact that no pure alpha-adrenergic mediators were used (epi

nephrine arid norepinephrine are not considered pure alpha media

tors, while drugs like methoxamine and phenylepherine are con

sidered to be pure alpha stimulating drugs). This introduces the 

possibility that the beta receptor is the site of action of 

cortisol and not the alpha receptor, as was claimed. It would be 

more consistent to think of the action of cortisol in terms of 

potentiating the action of a receptor in tracheal smooth muscle 

(as has already been amply shown in vascular smooth muscle) than
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other group of receptors in another tissue. However, our knowl

edge of receptors is so rudimentary at this time that it is dif

ficult to comment on the interrelationship of the alpha- and the 

beta-adrenergic receptor and the possibility that they may be 

both structurally and functionally related. In this context, 

the idea of receptor inhibition in these experiments may not be 

so inconsistent.

It is possible that the adrenal steroids interfere with 

steric arrangements of adrenergic agonists and antagonists with 

their receptors(ns). Davis and Bourne(118) showed that the ef

fects of alpha stimulators and the interaction of alpha and beta 

antagonists were modified by the presence or absence of gluco

corticoids. If this were so, the net effect might be to increase 

the availability of the adrenergic receptors for agonist, as 

Davis has shown in blood vessels of the rat(118). Besse, et al. 

(114) remarked on the requirement of a ¿-hydroxy substituent on 

the catechol nucleus in order to demonstrate steroid potentia

tion of catecholamines. This might explain the lack of effect of 

cortisone in potentiating pressor responses to phenylepherine, 

methoxamine, and metarami no! in the dog. Kalsner(119), using 

isolated rabbit aorta, showed steroid-induced potentiation of all 

amines with an intact catechol nucleus. He observed the poten

tiation of epinepnrine uo be greater than that of norepinephrine
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and remarked on the similarity of the potentiation of catechola

mine responses by steroid and the catecholamine potentiation ob

tained with catechol o-methyl transferase (COM!) inhibitors 

pyrogallol and tropolone. He demonstrated that when steroid was 

given, the potentiating effect of a COM! inhibitor on the cate

cholamine response was not seen and, conversely, when a COM! in

hibitor was given it eliminated the potentiating effect of the 

steroid. He concluded that, from the similarity of the poten

tiating responses and the lack of addition of potentiation when 

the steroid and the COM! inhibitor were used together, the two 

classes of compounds acted in the same manner, i.e., to block 

the action of catechol o-methyl transferase, which causes o- 

methylation at the 3-hydroxy position on the catechol ring.

Besides vascular smooth muscle, a number of other types of 

smooth muscle have been shown to be affected by steroids. Grunt, 

el .il- (102, 120) reported the effects of sex hormones on rat sem

inal vesicle and showed this organ to have a lower threshold to 

the contractions induced by epinephrine but not norepinephrine 

after treatment with an androgen, testosterone propionate. Kul- 

karni and Bai vani(121) showed that the sensitivity of adrenergic 

receptors of the rat uterus could be modified b" treatment with 

s ex hormones. A number oi workers have used ether species and 

tissues to demonstrate adrenal steroid potentitaion of adrener

gic mediators(74, 122, 123, 124).
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Very little work has been done to investigate the potentia

ting effects of steroids on tracheal or bronchial smooth muscle. 

Carrillo and Aviado(73) failed to demonstrate potentiation of the 

airways' response to catecholamines in rabbits given adrenal ster

oids. Frank! m, et aj_. (124) studied 58 patients with obstructive 

pulmonary disease which was at least in part reversible with cate

cholamine bronchodilators. They reported that the combined ef

fect of steroid and aerosol bronchodilator was found effective

in more patients, and was effective to a greater degree than ei

ther agent used singly.

Recently, a number of studies have been done which warrant 

mention here, although they do not involve smooth muscle. Logs- 

ton, et al-(126) and Parker, et al.. (127) have studied the leuko

cytes from normal and asthmatic individuals. They have shown that 

all leukocytes respond to isoproterenol stimulation with increased 

levels of cyclic AMP, although the cells from asthmatics genera

ted far lower levels of the cyclic nucleotide. When cortisol was 

added to the incubation medium it increased the ability of the 

leukocytes from asthmatics and normals to accumulate cyclic AMP 

in response to beta-adrenergic stimulation. Coffey and Middleton 

(128) have investigated ATPase activity in leukocytes from normal 

and asthmatic humans. They found that normal leukocytes have a 

ruch lower ATPase activity than those from asthmatics. They 

showed that cortisol lowered the ATPase activity in the cells
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from asthmatics. On the basis of this finding, they proposed 

that part of the activity of steroids in asthma is to reduce the 

hydrolysis of ATP. Consequently, this would increase substrate 

from which to generate cyclic AMP. They did not mention that the 

inability of the abnormal leukocytes to generate cyclic AMP might 

have stimulated an increase in ATPase simply because there was 

more ATP available that was unable to be converted to cyclic AMP 

in the normal manner.

Furthermore, it has been shown(129) that ATPase activity is 

divorced from adenylate cyclase activity and hence, from the ac

cumulation of cyclic AMP. Therefore, as Weiss has shcwn(129), 

altered ATPase activity should not affect the accumulation of 

cyclic AMP. Kuo and Renzo(130) have shown that the specific ac

tivity of ATP was constant during their experiments measuring 

changes in cyclic AMP content in tissues. Streeto and Reddy(131) 

showed evidence to suggest that the level of ATP is not the rate 

limiting step determing cyclic AMP accumulation. A lowered ATP 

level might result in changes in the activity of the cells which 

require ATP as an energy source, eg., in excitation-contraction or 

-secretion coupling and in maintenance of the membrane potential. 

Mathe and Levine(133) showed that cortisol inhibited the uptake 

of catecholamines into the cuinea-pic lung, whereas induced ana

phylaxis increased catecholamine uptake in the lung. Since they 

could find no effect of cortisol on the degradation of
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catecholamines in the guinea-pig lung, they suggested that the 

inhibition of uptake of amines would result in more adrenergic 

agent available to act on receptors to induce relaxation of 

smooth muscle or inhibit the liberation of histamine from 

parenchymal mast cells.
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Statement of purpose.

Whether or not glucocorticoids modify the relaxing action 

of beta-adrenergic agonists on respiratory smooth muscle has not 

been tested. Neither has it been shown in respiratorv smooth 

muscle thai cortisol-induced cyclic AMP accumulation, which is 

usually associated with beta-adrenergic activity, is directly re- 

latec ic the mechanical effects produced by these agonists. In 

fact, it has not been established that respiratory smooth muscle 

cces increase its cyclic AMP content in response to cortisol .

All work done to date on this subject has centered on the whole 

lung preparation, which undoubtedly contains blood cells and 

othei' tissue not directly related to the mechanical activity of 

the bronchi and bronchioles.

It is the purpose of this section of the investigation to 

study the effect of cortisol on the sensitivity of respiratory 

smooth muscle to beta-adrenergic stimulation and to investigate 

the relationship between cyclic AMD accumulation and the mechan

ical response elicited by catecholamines either with or without 

the addition of cortisol.



M A T E R I A L S  A N D  M E T H O D S

Drugs.

The drugs and chemicals used in the following experiments were 

obtained from the following: d]_-isopropyl noradrenaline hydrochlor

ide (isoproterenol), K & K Laboratories, PIainyiew, New Jersey; 

l_-arterenol hydrochloride (noradrenaline) and l_-epinephrine, Sigma 

Chemical, St. Louis, Mo.; <y_-propranolol hydrochloride, gift of 

Ayerst Laboratories, New York, N. Y.; to!azoline hydrochloride and 

phentolamine mesylate, CIBA Pharmaceutical Company, Summit, N. J.; 

acetyl-beta-methylcholine chloride (methacholine), Aldrich Chemical, 

Milwaukee, Wis.; hydrocortisone sodium succinate (cortisol), gift 

of Upjohn Laboratories, Kalamazoo, Michigan; and succinic acid di

sodium hexahydrate, Sigma Chemical, St. Louis, Mo. All concentra

tions of drugs are expressed as the final molar concentration of 

free base in the tissue bath or incubation chamber.

Working solutions of catecholamines (10~4 to 10'^1) were pre

pared daily from a stock solution of 1 0 ' which was kept refriger

ated at all times. The stock solutions were prepared from powder, 

100 mg dissolved in 0.2 ml of 1 N hydrochloric acid. The final 

concentration of 10™ i-i was achieved by dilution with saline. The 

working solutions were prepared with glucose-free Tyrode solution 

which contained a preservative (ascorbic acid, 200 rng/1). Cortisol 

was stored as the frozen powder until just before addition to the
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tissue bath, at which tine the appropriate concentration was ob

tained by dissolving the weighed powder in glucose-free Tyrode buf

fer. The beta blocker propranolol and the alpha blockers tolaxoline 

ano. pnento]amine were prepared in distilled water.

A n i m a l s .

Two strains of guinea-pigs were used for the cortisol experi

ments. In the majority of the experiments reported, a randomly 

bred, locally obtained animal was used. In other experiments a 

highly inbred variety, Strain 13, from the National Jewish Hospital 

Laboratories, Denver, Colorado was used. Procedures for the pre

paration of animal tissues were identical for both groups of ani

mals.

The randomly bred animals were used in the mechanical and bio

chemical experiments testing the effect of 2.8 X 10‘3M cortisol so

dium succinate on the action of catecholamines on the guinea-pig 

trachea. The highly inbred animals were used to determine condi

tions of steroid concentration and incubation time to be used in 

the biocliemical experiments.

Tissues used to demonstrate alpha receptors were guinea-pig 

tracheal smooth muscle and human tracheal is muscle. The guinea-pigs 

were obtained locally and were a mixed strain of animals of either 

sex. Human tracheal tissue was removed at autopsy and tested im

mediately upon removal. Only tissue from postmortem specimens less
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than 10 hr old was used.

Experimental procedure,

Mechanical experiments were performed using guinea-pig tra

cheal chains, and strips of human tracheal is muscle. Guinea-pig 

tracheas were obtained from 250-500 gm animals which were sacrificed 

by a blow on the head followed by rapid exanguination. The tra

cheas were quickly removed, placed on a wetted applicator stick and 

cleared of surrounding extraneous tissues. The trachea was cut 

according to the method of Timmerman and Scheffer(133). Each tra

cheal chain used in the mechanical experiments was divided in two, 

one section providing the experimental tissue and the other section 

serving as the experimental control. In the alpha receptor experi

ments, strips of human trachealis smooth muse!e— approximately 2-3 

mm wide— were cut transversely from the trachea after the cartilage 

rings and any extraneous connective tissue had been removed. Guin

ea-pig tracheal chains were not divided for use in the experiments 

on alpna receptors. The tracheal tissues were placed in organ baths 

lilled with a modified, phosphated Tyrode buffer containing (gm/1): 

MaCl, 8.0; KC1, 0.2; MgCl2, 0.1; Ca.Cl2, 0.2; ,NaHC03, 0.5; NaH2P04- 

H20, 0.044; and dextrose, 0.5. The bath fluid was at 37±2° C and 

was gassed with 95« oxygen and 5% carbon dioxide. Measurements 

were made i so ¡..on i cal ly using a Phipps and Byrd linear transducer 

(see Figure 1). The guinea-pig tracheal chains and human tracheal
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strips were preloaded with 0.75 gm. This amount of tension was 

used because, in preliminary length-tension experiments, it was 

shown that P0 occurred between 0.75 and 1.0 gm tension. PQ is a 

measure of the maximal tension developed by the smooth muscle in 

active contraction. P0 was measured by a modification of the 

very elegant method described by Stephens and Kromer (134), who 

extensively studied the mechanics of the tracheal smooth muscle of 

the dog. Briefly, the human tracheal strip or guinea-pig tracheal 

spiral was prepared in the same manner as described above, with 

the exception that the isotonic measuring device was replaced by 

an E & M isometric force transducer and a device to measure small 

changes in the length of the muscle preparation. Length changes 

were made at specific intervals in the experiments. At each 

length of the muscle preparation, starting at a point where the 

contracting stimulus, methacholine, induced no active increase in 

tension, the tension of the muscle was recorded. The tension in 

the absence of contracting stimulus was the passive tension; that 

produced by the methacholine was the active tension. As the length 

of the muscle was gradually increased the active tension--as well 

as the passive tension--!'ncreased until a point was reached where 

the active tension was maximal and any additional increase in 

length produced a decline in the active tension generated, while 

the passive tension continued to increase. The point at which 

the active tension was maximal was termed 'p0 ', and was found
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to be about 0.75 to 1.0 gm for both guinea-pig and human tracheal 

muscle.

In the present experiments the preparations were allowed to 

equilibrate for 1 hr prior to use. In the mechanical experiments 

the test tissue and its control were run simultaneously in sepa

rate baths using separate recording instruments. In the alpha 

receptor experiments each trachea was run individually, using each 

tissue as a complete experiment.

Alpha receptor experiments.

During the last 15 min of the equilibration period, record

ings were made of the activities of the tissue in the bath. The 

human tissues used in the alpha receptor experiments were incu

bated for the last 15 min with either an alpha blocker or a beta 

blocker, or with Tyrode buffer alone. After the incubation 

period, and without washing the blocking agent from the bath, 

epinephrine was given in successive concentrations of 10~7, 10-6, 

and 10~5p|. jn the alpha receptor experiments using guinea-pig 

tracheal chains, the concentrations of epinephrine ranged from 

10-7 to 10"5M.

Cortisol experiments.

