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In 1905 Dale published his classical paper “On Some Physiological Actions of

Ergot” (21) which contained a remarkably complete and accurate description

of the pharmacological activity which will be referred to herein as adrenergic

blockade. This consists of inhibition of many, but not all, responses to adrenaline,

noradrenaline and other sympathomimetic amines and to sympathetic nerve

activity. This field of investigation attracted the attention of many pharmacol-

ogists during succeeding years, but it is noteworthy that during the next forty

years very few important observations regarding the basic characteristics of this

type of pharmacological action were made which were not defined with reasonable

clarity in this early publication. Important contributions during this interval

included the demonstration and separation of the several alkaloids responsible

for the adrenergic blocking activity of ergot (1 14) and observations that several

classes of synthetic compounds possess qualitatively similar actions (8, 65, 77).

More recently, renewed activity in this field has led to considerable clarification

of the loci and mechanisms of action of various groups of adrenergic blocking

agents, and to the introduction of several new types of agents, some of which are

sufficiently specific and nontoxic to allow effective blockade in man. Only a

relatively small part of the more recent work can be covered here. Attention will

be given to types and mechanisms of blockade and to differentiation between

those responses to adrenergic stimuli which are blocked and those which are

not, with particular reference to the use of adrenergic blocking agents in the

analysis of physiological and pharmacological problems.

One of the major values inherent in the development of new pharmacological

agents is their usefulness in the solution of various problems in physiology and

pathological physiology. However, such applications require a precise under-

standing of their actions and limitations, and in particular, a clear recognition of

the basic principle that no drug achieves absolute specificity, a concept too often

overlooked in drawing conclusions from experiments in which pharmacological

agents are employed.

A. Types and mechanisms of blockade

We may assume that activation of a cell by adrenaline or noradrenaline

involves a primary combination of the stimulant with some cell constituent which

then activates a chain of events or reactions of undetermined length and nature,

culminating in the measured response. Antagonists which interfere with the

1 Unpublished work by the author referred to in this review has been supported by grants-
in-aid from the National Research Council of Canada, the Manitol)a Heart Foundation and

the Burroughs Welicome Company.
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first step, the reaction of agonist with specific receptors, usually exhibit the

greatest specificity of action. Most compounds acting at this site appear to be in

mass-action equilibrium with the receptor and the blockade produced is a

measure of competition between the agonist and antagonist for receptor occu-

pancy. Such agents will be referred to as classical competitive antagonists.

In the past it has been customary to assume that blockade at specific receptors

always involves reversible, mass-action equilibria with the receptors. However,

these two features are not necessarily associated. Recent studies have demon-

strated at least two classes of blocking agents which combine with the same

receptors as the agonist, as in classical competitive antagonism, but which then

react with the receptor or some adjacent group to form a relatively stable

chemical bond. This reaction precludes further mass-action “competition,” and

effectively reduces the number of available receptors (80). Such agents are best

described as nonequilibrium antagonists.2 The blockade produced has been referred

to also as “irreversible competitive” (38) and “unsurmountable” (41). However,

the blockade is not strictly irreversible, and the term unsurmountable is appropri-

ate only when the antagonist is used in sufficiently large doses to prevent a

maximal response even in the presence of massive amounts of agonist.

A third type of blockade is produced by agents which act at some point between

the receptor and the ultimate response, the noncompetitive antagonists. Non-

competitive agents have received considerably less attention than competitive

and nonequilibrium agents, largely because they tend to exhibit much less speci-

ficity of action.

Data on drug antagonism have been subjected to various types of quantitative

treatment designed to distinguish between competitive and noncompetitive

action (40, 64), and even to determine such details as the dissociation constant of

the drug-receptor complex. The formulations of Lineweaver and Burk (64) and

of others have been used to advantage in dealing with relatively simple enzyme

systems. However, their application to even the simplest preparations involving

responses of intact cells to agents such as adrenaline and noradrenaline requires

reliance on a number of unproved assumptions, including the following : 1) the

reaction between a drug and its receptors is reversible and obeys the laws of mass

action ; 2) all receptors are equally accessible to the drug; and 3) the response is

ProPortional to the number of receptors occupied, i.e., the maximal response
occurs when all receptors are occupied.

Professor A. J. Clark, a pioneer in the quantitative analysis of drug action,

clearly pointed out the unproved nature and even the improbability of a number

of these postulates (15). However, this warning has been forgotten by many who

have followed his lead in the use of calculations based on these assumptions.

2 Only two groups of agents have been shown definitely to produce nonequilibrium

blockade-the organophosphorus anticholinesterase agents (DFP, TEPP, etc.) and the
fl-haloalkylamine adrenergic blocking agents and antihistaminic agents [phenoxy-

henzamine (Dibenzyline) and congeners]. It is possible that hydrazides such as iproniazid

(Marsilid) which inhibit monoamine oxidase may represent a third group with this type
of action, l)Ut the studies necessary to establish such a mechanism have not yet been
reported.
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The results of such calculations usually have appeared reasonable when applied

to the classical competitive blocking agents, largely because no independent

data were available for comparison. However, when the same formulations were

applied mechanically to the results of experiments with the $-haloalkylamine

adrenergic blocking agents and antihistaminics (12, 13, 43), it became apparent

that something was wrong. Such data were plotted to show that these agents

are in competitive mass-action equilibrium with the receptors, whereas the results

of several independent lines of investigation indicated quite clearly that they

react to form a stable bond with the receptor or some adjacent structure (52,

77, 82).�

This discrepancy required explanation and one of the most logical places to

look for error was in the postulates upon which the classical formulations of drug

antagonism were based. The most important of these postulates for the interpre-

tation of drug-receptor interactions is that the response is proportional to the

number of receptors occupied and that a maximal response occurs only when all

receptors are activated. This postulate implies that occupancy of receptors is the

limiting factor in the observed response, and is fundamental to all attempts to

treat drug-receptor interactions as analogous to adsorption isotherms (15, 55, 63).

However, this assumption recently has been tested by independent methods and

found to be untenable. Both indirect deductions from the dose-response relations

and interactions of a series of substituted trimethylammonium compounds (113),

and more direct studies of responses to adrenaline (38) and to histamine (80) of

tissues in which various proportions of receptors had been inactivated, have

demonstrated that occupancy of only a small percentage of the total number of

receptors in normal smooth muscle is required for a maximal response. This

finding is quite in keeping with current knowledge of other physiological systems

which usually allow a considerable margin of safety. It immediately made

obsolete previous methods of characterizing blocking agents and has left a gap

in methodology which has not yet been adequately bridged.

No single clear-cut test is available to differentiate classical competitive from

nonequilibrium blockade of tissue responses to adrenaline and noradrenaline.

Determination of the concentrations (or doses) of agonist required to produce a

standard response in the presence of varying concentrations of antagonist

provides suggestive but not conclusive information. A straight-line relationship

in plots of agonist : antagonist is characteristic of the classical competitive agents,

whereas lines describing the action of nonequilibrium agents curve toward the

agonist axis (82). However, analysis of such plots is complicated by the fact

that, because of the excess of tissue receptors, a nonequilibrium antagonist can

3 The suggestion that the prolonged action of the 9-haloalkylamines is due to accumula-
tion in and slow release from fat depots rather than to the formation of stable chemical
bonds (6, 10) cannot be accepted in the light of present evidence. Very little accumulation
in fat can be demonstrated when the usual blocking doses of these agents are administered
in vivo (56) and experiments involving cross circulation and local intraarterial injection

(3, 44, 58) and observations on the duration of blockade in vitro (37, 80, 81) provide direct

evidence that the prolonged action is due to some effect of the drugs which can occur shortly
after administration and which is only slowly reversible.
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shift. the dose-response curves over a considerable range without changing their

slopes 01 asymptotes, thus producing a straight-line relationship in a plot of the

type under discussion. The greater the range of doses or concentrations over

which a straight. line is obtained, the greater the assurance that one is dealing with

a classical competitive antagonist. However, no precise statement can be made

regarding the range required to “prove” such a mechanism of action, and all

agents ultimately will cause a shift toward the agonist axis due to nonspecific

‘ ‘ toxic” actions of the agonist, the antagonist or both.