Tone was induced in each of the two tracheal halves by the 

addition of 2.5 X 10"6M methacholine (see Figure 2). Methacholine
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was allowed to act for about 15 min or until the spasmogen had 

induced a stable, submaximal contraction (shown to be about 75- 

80% of maximum) in the tissues. It is well known that methacho- 

line induces a contraction in the guinea-pig tracheal preparation 

which is fully developed within 15 min (133). Contraction is 

maintained as a plateau for generally an hour or more, and is, 

therefore, suitable for the present studies. Following the con

traction by methacholine and without washing, cumulative concen

tration-response curves to one of the three beta-adrenergic 

agonists : isoproterenol, epinephrine, or norepinephrine were 

determined. Each dose of catecholamine was allowed to act until 

it had achieved its maximal effect, at which time the next incre

mental dose was added. This procedure was continued until no 

further relaxation of the tracheal section was recorded. Complete 

concentrati on-response curves were usually obtained in about 30 

min. After obtaining two initial concentrati on-response curves 

for each tracheal section, one half of the trachea (the test 

tissue) was incubated for 2 hr with cortisol sodium succi nate,

2.8 X 10"3M (1 mg/ml). The other half of the trachea was incubated 

for 2 hr with the same molar concentration of sodium succinate.

At the end of the incubation period the bath contents were 

changed 3 times— at 5 min intervals— and methacholine was again 

added to each bath. At the end-point of the methacholine- 

induced contraction concentration-response curves to the same 

catecholamine were again determined.
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Other experiments tested the effects of a different incuba

tion period and different concentrations of cortisol. This was 

done in an attempt to find a lower effective concentration of 

cortisol. In an experiment using isoproterenol the test tissues 

and their controls were incubated for 2 hr with 1.4 X 10“3M 

(0.5 mg/rnl) cortisol sodium succinate and sodium succinate, 

respecti vely.

Additional experiments were performed using Strain 13 guinea- 

pigs. These experiments were also done to establish further the 

best concentration and incubation times for cortisol. Test 

tissues and their controls were incubated for 2 hr with 2.8 X 

10~4M (0.1 mg/ml) cortisol sodium succinate and 2.8 X 10”4M 

sodium succinate, respectively, to determine the sensitizing 

effect of this procedure on the action of isoproterenol and 

epinephrine. Other experiments examined the effect of a 1 hr 

incubation with 2.8 X 10~3M cortisol sodium succinate and sodium 

succinate on the sensitivity of the tract as to isoproterenol and 

epinephrine.

Methods of data computation.

Alpha receptor experiments.

Alpha receptors were shown in a qualitative manner and no 

statistical tests were applied. The data consist of descriptive



47

evidence for the existence of alpha receptors in human and guinea- 

pig tracheal smooth muscle.

Cortisol experiments.

Responses to increasing concentrations of catecholamine were 

expressed as percentages of the maximal relaxation induced in the 

tissue by the specific catecholamine. From these data were calcu

lated the ED50 of a particular catecholamine for each experimental 

tissue and its control before and after the incubation with either 

cortisol sodium succinate or sodium succinate. The term 'EDgo1 

is defined as that dose or concentration of a drug which has been 

determined to produce a response in the test animal or isolated 

tissue which is 50% of the calculated maximal response capable 

for that animal or test tissue. In this case the ED50 of the 

catecholamines on the respiratory smooth muscle was that dose 

of the catecholamine which would induce relaxation equal to 50% 

of the total relaxation possible in that tissue under the condi

tions in which the measurements took place. The actual calculation 

of the ED50 is described below. The calculated EDSO's served as 

the measure of sensitivity to the catecholamine by which the 

sensitizing effect of the cortisol of the smooth muscle could be 

assessed.

file raw data were graphed as concentration-response curves. 

Each negative log-molar concentration of catecholamine was plotted
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against the response to that concentration of catecholamine in 

each individual tissue. Prohit transformations of the response 

data made possible the use of a least squares method of calculat

ing the linear regression lines representing each concentration- 

response curve. Plotting data using log-dose relationships 

improves the shape and symmetry of the curves over the plots 

obtained using the arithmetic equivalents of the doses. Normal 

curves generally are linear in the central portions (16 to 84%, 

or 1 S.D. above and below the mean log dose). When response data, 

expressed as percents, are converted to probits and plotted 

against the log-molar concentration of the agent used to elicit 

the response, the dose-response curve becomes a straight line 

which can be handled statistically in a more accurate and conveni

ent way than can the conventional sigmoid dose-response curve 

obtained when percent responses are plotted against the concen

tration of agent used. Probit values are derived from units known 

as normal equivalent deviations (N. E. D.). A 'N. E. D.1 is the 

increment in response achieved by changing the log dose by one 

standard deviation, starting at the ED50 of an idealized dose- 

response curve. When a dose-response curve has been plotted using 

probits vs the negative log-molar concentration of agonist the 

ED50 can be determined by visual inspection. A line can be drawn 

from the point on the probit axis which represents 50% response, 

through the dose-response curve. The negative log-molar concen

tration of agonist which corresponds to this probit value is the
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ED50. In these experiments, a statistical method of deriving the 

ED50 from the same data as outlined above was used, as described 

by Goldstein (135).

According to Fleming, et a]_. (136), the sensitivities to 

catecholamines of a number of smooth muscle tissues.fall into 

normal frequency distributions on a log scale rather than on an 

arithmetic scale. Therefore, the data in these experiments were 

inspected to determine whether or not they were distributed as 

Fleming has suggested. Although the numbers of individual entries 

in any one of the experiments (numbers of EDSO's) is too small to 

make any positive conclusions, the scatter of the EDSO's in an 

experiment strongly argues for a log distribution. Hence, 

geometric means were used to express mean EDSO's and log doses were 

used in the other statistical procedures which will be discussed 

later.

The data from the cortisol experiments were evaluated by the 

matched-pair t-test, as outlined by Goldstein (135). The ED50 of 

the catecholamine (as the negative log of the molar concentration 

of agonist) after the incubation procedure was subtracted from the 

respective negative log ED50 of the catecholamine before incuba

tion. The result was a measure of the difference in sensitivity 

of the trachea to the catecholamine after the incubation procedure. 

Differences in the sensitivity to the catecholamine were obtained 

for each trachea--for both cortisol sodium succinate and for
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sodium succinate. Pairs of differences ('after incubation1 minus 

'before incubation') for cortisol and succinate were used in the 

matched-pair t-test.

The null hypothesis stated that the changes in sensitivity 

of the tissues to catecholamine after cortisol sodium succinate 

were not different from the changes in sensitivity of the 

control tissues to catecholamine after sodium succinate. A 

value of p<0.05 was sufficient to reject the null hypothesis.

The initial hypothesis regarding the action of cortisol on the 

tissues specified that cortisol increased the sensitivity of 

the tissues to catecholamines. Therefore, a 1-tailed t-test 

was appropriate (135).

Determination of cyclic AMP.

Tissues for biochemical assay, as for the mechanical experi

ments, were obtained from randomly-bred guinea-pigs of the same 

weight and age. Tracheas were quickly removed from the stunned, 

exsanguinated pigs and the tracheal tube opened by cutting 

longitudinally along the border between the tracheal is muscle 

sheet and the termination of each cartilage ring. After a 

15 min preincubation in Tyrode buffer atroom temperature to 

adjust the tissue to the buffer medium each trachea was trans

ferred to a 15 ml chamber containing Tyrode solution at 37±2° C 

which was gassed with 95% oxygen and 5% carbon dioxide.



Initially, each chamber contained either preservative-free corti

sol sodium succinate (2.8 X K H m ) or an equimolar concentration 

of sodium succinate. After a 2 hr incubation a catecholamine was 

added and all owed to act for 1 min. Then the trachea was removed 

from the incubation mixture and was quickly frozen in liquid 

nitrogen and stored at -30° C. Catecholamine concentrations used 

were: isoproterenol, 10"7M; epinephrine, 10~5M; and norepin

ephrine, 1 0-5m .

Tissues were prepared for protein and cyclic AMP assays as 

described by Steiner, et aĵ . (137). First, extraneous carti 1 agenous 

and other connective tissues were removed. Then the muscle was 

frozen in liquid nitrogen and reduced to a powder using a mortar 

and pestle. One hundred mg of the frozen powder was extracted 

for cyclic AMP by the addition of 2 ml of 6% ice-cold trichlor

acetic acid (TCA). After centrifugation at 400 £  for 30 min in 

an International refrigerated centrifuge at +5° C, the resultant 

supernatant was decanted and lipids were extracted from it by the 

addition of 5 ml of petroleum ether. The tubes with the petroleum 

ether and TCA-soluble cyclic AMP mixture were gently inverted 5 

times and the petroleum ether phase was carefully aspirated.

Any remaining petroleum ether was evaporated by immersing the 

tubes containing cyclic AMP in a water bath at 75° C for 2 min. 

Afterward, the samples were dried at 6 0° c under a stream of air. 

For assay, sodium acetate buffer, 0.5 M, pH 6.2, was added to

51
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redissolve the dried cyclic AMP extracts. Cyclic AMP was 

assayed by the radioimmuno assay technique, as described by 

Steiner, et al_. (137), using the Schwartz-Mann assay kit.

A standard curve (Figure 3) was made using known amounts of 

unlabeled cyclic AMP. The cyclic AMP standards were incubated 

together with 1251-1abeled cyclic AMP and anti-cyclic AMP anti

body. The amount of labeled cyclic AMP bound depended upon the 

amount of unlabeled cyclic AMP present, since the antigen-antibody 

reaction is competitive between labeled and unlabeled cyclic AMP. 

The antibody-bound cyclic AMP, labeled and unlabeled, was preci

pitated with 30% ammonium sulfate and unbound cyclic AMP was 

removed. The amount of radioactive nucleotide was determined on 

a Hew!ett-Packard gamma scintillation spectrometer. From these 

data plus measurements on the specific activity of the label in 

the "^¡-cyclic AMP, a standard curve was drawn (Figure 3) which 

relates the percent of the total labeled AMP available which was 

bound, to the amount of unlabeled nucleotide which competed for 

binding sites on the anti-cyclic AMP antibody. Thus, the greater 

tne amount of unlabeled cyclic AMP present which could bind to 

the antibody, the less was the labeled cyclic AMP in the antibody- 

bound precipitate. When unknowns were run simultaneously with 

the standards the greater amounts of cyclic AMP in the unknown 

were reflected by fewer disintegrations and, therefore, a lower 

'percent bound1 value (see Figure 3).
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To determine total protein the precipitate remaining after 

removal of the cyclic AMP-TCA extract was dissolved with 2 N 

sodium hydroxide and assayed by the method of Lowry, et al.(l38) 

using the Folin phenol reagent. A control of purified, crystal- 

1 zed bovine serum albumin was treated in the same way as the 

test samples of protein from the tracheal specimens. Absorbances 

of the color reactions were read at 750 my on a Coleman Hitachi- 

101 spectrophotometer.

Methods of data computation.

The levels of cyclic AMP (as pM/mg of protein) were analyzed 

by the Duncan Multiple Range Test(139), at the level of 

probability.



R E S U L T S

Alpha-adrenergic receptors in guinea-pig trachea.

In these experiments the guinea-pig trachea did not consis

tently show alpha-adrenergic activity. About 20% of the tracheas 

tested demonstrated the presence of alpha receptors (about 6 out 

of a total of 27 tracheas exhibited alpha receptor activity). 

Figure 4 shows tracings of one trachea in which it was possible 

to demonstrate both alpha- and beta-adrenergic receptor activity. 

The adrenergic blocker did not interfere with the contraction 

produced by methacholine. In the absence of any blocking agent 

or methacholine (Figure 4, 'A'), epinephrine in graded doses 

produced relaxation in the trachea. Relaxation began with the 

10~6m addition of epinephrine (100 X lO-^ ,  in Figure 4). After 

the first addition of 1(WM propranolol, a beta-adrenergic 

blocking agent (Figure 4, 'B1), the relaxation formerly induced 

by epinephrine alone was changed, first to contraction beginning 

at 10™6M epinephrine, and then to relaxation at 10-5m epinephrine 

(1,000 X 10~8m , in Figure 4). With a 10-fold increase in beta 

blocker (Figure 4, 'C'), epinephrine produced contractions at both 

lO""6 ancj -jo"5M additions of catecholamine. A 100-fold-increased 

concentration of beta blocker (Figure 4. 'D ') augmented contrac

tions to epinephrine even further. When to!azoline, an alpha- 

adrenergic blocking agent, (10”5m ) was added to the bath in the
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presence of the beta blocker (Figure 4, '£') the contractions 

induced by epinephrine were greatly reduced. At a 10-fold greater 

concentration of tolazoline (Figure 4, 'F') the trachea failed

to respond to epinephrine 1 0-6 m and only contracted at a concen

tration of 1 0-5,vy

Alpha-adrenergic receptors in human trachea.

Strips of human trachea very frequently contract to epine

phrine when no other agent except the Tyrode buffer is in the 

organ bath (see Figure 5). If the tracheal strip relaxes in 

response to epinephrine, beta blockade with propranolol 10~5m 

reverses the relaxing activity, and contractions are observed.

If the tracheal muscle was already contracted in the presence of 

epinephrine without addition of beta blocker, propranolol aug

mented the contractile response (Figure 5). Phentolamine 5.6 X 

1 0-6 m , an alpha-adrenergic antagonist, produced some relaxation 

in many of the tissues by itself. When epinephrine was added in 

the presence of alpha blockade with phentolamine the tissues 

would relax further. Four of five tracheal specimens in the 

present study relaxed in response to epinephrine after phentol- 

amine; the fifth tracheal strip neither relaxed nor contracted. 

Strips or tracheal muscle from this last specimen had originally 

contracted in response to epinephrine without the addition of 

beta blocker. In all other respects all five tracheas responded

65174



as described above. Four tracheas initially contracted to epine

phrine, the fifth did not respond until beta blockade was induced. 

All five tracheas contracted in response to epinephrine in the 

presence of propranolol.

Effeet of cortisol sodium succinate, 2.8 X 10~JH, 

incubated for 2 hr, on ;m s  response of mixed-breed 

guinea-pig tracheal smocth muscle to catecholamines.

Tissue sensitivities to catecholamines are tabulated as the 

cumulative concentration of am:ne which, when applied to the 

tissue, produced a relaxation of 50% of the maximal response in 

that tissue. The dose of catecholamine producing 50% relaxation 

was derived statistically, and is known as the ED50 of that drug 

for the tissue (see pp. 43-45, Materials and Methods). EDSO's 

are listed in Tables 1-8 as the values determined before and after 

the incubation treatment with either a stated molar concentration 

of cortisol sodium succinate or with an equi-molar concentration 

of the disodium salt of succinic acid as a control.

Tables 1-3 are records of experiments in which the concen

tration of cortisol sodium succinate and sodium succinate was

2.8 X 10-3m and the incubation period was 2 hr. EDSO's are 

expressed as the log-molar concentration of catecholamine. For 

each group of experiments a mean of the log of the ED501s both 

before and after treatment is given, together with the standard
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error for that mean. Also given is the anti log transformation of 

the geometric mean. Each group of entries, before and after incu

bation, is the result of measurements on a separate tracheal 

specimen.

Isoproterenol .

iable 1 shows the effects of cortisol sodium succinate incu

bation on the sensitivity to isoproterenol of the tracheal muscle 

preparation in mixed-breed guinea pigs. The geometric mean of 

the test tissues shows a change in mean ED50 from 3.60 X 10-8m to 

2.13 X 1 0-8m , or a 1.69-fold increase in sensitivity. The geometric 

mean of the controls for this experiment changed -2 .4 4 -fold, from 

2.07 X 10-8m to 5.05 X 10~8m . When an analysis of significance 

of the change in the cortisol-treated group vs the control group, 

treated with only sodium succinate, was done by matched-pair 

t-test, it was shown that the cortisol-treated group increased in 

sensitivity (p <0.025).

Epinephrine.

Table 2 shows the effect of cortisol sodium succinate incu

bation on the sensitivity of the mixed-breed guinea-pig tracheal 

preparation to epinephrine. The sensitivity of the tracheas 

incubated with cortisol changed from a geometric mean ED5Q of 

1.13 X 10~6m to 8.61 X 10-^M; an increase in sensitivity of



1.31-fold. The control tissues decreased in sensitivity by 

1.6 6 -fold: starting at a geometric mean ED50 of 4.31 X 1 0-7m 

before incubation with succinate and ending at 7.14 X 1 0-7m after 

succinate incubation. Matched-pair t-test showed the change in 

sensitivity of the test tissues over their controls was signifi

cant (p<0.05).

Norepinephrine.

When the effect of cortisol sodium succinate incubation on 

mixed-breed guinea-pig tracheal smooth muscle sensitivity to 

norepinephrine was tested, it was found that the geometric means 

of the E D 5 0 o f  both the control, incubated with sodium succinate, 

and the test tissues, incubated with cortisol sodium succinate, 

increased to about the same degree (Table 3). The cortisol- 

treated tracheas changed from a geometric mean ED50 of 4.52 X 

10“®M to 3.45 X 1 0“6m ; a 1.31-fold increase in sensitivity. The 

control tissues changed from 5.32 X 10"6M to 3.51 X 10~6M; a 

1.52-fold increase in sensitivity. The matched-pair t-test showed 

there to be no significant difference in the changes in sensiti

vity between the test tissues and their controls.
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Effect of varying the cortisol sodiurm succinate concen

tration and time of incubation on the response of the 

guinea-pig tracheal smooth muscle to catecholamines.

Isoproterenol; cortisol 1.4 X 10~3,M; 2 hr incubation; 

mixed-breed guinea-pigs.

Table 4 lists the log ED501s of isoproterenol on tracheas 

from mixed-breed guinea pigs incubated with cortisol sodium 

succinate, 1.4 X 10"3M (0.5 mg/ml). Despite a 2.64-fold increase 

in sensitivity of the cortisol-treated group vs a 1 .3 9 -fold in

crease in sensitivity of the control group, the matched-pair 

t-test showed that these changes in sensitivity were not 

significant (p=0 .1 0).

Isoproterenol; cortisol 2.8 X 10~3M; 1 hr incubation 

Strain 13 guinea-pigs.

Table 5 lists the results of experiments done on Strain 13 

guinea-pigs. The effect of incubation for 1 hr with cortisol or 

succinate, 2.8 X 10~3m (1.0 mg/ml), on the sensitivity of the 

tracheal smooth muscle was tested. The geometric mean of the 

ED50's of the test group increased negligibly (1.1-fold); from 

5 . 4 3  X 10-8'vj to 4 . 9 4  X 10"'8m , while the control group decreased 

1.36-fold in sensitivity; from 7.62 X 1 0 "S M to 1 . 0 4  X 1 0 - 7 M . The
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matched-pair t-test showed that there was no significant change

in the sensitivity of the test group over the control group (p=

0 . 10) .

Epinephrine; cortisol 2.8 X 10-3M; 1 hr incubation 

Strain 13 guinea-pigs.

Table 6 lists the results of experiments done on Strain 13 

guinea-pigs to test the effect of cortisol sodium succinate on 

the sensitivity of the tracheal smooth muscle to epinephrine. 

Given in the table are the negative log EDSO's of epinephrine 

before and after incubation with cortisol and sodium succinate,

2.8 X 10 (1,0 mg/ml) for 1 hr. The increase in the sensiti

vity of the test tissues was 2.61-fold, from a geometric mean 

ED50 of 1.85 X 10"7M to 7.08 X 1 0^ 1, while the control tissues 

decreased in sensitivity only negligibly (1.6-fold); from 1.85 X 

1 0-7 M to 2.16 X 10-7m . Despite the large difference in the ratios 

of the geometric means, the matched-pair t-test was not signifi

cant (p<0.10). These results can be explained on the basis of 

one entry in the cortisol-treated group which increased in sensi

tivity 1.9 Jo£ unj_ts--a value far exceeding any of the other 

changes in sensitivity in that experiment.
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Isoproterenol; cortisol 2.8 X 10~4M; 2 hr incubation;

Strain 13 guinea-pigs.

When the concentration of cortisol sodium succinate was 

reduced 10-fold (Table 7), the geometric mean of the EDSO's of 

the cortisol-treated tissues was unchanged after incubation; 

from 3.19 X 10~8M to 3.21 X 10~8M. The geometric mean of the 

ED50's of the control tissues was only moderately changed (1.33- 

fold decrease); from 2.87 X 10~8M to 3.83 X 10~8M. No significant 

differences were shown between cortisol-treated and control 

tracheas.

Epinephrine; cortisol 2.8 X 10~4M; 2 hr incubation;

Strain 13 guinea-pigs.

Table 8 lists the results of an experiment where the sensi

tivity of Strain 13 guinea-pig tracheas was tested to epinephrine 

before and after a 2 hr incubation with either cortisol sodium 

succinate or sodium succinate. The geometric mean of the ED50's 

of the cortisol-treated group changed from 3.63 X lO'^M to 2.32 X 

1 0~7jvi (an increase of 1.57 times). The geometric mean of the 

ED50's of the control group did not change after incubation 

(3.11 X 1 0™7pi to 2.87 X 10"^M, or 1.08-fold increase). The 

matched-pair t-test showed that there were no significant differ

ences in the changes of sensitivity displayed by the cortisol- 

treated group and its control group.



Cyclic AMP levels in guinea-pig smooth muscle

treated with catecholamines and cortisol.

Levels of cyclic AMP were measured under very specific condi

tions. Cortisol sodium succinate or sodium succinate (2.8 X 

10“3M) was added to the incubation medium and allowed to incubate 

with the tracheal tissues for 2 hr. In addition, either iso

proterenol (1 0”7 m ) ? epinephrine (1 0"6m ), or norepinephrine (1 0“%) 

was added to the incubation mixture 1 min prior to removal of the 

tissue from the mixture for rapid freezing and assay for cyclic 

AMP (Table 9). Under these conditions, the Duncan Multiple 

Range Analysis— as outlined by Steel and Torrie (139)— showed 

statistical significance which did not appear to fit a pattern 

(see Table 10 and Figures 6 -8 ). The group of tracheas which were 

incubated with succinic acid and isoproterenol produced the 

greatest accumulation of cyclic AMP (8 . 6  ± 0.69 pM/mg of protein), 

which was greater than both the succinate-plus-saline control 

(5.65± 0.61 pM/mg of protein) and the cortisol-plus-saline 

control (5.94 ± 0.51 pM/mg of protein) (p<0.05). No other group 

produced significantly greater levels of cyclic AMP than the 

controls. The tissues incubated with succinic acid plus isopro

terenol also had significantly greater levels of cyclic AMP than 

the tissues incubated with succinic acid and either of the other 

catecholamines, or with cortisol plus norepinephrine (see Table 

10 for actual values). Tissues incubated with cortisol plus
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isoproterenol showed greater amounts of cyclic AMP than those incu

bated with cortisol plus norepinephrine, while those tissues 

incubated with cortisol plus epinephrine showed higher levels of 

cyclic AMP than those incubated with cortisol plus norepinephrine, 

a group of tissues which appeared to have particularly low amounts 

of cyclic AMP.



D I S C U S S I O N

The results of the experiments done in this investigation are 

in three areas. First, alpha receptors were demonstrated in the 

tracheal smooth muscle of two species: man and guinea-pig. The 

observations in the guinea-pig confirm the findings of other 

studies(4, 5, 6 , 7, 8 } while the demonstration of alpha receptors 

in the human trachea was an original observation reported in 

abstract form(1 0 , 1 1 ) at about the same time as similar results 

from another investigation(12). Second, beta-adrenergic receptors 

in mixed-strain guinea-pig tracheal smooth muscle were shown to 

be more sensitive to isoproterenol- and epinephrine-induced 

relaxation after a period of incubation in cortisol sodium 

succinate. No such activity was demonstrated in the tracheal 

smooth muscle of the Strain 13 guinea-pig. Cortisol was not 

observed to potentiate norepinephrine-induced relaxations in the 

smooth muscle of the tracheas of the mixed-breed guinea-pig to an 

extent greater than was observed in the sodium succinate controls. 

Third, measurements of cyclic AMP levels in cortisol-treated 

tissues challenged with catecholamine were not greater than the 

cyclic AMP levels of tracheas not treated with cortisol and 

challenged with catecholamine.
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Demonstration of alpha-adrenergic receptors.

The existence of alpha-adrenergic receptors in tracheal 

smooth muscle has been qualitatively shown in both man and guinea- 

pig. It is not possible to state from the data presented here 

whether the presence of these receptors in tracheal smooth muscle 

has any functional or pathological significance. It may be 

speculated, however, that in certain forms of respiratory disease 

these receptors, which normally may be without influence, can 

exert the bronchoconstrictive actions shown in these experiments. 

The degree to which the central autonomic nervous system influences 

the peripheral adrenergic receptors in respiratory smooth muscle 

is not clear at this time. Nadel, et al.(140) and Go!d(l41) have 

shown that in dogs the central autonomic nervous system may act 

reflexly to increase autacoid- or antigen-induced bronchocon

stricti on. If adrenergic receptors are affected in this reflex, 

it is possible that alpha receptors are in some manner made more 

reactive or sensitive to stimuli.

It has been our common experience to observe postmortem 

human tracheal tissue which exhibits the ability to contract to 

epinephrine without prior beta-adrenergic blockade. This suggests 

that beta receptor activity is diminished in these tissues. In 

many of these specimens the tissue had had time to undergo a 

significant degree of autolysis before autopsy and removal for 

testing, suggesting that the beta receptor complex is more labile
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than the alpha receptor complex and, hence, the beta receptor is 

altered functionally more readily than the alpha receptor by

inflammatory or degradative processes, such as asthma, bronchitis 

and emphysema.

It is well known that asthmatics, in addition to responding 

well to a 'pure' beta-adrenergic agonist, isoproterenol, also 

respond to a mixed-action agonist, epinephrine, which is a potent 

alpha- as well as beta-adrenergic agonist. This may indicate that 

the ratio of alpha receptors to beta receptors in the mammalian 

trachea is very small under normal conditions. The presence of 

pathology may change the ratio of functionally active adrenergic 

receptors in respiratory smooth muscle. Evidence for the fact 

that there are normally few alpha-adrenergic receptors in compari

son to beta receptors is found in Figure 4, which shows the effect 

of epinephrine on the smooth muscle of the trachea of a guinea- 

pig. It is readily seen that the effect of a submaximal dose of 

methacholine is considerably greater than a contraction induced by 

a high concentration of epinephrine, even in the presence of beta 

blockade. It was also stated in this report that not all of the 

guinea-pig tracheas tested exhibited alpha receptor activity, 

further suggesting that the alpha to beta receptor ratio is quite 

low in that species.

The same argument is difficult to put forward for human res

piratory smooth muscle adrenergic receptors, at least on the basis
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of the data presented here. The tissue made available for testing 

was considered not to be strictly normal even if the individual 

had died of causes unrelated to the pulmonary system. Delay in 

autopsy and the effect of drugs given at the terminal event 

introduce variables which cannot be fully assessed. It can be 

stated that in all of the human tracheas this laboratory has 

investigated over a period of several years it is common to see 

contraction to epinephrine without prior beta blockade— especially 

in those specimens where a pathology which would produce respira

tory inflammation or a delayed autopsy was the case. In a single 

tracheal specimen (included in the data in this report) the time 

of testing the tissue after death was extremely short and the 

cause of death in this healthy, young individual was accidental. 

Therefore the tissue was probably the best-preserved of all the 

specimens tested. It did respond to epinephrine challenge by 

contracting, but only after beta blockade. The response to 

epinephrine (without the benefit of prior contraction with metha- 

choline) was relaxation. The point of this discussion is to 

illustrate the effect of inflammation and other deleterious 

processes on the adrenergic receptor system of the mammalian 

smooth muscle. No mention has been made of the effect of drugs 

on this system.