Lstal)lishment of equilibrium between a classical competitive antagonist,

agonist and receptors appears to be rapid. An old observation is that responses to

concentrations of adrenaline and acetyicholine, adequate to produce a response

in the presence of ergotamine or atropine respectively, are of essentially normal

rapidity (14, 39, 73). This suggests that dissociation of the antagonist-receptor

complex is riot a significant factor in limiting the rapidity of the response. How-

ever, the older experiments did not take into account the fact that only a small

percentage of the total receptors is required to produce even a maximal response

to most agonists, and it is possible that occupancy of unblocked receptors was

resl)onsihle for the rapid response in some cases. More recent studies have shown

that prior treatment with atropine slows the response to certain alkyl-trimethyl-

ammonium compounds which must occupy a large percentage of the total recep-

tors iii order to produce a response (1 13). However, this delay, presumably re-

lated to the time required for an adequate number of atropine-receptor complexes

to dissociate, is still very much shorter than the duration of action of atropine.

The failure of classical competitive antagonists with a duration of action of

several hours to affect appreciably the rate of response to adequate concen-

t.rations of agonist, the fact that the presence of agonist does not facilitate

washing these antagonists from isolated tissues ( 14), and the observation (38)

that the rates of onset and dissipation of the blockade produced by a variety of

classical competitive antagonists are equal, provide strong evidence that the

duration of blockade by these agents is not dependent upon slow dissociation

from receptors (cf. 34) . These observations all emphasize diffusion to their site

of action as the major factor determining the chronology of the action of these

agents. The relatively long duration of action of many of them strongly suggests

that passage through more than just extracellular space is involved, i.e., that the

receptors are not on the cell surface, but are located within the cell or at least

within the substance of a cell membrane with appreciable thickness. This possi-

bility has not yet been adequately explored.

Although nonequilibrium blocking agents tend to have a prolonged action,

duration of action itself is not unequivocal evidence of type of blockade. Some

�3-haIoalkylamines, such as N ,N-dimethyl-$-phenyl-$-chloroethylamine (SKF-

638A), have a relatively short action in vivo (32), although the characteristics of

the blockade produced are very similar to those of Dibenamine or Dibenzyline

blockade (32, 82) . Conversely, some classical competitive antagonists such as

atropine and ergotamine produce relatively prolonged blockade. However,

duration of action is controlled by different processes in the two groups. Among
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nonequilibrium agents it is dependent upon the stability of the chemical bond

formed with the receptors, whereas among classical competitive blocking agents

it appears to be determined by rate of diffusion to and from the site of action

(biophase) (30, 33, 38) . This differential offers a possibility of tests to distinguish

betweeii the two types of blockade, but has received only limited attention in

this regard (87).

A final observation which contributes to the differentiation of classical corn-

petitive and nonequilibrium antagonists is that the removal of the former from

isolated tissues by washing or from enzyme solutions by dialysis is a continuous

function of the concentration gradient whereas dissipation of the latter is discon-

tinuous. This difference is dependent on the fact that at least all known non-

equilibrium antagonists (organophosphorus anticholinesterase agents and $-

haloalkylamines) react with receptors in two steps. The first is a reversible

“adsorption,” the second a more stable chemical reaction (75, 80, 85). A portion

of the blockade is dissipated relatively rapidly, a measure of the escape of loosely

bound inhibitor from the hiophase, whereas the remainder disappears much more

slowly, limited by the rate of dissociation of the receptor-inhibitor complex. The

second, stable component of the blockade increases with time of drug-enzyme or

drug-tissue incubation (75, 82).