It has been noted by others(142) that the over-use of iso

proterenol and epinephrine nebulizers causes a rebound phenomenon
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analogous to that seen in patients having over-used nose drops. 

After inhalations of the catecholamine, relief is transient and 

increased bronchoconstriction is frequently observed shortly after 

inhalation of the bronchodilator compound. An explanation for 

this rebound phenomenon is the presence of functional alpha- 

adrenergic receptors in bronchial smooth muscle. An obvious test 

of this hypothesis would be to induce alpha blockade in individuals 

who show rebound to bronchodilators. To date this specific test 

has not been done, but tests with alpha blockers in asthmatics 

have met with some, albeit limited, success(13). The effects of 

the alpha blockers to!azoline and priscoline are of very short 

duration— a characteristic which makes their alpha blocking effects 

difficult to evaluate. It is not known whether these compounds 

are particularly effective by the aerosol route, the route of

administration currently used when experiments of this nature are 

done.

Potentiation of beta-receptor activity by cortisol.

In the mechanical studies, cortisol sodium succinate was 

shown to increase the sensitivity of the guinea-pig tracheal 

muscle over the succinate controls in both isoproterenol and 

epinephrine experiments but not in the norepinephrine experiments 

(where the cortisol concentration was 2.8 X 10"3ii (1.0 mg/ml) and 

the incubation time was 2 hr). Other v/orkers have reported
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similar findings using norepinephrine to investigate the effect 

of cortisone on catechol amine-induced pressor responses in several 

species(103, 113, 119, 120).

Inspection of Tables 1, 2, and 3 shows that the sensitivity 

changes of the tracheas resulting from steroid treatment were not 

consistent. Apparently the state of the smooth muscle prior to 

incubation was of importance. If a trachea exhibited low initial 

reactivity to catecholamine stimulation it tended to be sensitized 

to a greater degree by steroid treatment than was a tissue with a 

high initial sensitivity. Tissues at close to maximal sensitivity 

prior to steroid treatment would not be able to increase in sensi

tivity much further and, as a result, would appear to be unaffected 

by the corti sol incubation. If a highly sensitive tissue spontane

ously changed sensitivity (which can occur either as an increase 

or a decrease in sensitivity) the change would more often be a 

reduction in sensitivity, since the muscle was already highly 

reactive prior to steroid treatment. There is evidence in the 

literature(143) that the contractile condition of the tissue prior 

to assay and the method of assay can affect the results of the 

determination of sensitivity of the guinea-pig tracheal prepara

tion. This paper(143) examined the difference in sensitivity to 

isoproterenol in the guinea-pig tracheal preparation when it was 

contracted either with methacholine, barium chloride, or histamine 

prior to the administration of the isoproterenol. They contrasted
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those data against data obtained by using the intrinsic tone of 

the guinea-pig tracheal smooth muscle to test the relaxing effect 

of isoproterenol. They found that in all the different situations 

the ED50 (measure of sensitivity) of isoproterenol was different. 

Thus, different amounts of intrinsic tone and different degrees 

of contraction to methacholine are apt to produce differences in 

the sensitivity to the catecholamine. These variables are 

reported to be difficult, if not impossible to eliminate(143).

Lewis, et a]_.(144) have reported that guinea-pig tracheas can 

be desensitized as a result of intense, continued beta-adrenergic 

stimulation. This phenomenon could also be due to the stimulation 

of alpha receptors, and their action would augment the total 

response even if the apparent desensitization were due to beta- 

receptor desensitization. Townley, et aT_. (117) have shown evi

dence suggesting that cortisol incubation reduced alpha-receptor 

activity in guinea-pig trachea. If cortisol desensitized alpha 

receptors in a tissue initially exhibiting a low beta-receptor 

sensitivity to isoproterenol, these beta receptors would appear 

more active even though they might not have changed in sensitivity 

because of the reduction in alpha-receptor influence. While 

cortisol has been shown to desensitize the alpha receptors in 

one experimental7) it more probably sensitizes the beta receptors 

in the same tissue. That this situation may exist in the tracheas 

tested cannot be evaluated by the data presented in this report.
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The use of specific antagonists and pure alpha and beta agonists 

would permit the clarification of this point.

Additional studies which attempted to reduce the time of 

incubation and the concentration of cortisol demonstrated the 

necessity of a long incubation period ( 2 hr) and a high concen

tration of steroid (2.8 X 10~3m ) for the potentiation of cate

chol amine responses. Unlike the experiments discussed previously, 

where mixed-breed guinea-pigs were used, a shortage of animals 

necessitated the use of both mixed-strain and Strain 13 (highly 

in-bred) guinea-pigs in the study attempting to reduce the 

treatment conditions for subsequent experiments. There are no 

reports in the literature to suggest these in-bred animals might 

react differently from the randomly-bred animals. Experiments 

using Strain 13 guinea-pig tracheas to test the effect (inde

pendently) of either a reduction of incubation time to 1 hr or 

a reduction of steroid concentration to 2.8 X 10-4m (q j  mg/ml ) 

showed that the actions of neither isoproterenol nor epinephrine 

were potentiated when these modifications of treatment conditions 

were instituted. This was not surprising, since another study, 

using mixed-breed guinea-pig tracheas incubated with cortisol 

(1.4 X 10~3m , 0.5 mg/ml) failed to demonstrate potentiation of 

the effects of isoproterenol. The conditions for experiments to 

measure cyclic AMP were based on the experiments just described.
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X!l§_effect of cortisol and catecholamine on guinea-pig

tracheal smooth muscle cyclic AMP accumulation in vitro.

The data on cyclic AMP levels did not demonstrate any effect 

of isoproterenol and cortisol on increasing the content of the 

cyclic nucleotide in the tracheal samples (except over the corti

sol plus norepinephrine group). This could have been the result 

of failure to administer the optimal concentration of isoprotere

nol, missing the peak time of accumulation of cyclic AMP, inade

quate preparation of the animals prior to the experiment, or 

errors of extraction and measurement of either cyclic AMP or 

muscle protein. Concentrations of the amines used were chosen 

on the basis of experiments, similar in part to the ones reported 

here, which were done by Murad, et al_.(146), and on the basis of 

sensitivity determinations in the present experiments. These 

experiments provided information on the dose levels of amines 

needed to elicit mechanical responses of significant but sub- 

maximal strength. The tracheal preparations used to measure 

cyclic AMP accumulation were given concentrations of amine roughly 

equivalent to the ED50 concentration established for each compound. 

It was felt that the concentration of the amine should be 

sufficiently low to permit quantitative measurements of increases 

in cyclic AMP without reaching maximum levels of accumulation of 

nucleotide. If the concentration of amine were too high, it
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would not have been possible to measure the sensitizing effect of 

cortisol. In a recent report by Murad, et al_. (146) are listed ten

fold higher concentrations of epinephrine (1 0“fy|) than used in 

the present experiments which were found to be effective in 

raising the level of cyclic AMP in guinea-pig trachea.

It is also essential that the proper time of contact between 

the tissue and the catecholamine be established so that the cyclic 

AMP accumulation is measured at its highest point. Andersson and 

Nilsson(147) and Shultz, et. alL(148) have reported data showing 

that peaks in nucleotide accumulation occur about 1 to 2 min after 

stimulation with catecholamine. Murad(145, 146) has also reported 

the same times for guinea-pig trachea challenged with epinephrine. 

In the above experiments all workers have found that, after peak 

levels of nucleotide are attained, a rapid decrease in its concen

tration takes place. The period of 1-min exposure, therefore, 

seems in order from previously reported data.

Murad(146) fasted his animals prior to sacrifice. Our 

animals were not fasted; the effect of doing so might have been 

to reduce the variability of the basal levels of nucleotide. That 

extraction of cyclic AMP and protein may have been less efficient 

than in previous experiments (145, 146) also is possible. How

ever, the cyclic AMP-extraction procedure varied little from the 

other experiments and, regardless of such error it would be 

expected that relative changes would be evident, even if they
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• were lowered in absolute value. Such changes in cyclic AMP 

levels were not seen. Gillespie, et al_.(149) reported that the 

buffers used to bathe the tissues measured for cyclic AMP levels 

could affect the basal level of nucleotide and any changes in 

nucleotide concentration resulting from stimulation of the 

tissues with such agents as catecholamines. A buffer with 

phosphate and bicarbonate similar to the one used in the present 

experiments depressed changes in cyclic AMP after stimulation 

(149). It is possible, therefore, that instead of differences 

in efficiency of extraction of the nucleotide a biochemically- 

induced depression of cyclic AMP was present. Gillespie's group 

(149) did show that the relative changes in nucleotide concentra

tion that were produced by any of the buffers they tested were in 

the same direction and that only the absolute amounts of material 

measured differed. Brocklehurst(l50) has reported that succinic 

acid, or any compound that will feed directly into the Krebs 

Cycle, can release histamine from the mast cells of guinea-pigs.

It seems at least possible that if histamine were released that 

it could have stimulated the generation of cyclic GMP(148).

Cyclic GMP has been shown to stimulate the hydrolysis of cyclic 

AMP and to inhibit the formation of new cyclic AMP under certain 

conditions (151), and this might also account for the consistently 

low levels of cycle AMP measured and the lack of effect of cate

cholamine in stimulating the accumulation of the nucleotide. On
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the basis of the mechanical experiments, it also suggests that 

tracheal relaxation is not wholly dependent on cyclic AMP levels; 

however, this is highly speculative. Palmer(152) has measured 

the accumulation of cyclic AMP in whole-lung slices from rats and 

guinea-pigs. He found that after challenge either with epine

phrine or histamine the cyclic AMP levels in the lung slices were 

elevated. He concluded that cyclic AMP was not connected with 

muscle contraction in the lung. Since he was working with whole 

lung and not only the smooth muscle from the bronchi, bronchioles, 

or trachea, his work can be only added as suggestive evidence and 

not conclusive proof. The conclusive experiment on pure smooth 

muscle from the respiratory tract has not been done.

It must be mentioned that succinic acid, when added to the 

tissue bath in the mechanical experiments, caused no change in 

the tone of the tracheal preparation, nor did cortisol sodium 

succinate. While cortisol seemed to inhibit contractions caused 

by methacholine in an occasional trachea (about 1 in 5 ), succinic 

acid in the control bath did not. The action of cortisol in 

reducing the contraction to methacholine might be explained on 

the basis of experiments done showing that steroids block the 

action of certain spasmogens(83, 84, 85, 8 8 , 91), or to a less 

specific action related to the effect on tissue receptors of any

compound in very high concentration: simple physico-chemical 

interference.
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Cortisol levels of 2.8 X 10-3f, (1 mo/ml ) are about 10 times 

higher than pharmacologic plasma levels in man(153). The argu

ment can be made that data resulting from such high concentrations 

are subject to more influences than the ones that have already 

been listed, i.e., toxic effects leading to metabolic poisoninn-

however, it is hard to estimate exactly how much cortisol in 

the bath was actually available to the tissue, since it is well 

known that cortisol adheres to glass surfaces(26). Furthermore, 

the experiments were done on guinea-pig trachea, tissue from

animals which have plasma cortisol levels 3 times higher than 

those found in man(50).

This paper has shown that steroid potentiation of mechanical

responses to catecholamines is not necessarily associated with a 

concomitant increase in cyclic AMP. Harbon and Clausner(l5 4 ) 

and Sutter and Collins(155) have also concluded that cyclic AMP 

levels in smooth muscle are not necessarily associated with 

mechanical activity. Schaeffer, et a h (156) have demonstrated a 

decrease in the hyperglycemic effect of epinephrine and cyclic 

AMP after adrenalectomy. This suggested to them that the lesion 

produced by the absence of corticosteroids was beyond adenylate 

cyclase, possibly at the level of liver phosphorylase, because 

the levels of inactive phosphorylase are markedly increased after 

adrenalectomy, and are not decreased by cyclic AMP or epinephrine 

The possibility remains that cortisol acts in the same manner
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here as well, although definitive experiments such as enzyme 

kinetic studies and studies on possible steroid potentiation of 

relaxation induced by cyclic AMP have not been done.



C O N C L U S I O N

The presence of alpha-adrenergic receptors in the respiratory 

smooth muscle of man and guinea-pig has been shown. The question 

has been raised as to the significance of these adrenergic recep

tors in disease. Evidence has been given that alpha blockers are 

sometimes efficacious in the treatment of asthmatics, it has 

been discussed that ease of demonstration of alpha receptors in 

in. vitro human tracheal specimens is often related to the degree 

of pulmonary disease in the individual from whom the specimen was 

taken and also to the amount of time autolytic enzymes of the 

body had acted on the tracheal specimens prior to removal at 

autopsy-increasing the likelihood that the receptors of the 

trachea had undergone deleterious alteration. This suggests that 

pathology can alter the ratio of functionally active adrenergic 

receptors which may result in increased bronchial tone. This is 

not to contend that alpha receptors are the only means by which 

increased tone in the lung is achieved.

The effect of cortisol in increasing the catecholamine sensi

tivity of guinea-pig trachea was shown for isoproterenol and 

epinephrine, but not for norepinephrine. It is suggested that 

this action of cortisol is one of the means by which steroids 

exert their anti-asthmatic effects.
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Biochemical experiments to evaluate the effect of cortisol 

in increasing cyclic AMP content upon catecholamine stimulation 

showed that such an effect was not apparent. Thus, while cortisol 

increased the sensitivity of tracheas to the relaxing effect of 

catecholamines, the effect of the steroid on augmenting cyclic 

AMP accumulation is not evident.

It is suggested that the relaxation produced by catecholamines 

in tracheal smooth muscle is not directly related to the accumula

tion of cyclic AMP in that tissue. It must be appreciated that 

since the levels of cyclic AMP did not increase when challenged 

with catecholamine, this suggestion is not conclusive.



TABLE 1. SENSITIVITY OF GUINEA-PIG TRACHEAL SMOOTH MUSCLE TO
ISOPROTERENOL BEFORE AND AFTER INCUBATION WITH
CORTISOL OR SODIUM SUCCINATE.

CORTISOL 2.8 X 10 "3m SODIUM SUCCINATE rx> C
O

X o 1 C
O

-Log Molar ED50 of Isoproterenol

Preincubation Postincubation Preincubation Postincubation

7.456 7.536 7.824 7.076

7.356 7.143 8 . 8 8 6 8.721

8 . 8 8 6 9.000 8.824 7.796

6.854 8.060 6.066 6.244

6.936 6.947 7.187 6.678

7.180 7.347 7.319 7.268

Mean 7.444 7.672 7.684 7.297

SEM 4 0 ' 305 ±0.308 ±0.438 ±0.357

aLog 3.60 X 10~8M 2.13 X 10-Sm 2.07 X 10-8m 5.05 X 10“8M

The sensitivities of guinea-pig tracheal smooth muscle to 
isoproterenol are listed as the -logs of the EDSO's of the cate
cholamine. Below the EDSO's are given the log and the arithmetic 
transformations of the geometric means of the EDSO's before and 
after cortisol sodium succinate and sodium succinate, as a control. 
Incubation time was 2 hr. Concentrations of cortisol and sodium 
succinate are 2.8 X 10-3M (1 mg/ml). Mixed-strain quinea-pias 
were used.



TABLE 2.

81

SENSITIVITY OF GUINEA-PIG TRACHEAL SMOOTH MUSCLE TO
EPINEPHRINE BEFORE AND AFTER INCUBATION WITH CORTISOL
OR SODIUM SUCCINATE.

CORTISOL 2.8 X 10~3m SODIUM SUCCINATE 2.8 X 1 0"3m

-Log Molar ED50 of Epinephrine

Preincubation Postincubation Preincubation Postincubation

6.131 6.060 6.125 5.796

5.387 5.569 6.585 6.585

5.137 1 6.420 5.854 6.432

6.456 5.620 6.377 5.523

6.620 6.658 6 . 8 8 6 6.398

Mean 5.946 6.065 6.365 6.146

+
SEM

±0.293 ±0.215 ±0.179 ±0.206

aLog 1.13 X 10-6M 8.61 X 10"7M 4.31 X 10-7M 7.14 X 10 "7m

The sensitivities of guinea-pig tracheal smooth muscle to
epinephrine are listed as the -logs of the ED50's of the cate
cholamine. Below the ED50's are given the log and arithmetic 
transformations of the geometric means of the ED50's before and 
after cortisol sodium succinate and sodium succinate. Incubation 
time was 2 hr. Concentration of cortisol and sodium succinate 
is 2.8 X 10~3m (1 mg/ml). Mixed-strain guinea-pigs were used.
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SENSITIVITY OF GUINEA-PIG TRACHEAL SMOOTH MUSCLE TO
NOREPINEPHRINE BEFORE AND AFTER INCUBATION WITH CORTISOL
OR SODIUM SUCCINATE.

CORTISOL 2. 8 X 10"3M SODIUM SUCCINATE 2.8 X 10"3M

-Log Molar ED50 of Norepinephrine

Preincubation Postincubation Preincubation Postincubation

4.959 4.959 5.207 5.456

5.155 5.699 5.066 5.060

5.569 5.420 5.602 5.284

5.699 5.444 5.000 5.569

4.921 5.328 4.886 5.569

5.770 5.921 5.886 5.796

Mean 5.345 5.462 5.274 5.455
+
SEM ±0.155 ±0.134 ±0.159 ±0.104

aLog 4.52 X 10"6M 3.45 X 10“6M 5.32 X 10~6M 3.51 X 10"6m

The sensitivities of guinea-piq tracheal smooth muscle to 
norepinephrine are listed as the -logs of the EDSO's of the cate
cholamine. Below the EDSO's are given the log and arithmetic 
transformations of the geometric means of the EDSO's before and 
after cortisol sodium succinate or sodium succinate control. Incu
bation time was 2 hr. The concentration of cortisol and sodium 
succinate was 2.8 X 10~3M (1 mg/ml). Mixed-strain guinea-pias 
were used.
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SENSITIVITY OF GUINEA-PIG TRACHEAL SMOOTH MUSCLE TO
ISOPROTERENOL BEFORE AND AFTER INCUBATION WITH
CORTISOL OR SODIUM SUCCINATE.

CORTISOL 1.4 X 10"3m SODIUM SUCCINATE 1.4 X 10~3M

-Log Molar ED50 of Isoproterenol

Preincubation Postincubation Preincubation Postincubation

6.268 7.523 6.420 6.658

6.699 7.092 6.824 6.854

7.097 1 7.409 7.854 7.854

6.824 7.187 6.161 6.824

6.921 6.854 6.770 6.770

6.745 6.959 7.041 6.959

Mean 6.759 7.170 6.845 6.986
+
SEM

±0.114 ±0.105 ±0.239 ±0.178

aLog 1.78 X 10-7M 6.74 X 10"8M 1.43 X 10-7M 1.03 >

The sensitivities of guinea-pig tracheal smooth muscle to 
isoproterenol are listed as the -logs of the EDSO's of the 
catecholamine. Below the EDSO's are given the log and arithmetic 
transformations of the geometric means of the EDSO's before and 
after cortisol sodium succinate or sodium succinate control.
Note that the concentration of cortisol and sodium succinate is
1.4 X 10"3m (0.5 mg/ml). Incubation time was 2 hr. Mixed- 
strain guinea-pigs were used.

<
I



TABLE 5. EFFECT OF ONE-HOUR INCUBATION ON STEROID-INDUCED
CHANGES OF ISOPROTERENOL SENSITIVITY IN STRAIN 13
GUINEA-PIG TRACHEAL SMOOTH MUSCLE.

CORTISOL 2.8 X 10-3m SODIUM SUCCINATE 2 . 8  X 1 0 " 3 m

-Log Molar ED50 of Isoproterenol

Preincubation Postincubation Preincubation Postincubation

7.366 7.538 7.337 7.347

7.114 7.276 7.229 6.854

7.409 7.398 7.076 7.018

7.171 7.013 6.830 6.706

Mean 7.265 7.306 7.118 6.981

+
SEM ±0.072 ±0 . 1 1 1 ±0 . 1 1 0 ±0.138

aLog 5.43 X 10"8M 4.94 X 10“8M 7.62 X 10"8M 1.04 X 10"7M

The sensitivities of guinea-pig tracheal smooth muscle to 
isoproterenol are listed as the -logs of the ED50's of the cate
cholamine. Below the ED50's are given the log and arithmetic 
transformations of the geometric means of the EDSO's before and 
after cortisol sodium succinate or sodium succinate control.
The concentration of cortisol and sodium succinate is 2.8 X 10~3M 
(1 mg/ml). Incubation time was 1 hr. Strain 13 guinea-pigs were 
used.
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TABLE 6. EFFECT OF ONE-HOUR INCUBATION ON STEROID-INDUCED
CHANGES OF EPINEPHRINE SENSITIVITY IN GUINEA-PIG
TRACHEAL SMOOTH MUSCLE.

CORTISOL 2.8 X 10~3M SODIUM SUCCINATE 2.8 X 10"3M

-Log Molar ED50 of Epinephrine

Preincubation Postincubation Preincubation Postincubation

6.799 8.699 6.983 7.143

6.703 6.951 6.609 6.569

6.465 ! 6.488 6.436 6.189

7.032 7.060 6.818 6.876

6 . 6 6 6 6.551 6.812 6.547

Mean 6.733 7.149 6.731 6.664

SEM ± 0 - 092 ±0.403 ±0.095 ±0.162

aLog 1.85 X 10-?M 7.08 X 10"8M 1.85 X 10-7M 2.16

The sensitivities of guinea-pig tracheal smooth muscle to 
epinephrine are listed as the -logs of the EDBO's of the cate
cholamine. Below the ED50's are given the log and arithmetic 
transformations of the geometric means of the ED501s before and 
after cortisol sodium succinate or sodium succinate control. The 
concentration of cortisol and sodium succinate was 2.8 X 10_3M 
(1 mg/ml). Incubation time was 1 hr. Strain 13 guinea-pigs were 
used.
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EFFECT OF A TWO-HOUR INCUBATION ON STEROID-INDUCED
CHANGES OF ISOPROTERENOL SENSITIVITY IN STRAIN 13
GUINEA-PIG TRACHEAL SMOOTH MUSCLE.

CORTISOL 2,.8 X 10"4M SODIUM SUCCINATE 2.8 X 10"4M

-Log Molar ED50 of Isoproterenol

Preincubation Postincubation Preincubation Postincubation

7.377 7.292 7.569 7.567

7.620 7.638 7.420 7.222

7.620 7.796 7.770 7.796

7.366 7.252 7.409 7.081

Mean 7.495 7.494 7.542 7.417
+
SEM

±0.072 ±0.133 ±0.084 ±0.162

aLog 3.19 X 10~8M 3.21 X 10"8M 2.87 X 10"8M 3.83 X 10~8M

The sensitivities of guinea-pig tracheal smooth muscle to 
isoproterenol are listed as the -logs of the EDSO's of the cate
cholamine. Belov/ the EDSO's are given the log and arithmetic 
transformations of the geometric means of the EDSO's before and 
after cortisol sodium succinate and sodium succinate as control. 
The concentrations of cortisol and sodium succinate are 2.8 X 
10~4M (0.1 mg/ml). Incubation time was 2 hr. Strain 13 guinea- 
pigs were used.
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TABLE 8. EFFECT OF A TWO-HOUR INCUBATION ON STEROID-INDUCED
CHANGES OF EPINEPHRINE SENSITIVITY IN STRAIN 13
GUINEA-PIG TRACHEAL SMOOTH MUSCLE.

CORTISOL 2. 8 X 10~4M SODIUM SUCCINATE 2.8 X 10"4M

-Log Molar ED50 of Epinephrine

Preincubation Postincubation Preincubation Postincubation

6.500 6.757 6.402 6.509

6.294 6.458 6.398 6.378

6.309 6.449 6.536 6.388

6.638 6.987 6.699 6.835

6.458 6.519 6.500 6.602

Mean 6.439 6.634 6.507 6.542
+

SEM ±0.064 ±0.104 ±0.055 ±0.884

aLog 3.63 X 10-7M 2.32 X 10"7M 3.11 X 10"7M 2.87 X 10"7M

The sensitivities of guinea-pig tracheal smooth muscle to 
epinephrine are listed as the -logs of the EDSO's of the cate
cholamine. Below the ED50's are given the loq and arithmetic 
transformations of the geometric means of the~ED50's before and 
after cortisol sodium succinate or sodium succinate control. The 
concentration of cortisol and sodium succinate is 2.8 X 10 "4M 
(0.1 mg/ml). Incubation time was 2 hr. Strain 13 guinea-pigs 
were used.
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TABLE 9. CYCLIC AMP IN GUINEA PIG TRACHEA.

Succ. 
Sal.

Cort 
Sal.

Succ.
Iso.

Cort. 
Iso.

Succ. 
Epi.

Cort.
Epi.

Succ. 
NEpi.

Cort. 
NEpi.

8.73 6 . 6 8 7.20 9.32 5.66 8.63 4.68 0.28

5.48 7.28 7.47 5.43 6.81 1 .74 6.34 6.98

4.66 3.45 11.04 7.62 3.60 8 . 8 6 4.61 1 .46

4.46 4.98 7.94 6.51 6.41 9.56 3.76 5.06

5.13 7.71 10.47 5.85 7.13 3.84 7.44 4.83

4.28 6 . 2 0 7.50 7.77 — 8.94 4.02 5.34

6.84 6.60

— 4.65

X
+

5.65 5.94 8.60 7.08 5.92 6.93 5.14 3.99

SEM 0.61 0.51 0.69 0.59 0.63 1 .34 0.59 1.04

Cyclic AMP was measured as pica moles of nucleotide per milli
gram of muscle protein. Additions to the Tyrode solution were 
cortisol sodium succinate (Cort,) or sodium succinate (Succ ) 
both of which were at 2.8 X 10"3M. Additions to the bath con- 
sisted of saline (Sal.), isoproterenol 10"7M (Iso), epinephrine 
10"bM (Epi), and norepinephrine 10~5M (NEpi).
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TABLE 10. CYCLIC AMP IN TREATMENT GROUPS OF TRACHEAS SHOWING 
SIGNIFICANTLY ALTERED AMOUNTS OF NUCLEOTIDE.

TREATMENT GROUP SHOWING TREATMENT GROUPS OF TRACHEAS
ELEVATED CYCLIC AMP HAVING SIGNIFICANTLY LESS CYCLIC

AMP THAN GROUP AT LEFT (p<0.05)

Succinate + Isoproterenol Cortisol + Norepinephrine
8.60 pM/mg N = 6 3.99 pM/mg N = 6

Succinate + Norepinephrine 
5.14 pM/mg N = 6

Succinate + Saline 
5.65 pM/mg N = 7

Succinate + Epinephrine 
5.92 pM/mg N = 5

Cortisol + Isoproterenol
7.08 pM/mg N = 6

Cortisol + Saline 
5.94 pM/mg N = 8

Cortisol + Norepinephrine 
3.99 pM/mg N = 6

Cortisol + Epinephrine Cortisol + Norepinephrine
6.93 pM/mg N = 6 3.99 pM/mg N = 6

Groups of tracheas were incubated for 2 hr in Tyrode's solu
tion containing either cortisol sodium succinate (Cortisol) or 
sodium succinate (Succinate), both at 2.8 X 10~3m . One min prior 
to removal from the incubate and freezing in liquid nitrogen, a 
catecholamine or saline of equal volume and pH was added: either 
isoproterenol (ICT'M), epinephrine (10~^M), or norepinephrine 
(10~5p!). Cyclic AMP levels in the tracheal specimens were 
measured by radioimmuno assay (137) and statistical significance 
was determined by Duncan's Multiple Range Analysis (p<0.05) (139). 
Levels of cyclic AMP are expressed as pM of cyclic AMP/mg of 
muscle protein.