Although observations on a series of the factors mentioned above may differ-

entiate classical competitive from nonequilibrium antagonism, they do not differ-

entiate the latter from noncompetitive antagonism. However, the characteristic

two steps in the action of nonequilibrium antagonists provides a basis for direct

determination of whether the blockade involves the specific agonist receptors.

Because the antagonist is in mass-action equilibrium with the receptors during

the first stage, the presence of agonist will decrease the degree of blockade of

specific receptors, which can be tested after removal of both the agonist and the

unreacted antagonist . Such studies have demonstrated that both the anticho-

linesterases diisopropylfluorophosphate (DFP) and tetraethylpyrophosphate

(TEPP) (5) and the �3-haloalkylamine blocking agents (37, 79, 80) do in fact react

with specific receptors in the establishment of blockade. That the degree of

inhibition of the blockade is proportional to the number of receptors occupied by

agonist is suggested by the observation that it is linearly related to the logarithm

of the concentration of agonist (79). The specificity of such “receptor protection”

tests is indicated by the fact that where an antagonist is effective against re-

sponses to several types of stimulants (adrenergic, cholinergic, histamine, etc.),

the presence of agonist during exposure to the blocking agent inhibits the block-

ade of responses to only one specific type of agonist (37).

A similar procedure can be employed to demonstrate that classical competitive

antagonists react with specific receptors. Once the specific locus of action of a

nonequilibrium agent has been established by “receptor protection” tests with

the agonist in question, a classical competitive agent can be substituted for the

agonist in similar experiments. If the nonequilibrium agent has a significantly

longer action than the classical competitive agent tested, inhibition of blockade

by the latter can be demonstrated, and provides direct evidence of the locus of
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blockade. Experiments of this type have been performed with DFP vs. phy-

sostigmine (eserine) or neostigmine (Prostigmin) (59) and with Dibenamine or

I)ibenzyline vs. benzodioxanes, imidazolines or ergot alkaloids (109 ; Nickerson,

unpublished), and appear to provide more conclusive evidence of reaction with

specific receptors than do the standard agonist : antagonist plots discussed above.

B. Physiological characteristics of blockade

Pharmacological studies of the adrenergic blocking agents and physiological

investigations utilizing them as tools would be much simplified if one could

assume that all responses to sympathomimetics and to adrenergic nerve activity

were inhibited equally. Unfortunately, this is not the case. Different responses

are blocked to varying degrees and the relative inhibition of various responses

varies widely between different groups of blocking agents and even within a

series of closely related compounds. However, a general pattern of activity

applicable to the major actions of most blocking agents can be recognized and

provides a useful baseline from which to evaluate the properties of individual

compounds. Only the general pattern can be discussed here, and the reader must

keep in mind that it does not agree completely with the properties of any one

adrenergic blocking agent, and that all available agents have important actions in

addition to blockade of responses to adrenaline and noradrenaline.

The effects of blocking agents can be discussed most conveniently in terms of

the various actions of adrenaline and noradrenaline. Peripheral excitatory and

inhibitory, cardiac, metabolic and central nervous system actions are all well

known. Although the relative potencies of various sympathomimetics with

respect to these actions differ widely, the differences are only quantitative and one

can generalize that all sympathomimetics have some activity in each of these

categories.

The adrenergic blocking agents separate more clearly the various types of

adrenergic responses. Although the effects of adrenaline and noradrenaline on

the heart are “excitatory,” Dale’s first study of the blockade produced by ergot

revealed important differences between the excitation of smooth and of cardiac

muscle (21). Consequently, reference to peripheral excitatory effects usually is

limited to those on smooth muscle and exocrine glands, cardiac effects being

classified separately. In addition, the cardiac effects of sympathomimetic amines

can be further subdivided into physiological responses and pathological responses,

the production of arrhythmias, on the basis of resistance or susceptibility to

inhibition by the common adrenergic blocking agents.