Fi gure 1.

Diagram of the isotonic myograph preparation used to record the mechanical activity of 
guinea-pig tracheal smooth muscle (reproduced from the E & M Instruction Manual, E & M 
Instrument Company, Inc., Houston, Texas). VOO



Figure 2

Epinephrine IO"8M
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The tracings represent a typical series of isotonic contractions of the guinea-nio tr.r!,P i 
smooth muscle in response to methacholine (Me.) (contraction is upward). Relaxation was indilr h 
in the contracted muscle with graded doses of catecholamine (in this case epinephrine) M d " 0 
tions of epinephrine are indicated by the arrows at the top of the contraction tracina" the 1 ™ 
concentration of catecholamine added at the arrow is indicated by the number above the’arm./ 
which refers to the amount of amine times 10~8M. Between the two contraction-relaxation -vpIpc 
shown, an incubation with cortisol sodium succinate (HC), 2.8 X 10“3-̂ , was carried out for 2 h



Figure 3.

Standard curve used in the cyclic AMP assay. Known concentrations of cold cyclic AMP were 
plotted against the displacement of radio-labeled cyclic AMP which occurred as a result of the 
competitive interaction of hot and cold nucleotide and specific antibody. IOrv>



Figure 4.

M , Methacholine 
5XIO"6

Epi, Epinephrine 
IO '8

Pro, Propranolol 
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Demonstration of alpha-adrenergic receptors in guinea-pig tracheal smooth muscle. A con
traction of about 70-80% of maximal was induced in the smooth muscle with methacholine (M),
5 X 10~* 5  *M, and relaxation was induced with epinephrine (Epi), 10~7M. In the absence of any 
induced tone (e.g., due to the addition of a spasmogen), epinephrine alone and in the presence
of various combinations of beta-adrenergic (propranolol, Pro.) and alpha-adrenergic (tolazoline, 
Tol.) blockers was added in graded increments of concentration. Additions of epinephrine are 
noted underneath each of the 6 tracings as 1, 10, 100, or 1000 X 10_^M. Concentrations of
propranolol are noted beside the abbreviation, Pro. as 0, 1, 10, or 100 (2 X 10-7 M). Concentra
tions of tolazoline are noted beside the abbreviation Tol. as 0, 1, or 10 ( 6 X 10"bM). Tracings 
A-F used the same tracheal strip throughout the experiment. See text, pp. 51-52 for description.

co



Figure 5.

Demonstration of alpha-adrenergic receptors in human tracheal smooth muscle. The upper 
tracing shows contractions in response to the addition of epinephrine alone. The center 
tracing shows contractions to the same concentrations of epinephrine after propranolol, a 
beta-adrenergic blocking agent. The bottom tracing shows the inhibition of alpha receptor 
activity by phentolamine. A slight relaxation is seen at the highest concentration of 
epineohrine, suggesting the initiation of beta-adrenergic activity.



Figure 6.
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ISO.
Cyclic AMP accumulation in guinea-pig tracheal smooth muscle in response to isoproterenol, 

1Q-7m . Tracheal strips were incubated in either cortisol sodium succinate or sodium succinate
2.8 X 10™3M, for 2 hr prior to the addition of saline or isoproterenol for 1 min. Tissues 
were then assayed for cyclic AMP. Tissues incubated in sodium succinate and challenged with 
isoproterenol had greater amounts of cyclic AMP than either of the controls (incubated with 
cortisol sodium succinate or sodium succinate and challenged with saline) (p<0.05). No other 
groups of tracheas were significantly different from any other. LOin



Figure 7.

Cyclic AMP accumulation in guinea-pig tracheal smooth muscle in response to epinephrine, 
10"6M. Tracheal strips were incubated in either cortisol sodium succinate or sodium succinate,
2.8 X 10“3M, for 2 hr prior to the addition of saline or epinephrine for 1 min. Tissues were 
then assayed for cyclic AMP. None of the groups of tissues was shown to have significantly 
different levels of cyclic AMP from any other group in the experiment.



Figure 8.

Cyclic AMP accumulation in guinea-pig tracheal smooth muscle in response to norepinephrine, 
1 0_5y. Tracheal strips were incubated in either cortisol sodium succinate or sodium succinate,
2.8 X 1 0_8m , for 2 hr prior to the addition of saline or epinephrine for 1 min. Tissues were 
then assayed for cyclic AMP. None of the groups of tissues was shown to have significantly 
different levels of cyclic AMP from any other group in this experiment. IO



98

B I B L I O G R A P H Y

1 .

2.

3.

4.

5.

6 .

7.

8 .

9.

10.

11.

Foster, R. H.: The nature of the adrenergic receptors in the 
trachea of tne guinea-pig. J. Pharm. Pharmacol. 18: 1 - 1 2  
1969. — ’ ’

Danko, G. S., Tozzi, S. and Roth, F. E.: Determination of the 
adrenergic^receptor mechanism of the isolated guinea pio 
trachea utilizing a new technique. Federation Proc 27^
351, 1968. ' " —

Foster, R. W.: The paired tracheal-chain preparation J 
Pharm. Pharmacol. 1 2 : 189-191, 1960.

Even"tt, B. J. and Carincross, K. D.: Adrenergic receptors 
in the guinea-pig trachea. J. Pharm. Pharmacol. 21: 97-103IQAQ -- *

Fleisch, J. H., Maling, H. M. and Brodie, B. B.: 
the existence of alpha-adrenergic receptors in 
trachea’. Am. J. Ahysiol. 218: 596-599, 1970.

Evidence for 
the mammalian

Kasses, K., Beinfeld, W. H., 
Alpha adrenergic receptors 
chain. Pharmacologist 1 0 :

Seifter, E. and Seifter, J.: 
in isolated guinea pig tracheal 
206, 1958.

Persson, H. and Johnson. B.: Adrenergic receptors in the 
guinea pig trachea and lung. Acta Pharmacol. 28: 49-56,

Takagi, K., Osada, E., Takayanagi, I. and Taga, F.: Adrener- 
V\o ! ^ eptors on some organs. Arch. int. Pharmacodyn. 168:

Guirgis, H. M. and McNeill, R. S.: The nature of the adrener
gi preceptors in isolated human bronchi. Thorax 24: 613-615,

Adolphson, R. L., Abern, S. B. and Townley, R. G.: Demonstra
tion of alpha-adrenergic receptors in human respiratory smo
oth muscle. Clin. Res. 18: 629, 1970.

Adolphson, R. L., Abern, S. B. and Town ley, R. G.: Human and 
guinea-pig airways smooth muscle--demonstration of alpha- 
adrenergic receptors. J. Allerg, 47: 110-111, 1971.



99

12. Mathe, A. A., Astrom, A. and Persson, N.-A.: Some bronchocon-
stricting and bronchodilating responses of human isolated 
bronchi: evidence for the existence of alpha-adrenoceptors.
J. Pharm. Pharmacol. 23; 905-910, 1971.

13. Marcelle, R.: Phentolamine management of asthma. Acta Allerg.
24: 432-436, 1969.

14. Cocoa, A. F., Walzer, M. and Thomas, A. A.: Asthma and Hay
Fever in Theory and Practice, Charles Thomas, Publisher, 
Baltimore, Md. 1937.

15. Carrier, H. M., Koelschi, L. E., Prickman, L. E. , Maytum, C.
K. , Lake, C. L. and Williams, H. L.: The effect of cortisone 
on bronchial asthma and hay fever occurring in subjects sen
sitive to ragweed pollen. J. Allerg. 21: 282-287, 1950.

16. Baldwin, H. S., Dworetzky, M. and Issacs, N. J.: Evaluation
of steroid treatment of asthma since 1950. J. Allerg. 32; 
109-118, 1961.

17. Bickerman, H. A. and Barach A. L.: Comparative results of the
use of ACTH, cortisone and hydrocortisone in the treatment 
of intractable bronchial asthma and pulmonary emphysema.
J. Allerg. 25: 312-324, 1954.

18. Watanabe, S., Renzetti, A. D. and Bilger, A.: Bronchodilabor
and corticosteroid effects on regional airway and total air
way resistence in patients with asthma, chronic bronchitis 
and chronic pulmonary emphysema. Amer. Rev. Resp. Dis. 106: 
392-403, 1972.

19. Aviado, D. M. and Carrillo, L.: Antiasthmatic action of cor
ticosteroids: a review of the literature on their mechanism 
of action. J. Clin. Pharmacol. 10; 3-11, 1970.

20. Selye, H.: Use of "granuloma pouch" technic in the study of
antiphloaistic corticoids. Proc. Soc. Exp. Biol. Med. 6 6 : 
323-333, 1955.

21. Weissmann, G. and Dingle, J.: Release of lysosomal protease
by ultraviolet irradiation and inhibition by hydrocortisone. 
Exp. Cell Res. 25: 207-210, 1961.

22. Bingham, A. D., Standish, M. M. and Weissmann, G.: The action
of steroids and streptolysins on the permeability of phospho
lipid structures to cations. J. Mol. Biol. 13; 253-259, 1965.



100

23. Lewis, D. A,, Symons, A. H. and Ancil, R. J.: The stabiliza
tion-lysis action of anti-inflammatory steroids on lyso
somes. J. Rharm. Pharmacol. 22: 902-903, 1970.

24. Pollock, S. G. and Brown, J. H .: Studies on the acute inflam
matory response: III. Glucocorticoids and vitamine E (in 
vivo) attenuate thermal labilizaticn of isolated hepatic" 
lysosomes. J. Pharmacol. Exp. Ther. 178: 609-615, 1971.

25. Ballard, P. L. and Tompkins, G. M.: Hormone induced modifica
tion of the cell surface. Nature 244: 344-345, 1969.

26. Weissmann, G.: Effects of corticosteroids on the stability
and fusion of biomembranes. j_n: Asthma; Physiology, Immuno- 
pharmacology, and Treatment, ed. by K. F. Austen and L. M. 
Lichtenstein, pp. 221-232, Academic Press, New York, 1973.

27. Keeney, E. L. and Palmer, L. A.: Pathology of cortisone-treat-
ed asthma. J. All erg. 36: 97-108, 1965.

28. Coombs, R. R. A. and Gel!, P. G. H.: Classification of aller
gic reactions responsible for clinical hypersensitivity and 
disease, jm: Clinical Aspects of Immunology, ed. by R. R.
A. Coombs and P. G. H. Gel!, pp. 575-596, F. A. Davis, Pub
lisher, Great Britain, 1968.

29. Ishizaka, K., Ishizaka, T. and Lee, E. H.: Physiochemical
properties of reaginic antibody II. Characteristic proper
ties of reaginic antibody different from human yA isohem
agglutinin and D-globulin. J. All erg. 37: 336-349, 1966.

30. Pepys, J., Hargreave, F. E. and Chan, M.: Inhibitory effects
of disodium chromoglycate (Intal) on allergen inhalation 
tests. Lancet 2: 134, 1968.

31. Ingle, D. J.: Repeated atrophy of the thymus from administra
tion of adrenal cortical extracts to rats. Proc. Soc. Exp. 
Biol. Med. 38: 443-444, 1938.

32. Dougherty, T. F. and White, A.: Influence of hormones on lym
phoid tissue structure and function: The role of the pitui
tary adrenotropnic hormone in the regulation of the lympho
cytes and other cellular elements of the blood. Endocrin
ology 35: 1-14, 1944.



1 0 1

33. Heilman, D. H.: The effect of 11-dehydro, 17-hydroxycortico-
sterone on lymphocytes in tissue culture. Proc. of Staff 
Meetings of the Mayo Clinic 20: 310-312, 1945.

34. Herbert, P. H. and DeVries, J. A.: The administration of
adrenocorticotrophic hormone to normal human subjects: The 
effect on leucocytes in the blood and on circulating anti
body levels. Endocrinology 44: 259-273, 1949.

35. Ni col, T. and Snell, R. S.: Effect of cortisone on the retic-
uloendothelium. Nature 177: 430-431, 1956.

36. Nicol, T. and Bilbeg, D. L. J.: Effect of cortisone on the 
blood. Mature 177: 524, 1956.

37. Snell, R. S. and Nicol, T.: Effect of cortisone on the serum 
gamma globulin. Nature 177: 578, 1956.

38. Billingham, R. E., Krohn, P. L. and Medawar, P. B.: Effect of
cortisone on survival of skin homografts in rabbits. Brit. 
Med. J. 1_: 1157-1163, 1951.

39. Billing'ham, R. E., Krohn, P. L. and Medawar, P. B. : Effect of
locally applied cortisone acetate on survival of skin homo
grafts in rabbits. Brit. Med. J. 2y 1049-1053, 1953.

40. Medawar, P. B. and Sparrow, E. M.: The effects of adrenocorti
cal hormones, adrenotrop'nic hormone and pregnancy on skin 
transplantation immunity in mice. J. Endocr. _14: 240-256, 
1956.

41. Berglund, K. and Fagraeus, A.: A biological factor inhibiting
the effect of cortisone on antibody formation. Nature 177: 
233-234, 1956.

42. Germuth, F. C. and Ottinger, B.: Effect of 17-hydroxy, 11-de- 
hydrocorticosterone (cpd E) and of ACTH on Arthus reaction 
and antibody formation in the rabbit. Proc. Soc. Exp. Biol. 
Med. 74: 815-823, 1950.

Germuth, F. G., Ottinger, B. and Oyana, J.: Influence of cor
tisone on experimental hypersensitivity and circulating anti
body in the guinea-pig. Proc. Soc. Exp. Biol. Med. 80: 188, 
1952.

43.



1 0 2

44. Haris, 5. and Harris, T. H.: Effect of cortisone on some re
actions of hypersensitivity in laboratory animals. Proc.
Soc. Exp. 3iol. Med. 74: 186-189, 1950.

45. Mirick, G. S.: The effects of ACTH and cortisone on anti
bodies in human beings. Bull. Johns Hopkins Hospital 8 8 : 
332-351, 1951.

46. Larson, D. L. and Tomlinson, L. J.: Quantitative antibody
studies in man. I. The effect of adrenal insufficiency and 
cortisone on the level of circulating antibodies. J. Clin. 
Invest. 30: 1451-1455, 1951.

47. Friedman, H. T.: The influence of cortisone and hydrocortisone
on the production of circulating antibodies in human beings. 
J. All erg. 24: 342-347, 1953.

48. Hicks, R.: Corticosteroid modification of guinea-pig anaphy
laxis. J. Pharm. Pharmacol. 21: 202-203, 1969.

49. Feinberg, S. M. and Malkiel, S.: Protective effect of corti
sone on induced asthma in the guinea-pig. Proc. Soc. Exp. 
Biol.’ Med. 81: 104-105, 1952.

50. Done, A. K., Ely, R. S., Raite, R. B. and Kelly, V. C.:
Species differences in circulating 17-hydroxy corticosteroid 
concentrations. Proc. Soc. Exp. Biol. Med. 81: 667-669,
1952. ““

51. Pepys, J.: Conference summary, iji: Fifteenth Aspen Emphysema
Conference. Chest 63; 725-795, 1973.

52. Perper, R. J., Blancuzzi, V. and Oronsky, A. L.: The selec
tive inhibition of secondary IgE antibody response in mice 
by dibutyryl adenosine 3',5'-cyclic monophosphoric acid and 
theophylline. Proc. Soc. Exp. Biol. Med. 143: 1191-1196, 
1973.

53. Henderson, L. L., Larson, J. B. and Gleich, G. J.: Effect of
corticosteroids on seasonal increases in IgE antibody.
J. All erg. Clin. Immunol. 52: 352-357, 1973.

54. McCarthy, D. S. and Pepys, J.: Allergic broncho-pulmonary
aspergillosis. Clinical immunology (1). Clinical features 
(2). Skin, nasal and bronchial tests. Clin. Allerg. 1: 
261-415, 1971.



103

55. Rose, B.: The effect of cortin and desoxycorticosterone ace
tate on the_ability of the adrenalectomized rat to inacti
vate histamine. Amer. J. Physiol. 127: 380-384, 1939.

56. Karady, S., Rose, B. and Browne, J. S. L.: Decrease of his-
taminase in tissues by adrenalectomy and its restoration by 
corticoadrenal extract. Amer. J Physiol. 130: 539-543, 1940.

57. Roth, F. E. and Tabachnick, I. A.: Histamine and antihista
mines. in.: Drill's Pharmacology in Medicine, ed by J R 
DiPalma, pp. 995-1021, McGraw-Hill, New York, 1971.

58. Smith, D. J.: In vitro action of cortisone on vasoconstric
tion due to histamine. Proc. Soc. Exp. Biol. Med. 77: 534,

59. Bartlett, A. L. and Lockett, M. L.: Effect of adrenalectomy
57 t1959e histam1ne in rats- Physiol. (bond.) 147: 5 1-

60. Sen aye r, R. IV., Smiley, R. L. and Davis, K. J. : Inhibition by
cortisone of the binding of new histamine in rat tissues 
Proc. Soc. Exp. Biol. Med. 87: 590-593, 1954.

61. Cass, R. and Marshal, P. B.: Effect of adrenocortical hormones
on tissue histamine and 5-HT in the rat. Arch. int. Pharma- 
codyn. 136: 311-332, 1962.

62. Hicks, R. : Some effects of corticosteroids on tissue histamine
levels in the guinea-pig. Brit. J. Pharmacol. 25: 665-670,

6 0 . Kovacs, E. M.: Changes in tissue histamine content of guinea- 
pigs following treatment with cortisone and metyrapone 
Brit. J. Pharmacol. 24: 574-578, 1965.

64. Cavallero, C. and Braccini, C.: Effect of cortisone on the
mast cells of the rat. Proc. Soc. Exp. Biol. Med. 78: 141- 
143, 1951. —

65. Bloom, F.: Effect of cortisone on mast cell tumors (mastcyto-
1952 ° |C the d°9* Proc- Soc- ExP- Biol. Med. 79: 651-654,

6 6 . Schayer, R. IV., Davis, K.  J. and Smiley, R. L. : Binding of
histamine in vitro and its inhibition by cortisone. Amer 
J. Physiol. 182: 54-56, 1955.



104

67. Pepper, R. J., Sanda, M. and Lichtenstein, L. M.: The rela
tionship of in vitro and in vivo allergic histamine release: 
inhibition in primates by cyclic AMP-active aaents. Int. 
Arch. All erg. 43: 837-844, 1972.

68. Kaliner, M., Orange, R. P. and Austen, K. F.: Immunological
release of histamine and slow reacting substance of anaphy
laxis (SRS-A) from human lung. J. Exp. Med. 136: 556-552, 
1972. ---

69. Kaliner, M. A., Orange, R. P., Kooprnan, W. J., Austen, K. F.
and LaRaia, P. J.: Cyclic adenosine 3',5'-monophosphate in 
human lung. Biochim. Biophys. Acta. 252: 160-164, 1971.

70- Kell away, C. A. and Trethewie, E. R.: The liberation of a
slow-reacting smooth-muscle stimulating substance in anaphy
laxis. Quart. J. Exp. Physiol. 30: 121, 1940.

71. Schild, H. 0., Hawkins, D. E., Mongar, J. L. and Herxheimer,
H.: Reactions of isolated human asthmatic and bronchial 
tissue to a specific antigen. Lancet 2p 376, 1951.

72. Goadby, P. and Smith, W. G.: Observations on the anaphylac
tic activity of hydrocortisone and related steroids. J. 
Pharm. Pharmacol. 16_: 108-114, 1964.

73. Carrillo, L. R. and Avi ado, D. M.: Mechanisms for the broncho-
dilator effects of corticosteroids in the sensitized rabbit. 
J. Pharm. Exp. Ther. 164: 302-311, 1968.

74. Townley, R. G., Daley, D. and Selenke, W. M.: The effect of
agents used in the treatment of bronchial asthma on carbo
hydrate metabolism and histamine sensitivity after beta- 
adrenergic blockade. J. Al 1 erg. 4_5: 78-86, 1970.

75. Kovacs, E. M. and Suffiad, K.: Histamine release by cortico
steroid induced hyperglycemia. Brit. J. Pharmacol. 32p 262- 
263, 1968.

76. Beall, G. N.: Decarboxylase inhibitors and histamine in
guinea-pigs. Biochem. Pharmacol. 14: 1407-1411, 1965.

77. Stormarken, H.: On the pharmacology of the isolated sensi
tized guinea-pig lung. Arch. int. Pharmacodyn. U9_: 238- 
244, 1956.



105

78. Hawkins, D. F., Herksheimer, H. and Schild, H. 0.: Responses 
of isolated human bronchial chains. J. Physiol. 113: 26P,

79. Latif, E. A. A. and Sultan, I. H.: Cortisone withdrawal re 
bound phenomena and histamine. Ann. Allerg. 29, 19-22,

80. Austen, K. F.: A review of immunological, biochemical, and
pharmacological factors in the release of chemical mediators 
from the human lung. jn_: Asthma; Physiology, Immunopharmacol- 
ogy, ana Treatment, ed. by K. F. Austen and L. M. Lichten
stein, pp. 111-121, Academic Press, New York, 1973.

81. Tiffeneau, R. and Dumoyer, P.: Effect of cortisone on the pul
monary cholinergic hypersensitivity of the asthmatic 
Presse. Med. 64: 719, 1956.

82. Cinelli P. S., Onesti, S., Ricca, M., Passoleva, A. and Ricci,
M.: La reattività bronchiale nell'uomo all1istami na et alla 
acetico!ina dopo trattamento cortisonico. Riforma Med 78- 
1336-1338, 1964. —

83. Hava, M. and Heffert, I.: Steroid blocking effect on smooth
muscle contraction. Arch. int. Pharmacodyn. 166: 79-86
1967. ---

84. Grunt, J. A. and Walker, J. E.: A comparison of seminal vesi
cle, kidney and adrenal responses. Acta. Endocr. 34* 344- 
352, 1960. —

85. Bass, A. D. and Seti iff, J. A.: The in vitro actions of ster-
iods on smooth muscle. J. Pharmacol. Exp. Ther. 130- 469- 
473, 1960. ---‘

86. Aviado, D. M. and Carrillo, L. R.: Hormones and pulmonary ef
fects of tobacco, I. Corticosteroids and their anti-asthmatic 
action. Arch. Environ. Health 8: 925-935, 1969.

87. Liebe man, P. L. : Corticosteroids in the treatment of allergic
diseases, in: Allergic Diseases, Diaanosis and Management 
ed. by R. Patterson, pp. 309-311, J. B. Lippincott, Philadel
phia, Pa., 1972.

88. Hicks, R.: The influence of corticosteroid pretreatment on
anaphylactic bronchoconstriction in the guinea-pig. J 
Pharm. Pharmacol. 22: 170-179, 1970.



106

89. Lefcoe, N. M,: The effect of hydrocortisone hemisuccinate on
tracheal smooth muscle of the cat and guinea-pig. J. 
Allerg. 27: 352-358, 1956.

90. Geddes, B. A. and Lefcoe, N. M.: Respiratory smooth muscle
relaxing effect of commercial steroid preparations. Amer. 
Rev. Resp. Dis. 107, 395-399, 1973.

91. Suddick, R. P.: G1ucocorticoid-kinin antagonism in the rat.
Amer. J. Physiol. 211: 844-849, 1966.

92. Nasmyth, P. A.: The effect of corticosteroids on the iso
lated mammalian heart and its response to adrenaline. J. 
Physiol. 139: 323-336, 1957.

33. Giller, F. B., Meyers, T., Baker, W. W. and Rosse, G. V.:
Adrenocortical activity and peri feral adrenergic responses 
in the cat. J. Pharmacol. Exp. Ther. 150: 203-207, 1965.

94. Ahlquist, R. P.: A study of the adrenotropic receptors. Amer. 
J. Physiol. 153: 586-600, 1948.

95. Selye, H., Hall, C. E. and Rowley, E. M.: Malignant hyper
tension produced by treatment with desoxycorticosterone 
acetate and sodium chloride. Can. Med. Assn. 49: 88-92, 
1943.

96. Green, D. M.: Experimental hypertension. Ann. Int. Med. 39;
333-344, 1953.

97. Williams, R. H.: Text Book of Endocrinology, W. B. Saunders,
Philadelphia, Pa., 1968.

98. Genest, J., Biran, P., Bucher, R., Koiw, E., Nowaczski, W.
and Chretien, M.: Hypertension: recent advances, in; The 
Second Hannemann Symposium on Hypertensive Disease, ed. by 
A. N. Brest and J. N. Mayer, pp. 265-281, Lea and Febiger, 
Publishers, Philadelphia, Pa., 1961.

99. Ross, E. J.: Functional relationship between adrenal medul
lary and cortical hormones in man. Quart. J. Med. 30: 285, 
1961.

100. Ramsay, I. D.: Phaeochromocytoma with hypertension and poly
cythemia. Lancet 2: 126-128, 1962.



107

101. Dustan, H., Corcoran, A. C., Taylor, R. B. and Page, I. R.;
Cortisone and ACTH in essential hypertension. Arch. In
tern. Med. 87: 627-635, 1951.

102. Kurland, G. S. and Freeberg, A. S.: The potentiatinq effect
of cortisone on pressor responses to intravenous infusion 
of 1-norepinephrine. Proc. Soc. Exp. Biol. Med. 78: 28-31, 
1951. —

103. Samohi, M. P., Weil, M. M. and Udnoji, V. N.: Pressor respon
ses to norepinephrine in humans before and after cortico
steroids. Amer. J. Physiol. 203: 961-966, 1962.

104. Ramey, E. R., Goldstein, M. S. and Levine, R. : The action of 
norepinephrine and adrenal steroids on blood pressure and 
work performance of adrenalectomized dogs. Amer. J. Phy
siol. 165: 45, 1951.

105. Roseman, R. H., Freed, S. C. and Smith M. K.: Effect of cor
tisone upon vascular responsiveness of potassium-defficient 
and normal rats. Proc. Soc. Exp. Biol. Med. 87: 292-295, 
1954. —

106. Zweifach, B. W., Shorr, E. and Black, M. M.: Influence of
adrenal cortex on behavior of terminal vascular bed. Ann.
H. Y. Acad. Sci. 56: 626-633, 1953.

107. Brust, A. A., Ransohoff, W. and Keiser, M. E.: Blood Pres
sure responses to ACTH and cortisone in normotensive sub
jects in the resting state and during autonomic blockade 
with tetraethyl ammonium chloride. J. Lab. Clin. Med. 36: 
804-805, 1951. —

108. Mendlowitz, M. S., Gitlow, S. and Mafti, N.: Work of digital
vasoconstriction produced by infused norepinephrine in 
Cushing's syndrome. J. Appl. Physiol. JJ: 252-256, 1958.

109. Fritz, I. and Levine, R.: Action of adrenal cortical ster
oids and norepinephrine on vascular responses to stress in 
adrenalectomized rats. Amer. J. Physiol. 165: 450-465, 
1951. "

110. Barclay, W. R. and Ebert, R. H.: The effect of cortisone on
the vascular reactions to serum sickness and tuberculosis. 
Ann. N. Y. Acad. Sci. 56: 634-636, 1953.



108

°f•COrf?sone, on vascular reactivity: in vivo observations
S?inoio e1n S blt ear chamber technique. J. Clin. Med. 44- 
c l U-dlo, 19o4. —

113. LeCompt, L., Grevisse, J. and Beaumariage, M. L.: Potentia
tion par 1'hydrocortisone des effects moteurs de Tadrena
line. Arch. int. Pharmacodyn. 119: 133-141, 1959

118. Davis, W. G and Bourne, R. K.: The effects of corticoster- 
oids on the reduction of nhA~Arlvr‘pnnpon+ov^ k i ^iz^ ~—

119. Kalsner, S.: Mechanism of hydrocortisone potentiation of re
sponses to epinephrine and norepinephrine in rabbit aorta 
Circ. Res. 24: 383-391, 1969.

120. Grunt, J. A.and Higgins, J. T.: Seminal vesicle response ti
androgen with adrenaline, noradrenaline and acetylcholine 
Amer. J. Physiol. 198: 15-20, 1960.

121. Kulkarni, S. D. and Balwani, J. H.: Influence of sex hor
mones on adrenergic receptors in rat uterus. J. Exp Med 
Soc. 11: 93-97, 1968. P‘

114.

115. Altura, B. M.: 
of blood flow.

116.

117.



109

122. Emele, J. F. and Bonnycastle, D. D.: Cardiotonic activity of
some adrenal steroids. Amer. J. Physiol. 185: 103-106, 
1956.

123. Fain, J. N.: Effect of dibutyryl 3',5'-AMP, theophylline and
norepinephrine on lipolytic action of growth hormone and 
glucocorticoids in white fat cells. Endocr. 82: 825-830,
1968.

124. Schonhofer, P. S., Skidmore, E. F., Paul, M. C., Ditzion, B.
R., Pauk, G. K. and Krishna, G.: Effects of glucocorti
coids on adenyl cyclase and phosphodiesterase activity in 
fat cell homogenates and the accumulation of cyclic AMP 
in intact fat cells. Naun-Schiemedeberg1s Arch. Pharmacol. 
273: 267-282, 1972.

125. Franklin, W., Michel son, A. L., Lowell, F. C. and Schiller,
I. W.: Bronchodilators and corticosteroids in the treat
ment of obstructive pulmonary emphysema. New Engl. J. Med. 
258: 774-778, 1958.

126. Logston, P. J., Carnright, D. V., Middleton, E. and Coffey,
R. b.: The effect of phentolamine on adenylate cyclase 
and on isoproterenol stimulation in leucocytes from asthma
tic and nonasthmatic subjects. J. All erg. Clin. Immunol.
52: 138-147, 1973.

127. Parker, C. W., Huber, M. G. and Bauman, M. L.: Alterations
in cyclic AMP metabolism in human bronchial asthma III, 
Leucocyte and lymphocyte responses to steroids. J. Clin. 
Invest. 52; 1342-1348, 1973.

128. Coffey, R. G. and Middleton, E.: Leucocyte adenosine tri-
phosphotase (ATPase) activity in asthma: Effects of corti
costeroid therapy. J. Allerg. Clin. Innunol. 53_: 98, 1974.

129. Weiss, B.: Similarities and differences in the norepineph
rine- and sodium fluoride-sensitive adenyl cyclase system.
J. Pharmacol. Exp. Ther. 166: 330-338, 1969.

130. Kuo, J. F. and De Renzo, E. C.: A comparison of the effects
of lipolytic and anti lipolytic agents on adenosine 31,51 - 
monophosphate levels in adipose cells as determined by 
prior labeling with adenine-8-l^C. J. Biol. Chem. 244: 
2252-2260, 1969.

131. Streeto, J. M. and Reddy, W. J.: An assay for adenyl cyclase.
Anal. Bioch. 21: 416-426, 1967.



n o

132. Mathe, A. A. and Levine, B.: Uptake of catecholamines in
guinea-pig lung; influence of cortisol and anaphylaxis.
J. Allerg. Clin. Immunol. 53: 106, 1974.

133. Timmerman,_H. and Scheffer, N. G.: A new tracheal strip
preparation for the evaluation of beta-adrenergic activity. 
J. Pharm. Pharmacol. 20: 77-78, 1968.

134. Stephens, N. L. and Kromer, U.: Series elastic component of
tracheal smooth muscle. Amer. J. Physiol. 220: 1890-1895, 
1971. ---

135. Goldstein, A. Biostatistics: An Introductory Text, MacMillan,
New York, 1964.

136. Fleming, W. W., Westfall, D. P., De La Lande, I. S. and Jel-
lett, L. B.: Log-normal distribution of equieffective 
doses of norepinephrine and acetylcholine in several 
species. J. Pharmacol. Exp. Ther. 181: 339-345, 1972.

137. Steiner, A. L., Kipnis, D. M., Utiger, R. and Parker, C.:
Radi'o-immuno assay for the measurement of adenosine 3',5'- 
cyclic monophosphate. Proc. Nat. Acad. Sci. 64: 367-373,
1969. —

138. Lowry, 0. H., Rosenbrough, N. J., Farr, A. L. and Randall, R.
J.: Protein measurement with the folin phenol reagent.
J. Biol. Chem. 193: 265-275, 1951.

139. Steel, R. G. D. and Torrie, J. H.: Principles and Procedures
of Statistics: With Special Reference to the Biological 
Sciences, McGraw-Hill, New York, pp. 107-109, 1960.

140. Nadel, J. A.: Parasympathetic nervous control of airway smo
oth muscle. Ann. N. Y. Acad. Sci. 221: 99-102, 1974.

141. Gold, W. M.: Vagally-mediated reflex bronchoconstriction in
allergic asthma. Chest 6L3: IIS, 1973.

142. Keighley, J. F.: Iatrogenic asthma associated with adrenergic
aerosols. Ann. Int. Med. 65: 985-995, 1966.

143. Jones, T. R., Hamilton, J. T. and Lefcoe, N. M.: Variations
in the relative potencies of bronchodilators in the pres
ence and absence of carbachol-induced tone. Can. J. Physiol 
Pharmacol. 52: 358-361, 1974.



i n

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Lewis, A. J., Douglas, J. S. and Bouhuys, A..: Adrenergic 
hyposensitization in the guinea-pig in vitro and in vivo 
Physiologist 15: 197, 1972. ---- ---- —  1±x̂ -

iMurad, F.: Cyclic AMR levels in tracheal preparations: ef
fects of epinephrine (EPI), theophylline, and prostaglan
din E1. Clin. Res. 21: 73, 1973.

Murad, F.: Beta blockade of epinephrine-induced cyclic 
formation in heart, liver, fat and trachea. Biochim 
phys. Acta. 304: 181-187, 1973.

AMP
Bio-

Andersson, R. and Nilsson, K.: 
Taxation in intestinal smooth 
238: 181-187, 1972.

Cyclic AMP and calcium in 
muscle. Nature New Biol.

re-

Shultz, G., Hardman, J. G. and Sutherland, E. W.: Cyclic 
nucleotides and smooth muscle function, in: Asthma: Physi
ology, Immunopharmacology, and Treatment, ed. by K F

ip!t123-138L'l973LiChtenStein5 Academ1c Press> New'York,

Gillespie, E., Valentine, M. D. and Lichtenstein, L M • 
Cyclic AMP metabolism in asthma: Studies with leukocytes 
and lymphocytes. J. All erg. Clin. Immunol. 53: 27-33, 
1974. ’

Brocklehurst, W. E.: Pharmacological mediators of hypersen- 
sit-mty reactions, In: Clinical Aspects of Immunology, ed 
by R. R. A. Coombs and P. G. H. Gell, F. A. Davis, Publish
er, Great Britian, pp. 611-633, 1968.

Rosen, 0. M.: Interaction of cyclic GMP and cyclic AMP with 
a cyclic nucleotide phosphodiesterase of the frog erythro
cyte. Arch. Biochem. Biophys. 139: 447-449, 1970.

Palmer, G. C.: Characteristics of the hormonal induced cy
clic 3',5'-monophosphate response in the rat and guinea- 
pig Tung vitro. Biochim. Biophys. Acta 252: 561-566,

C1™ t e d ”'M7: 388-r39“ SÌ972ÌdS ^  ,ymph°1d Ce1,s' New Engl



1 1 2

154. Harbon, S. and Clausner, H.: Cyclic adenosine 3', 5'-mono
phosphate levels in rat myometrium under the influence of 
epinephrine, prostaglandins and oxytocin. Correlations with 
uterus motility. Bioch. Biophys. Res. Comm. 44: 1496-1503,

155. outter, M. C. and Collins, G. A.: Drug induced relaxation
and cyclic AMP content of rabbit anterior mesenteric por
tal vein. Can. Fed. Biol. Sci. 16: 38, 1973.

156. Schafferj L. D., Chenoweth, M. and Dunn, A.: Adrenal corti
costeroid involvement in the control of liver glycogen 
phosphorylase activity. Biochim. Biophys. Acta 192: 292- 
303, 1969.


	TABLE OF CONTENTS
	LIST OF TABLES
	1. Sensitivity of Guinea-Pig Tracheal Smooth Muscle to Isoproterenol Before and After Incubation with Cortisol or Sodium Succinate
	2. Sensitivity of Guinea-Pig Tracheal Smooth Muscle to Epinephrine Before and After Incubation with Cortisol or Sodium Succinate
	3. Sensitivity of Guinea-Pig Tracheal Smooth Muscle to Norepinephrine Before and AfterIncubation with Cortisol or Sodium Succinate
	4. Sensitivity of Guinea-Pig Tracheal Smooth Muscle to Isoproterenol Before and AfterIncubation with Cortisol or Sodium Succinate
	5. Effect of,One-Hour Incubation on Steroid- Induced Changes of Isoproterenol Sensitivityin Strain 13 Guinea-Pig Tracheal Smooth Muscle
	6. Effect of One-Hour Incubation on Steroid- Induced Changes of Epinephrine Sensitivityin Strain 13 Guinea-Pig Tracheal Smooth Muscle
	7. Effect of a Two-Hour Incubation on Steroid- Induced Changes of Isoproterenol Sensitivityin Strain 13 Guinea-Pig Tracheal Smooth Muscle
	8.  Effect of a Two-Hour Incubation on Steroid- Induced Changesof Epinephrine Sensitivityin Strain 13 Guinea-Pig tracheal Smooth Muscle
	9. Cyclic AMP in Guinea-Pig Trachea
	10.  Cyclic AMP in Treatment of Groups of TracheasSnowing Significantly Altered Amounts of Nucleotide

	LIST OF FIGURES
	1. Diagram of the Isotonic Myograph Preparation Used to Record the Mechanical Activity of the Guinea-Pig Tracheal Smooth Muscle
	2.Tracings of a Typical Series of Isotonic Contractions of the Guinea-Pig Trachea in Response to Methacholine
	3.Standard Curve Used in the Cyclic AMP Assay
	4.Demonstration of Alpha-Adreneraic Receptors in Guinea-Pig Tracheal Smooth Muscle
	5. Demonstration of Alpha-Adrenergic Receptors in Human Tracheal Smooth Muscle
	6.Cyclic AMP Accumulation in Guinea-Pig Tracheal Smooth Muscle in Response to Isoproterenol 
	7. Cyclic AMP Accumulation in Guinea-Pig TrachealSmooth Muscle in Response to Epinephrine
	8. Cyclic AMP Accumulation in Guinea-Pig Tracheal Smooth Muscle in Response to Norepinephrine

	INTRODUCTION
	Abstract
	Alpha Receptors in Mammalian Tracheal Smooth Muscle
	Statement of Purpose
	The Effect of Adrenal Cortical Steroids in Asthma
	Anti-inflammatory Effect
	Suppression of the Immune Response
	Effect on Storage, Formation, and Release of Mediator
	Interference with Bronchoconstriction
	Direct Muscle Relaxation
	Potentiation of Catecholamines

	Statement of Purpose

	METHODS AND MATERIALS
	Drugs
	Animals
	Experimental Procedure
	Alpha Receptor Experiments
	Cortisol Experiments
	Methods of Data Computation
	Alpha Receptor Experiments
	Cortisol Experiments
	Determination of Cyclic AMP
	Methods of Data Computation



	RESULTS
	Alpha-Adrenergic Receptors in Guinea-Pig Trachea
	Alpha-Adrenergic Receptors in Human Trachea
	Effect of Cortisol Sodium Succinate, 2.8 X 10~3M, Incubated for 2 hr, on the Response of Mixed- Breed Guinea-Pig Tracheal Smooth Muscle to Catecholamines
	Isoproterenol
	Epinephrine
	Norepinephrine

	Effect of Varying the Cortisol Sodium Succinate Concentration and Time of Incubation on the Response of the Guinea-Pig Tracheal Smooth Muscle to Catecholamines
	Isoproterenol; Cortisol 1.4 X 10^-3M; 2 hr Incubation; Mixed-Breed Guinea-Pigs
	Isoproterenol; Cortisol 2.8 X 10^-3M; 1 hr Incubation; Strain 13 Guinea-Pigs
	Epinephrine; Cortisol 2.8 X 10^-3M; 1 hr Incubation; Strain 13 Guinea-Pigs
	Isoproterenol; Cortisol 2.8 X 10^-4M; 2 hr Incubation; Strain 13 Guinea-Pigs
	Epinephrine; Cortisol 2.8 X 10^-4M; 2 hr Incubation; Strain 13 Guinea-Pigs

	Cyclic AMP Levels in Guinea-Pig Smooth Muscle Treated with Catecholamines and Cortisol

	DISCUSSION
	Demonstration of Alpha Receptors
	Potentiation of Beta Receptor Activity 
	The Effect of Cortisol and Catecholamines on Guinea-Pig Tracheal Smooth Muscle Cyclic AMP Accumulation in vitro

	CONCLUSION
	TABLES
	FIGURES
	BIBLIOGRAPHY