A second type of classification, which has much to recommend it, was first

l)roPOsed by Ahlquist (4). On the basis of the relative activities of a series of
sympathomimetic amines in inducing various responses, he concluded that

adrenergic receptors are of two types : a-receptors, which are involved in the

excitation of smooth muscle (exocrine glands presumably have the same type of

receptors), and fl-receptors, which are involved in inhibitory responses of smooth

muscle, except for the intestine, and in cardiac stimulation. Although this classi-

fication leaves many areas of adrenergic activity unexplored, it has proved to be
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a useful approximation. Ultimately, some similar classification based on addi-

tional information regarding the nature of the tissue receptors involved may be

expected to provide the most reliable categorization of the many responses to

adrenaline and noradrenaline.

Excitatory responses of smooth muscle and exocrine gland cells. rfhese responses

are readily blocked by the classical adrenergic blocking agents, and their inhi-

bition has for many years been tacitly accepted as a criterion for inclusion of an

agent in this category of drug action. The general characteristics of the blockade

and the relative effectiveness of various agents appear to be fairly constant when

tested on a variety of structures giving this type of response, although a careful

selection of agents and doses may provide considerable separation of responses

in some circumstances (28) . Isolated segments of blood vessels or perfused

vascular beds, the radial fibers of the iris, some uteri, guinea pig seminal vesicle.s

and several other structures have been used as test objects. In general, detailed

quantitative analyses of the characteristics and mechanisms of action of blocking

agents are most reliable when carried out on the simplest possible in vitro prepa-

rations. However, reversal of the pressor response to adrenaline in intact anesthe-

tized animals is one of the most dramatic expressions of adrenergic blockade and

has received major attention. Unfortunately, critical interpretation of the results

of this type of test is not easy because cardiac, vasoconstrictor and vasodilator

components are involved in a variable and unknown relationship to one another.

Differences in the ease and completeness of the reversal of pressor responses to

various sympathomimetics, first noted by Barger and Dale in 1910 (7), frequently

have been misinterpreted as indicating variations in the degree of blockade of

their vasoconstrictor activity. However, the observed differences appear to be

due primarily to differences in actions of the sympathomimetics in question other

than the production of vasoconstriction, particularly their inhibitory, vasodilator

actions (91, 1 17). Studies of the blockade of responses of the cat nictitating

membrane, a structure with little or no inhibitory component in its response, to

a series of sympathomimetic amines indicated that all are blocked effectively

(91), and detailed studies of blood pressure responses to adrenaline and tior-

adrenaline in cats in which adrenergic vasodilator responses had been minimized

by pithing (36) or by a continuous infusion of isoproterenol (isopropylarterenol,

isopropylnoradrenaline) (86) demonstrated that the excitatory, VaSOcoflstrlctor

actions of these naturally occurring catecholamines are inhibited equally.

However, differences in the net cardiovascular responses to adrenaline and

noradrenaline after partial blockade with various agents are sufficiently striking

to be useful in differentiating between these catecholamines (29, 72, 86). Reversal

of the pressor response to adrenaline and only limited reduction of that to

noradrenaline by appropriate doses of the blocking agents is dependent on the

fact that pressor or peripheral blood flow responses to small doses of adren-

aline are reversed when only about 50 % of the vasoconstrictor component

is blocked (46, 86). This degree of blockade is adequate to allow the prominent

vasodilator, depressor effect of adrenaline to determine the net response. How-

ever, noradrenaline elicits very little vasodilatation and consequently the effect
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of the considerable residual constrictor response is recorded. This interpretation

i.s strengthened by the observation that in fully blocked animals, reversal of the

response to noradrenaline is most. readily demonstrated with relatively large

doses of the amine (91 , 121), large enough to exert a significant inhibitory action.

It appears safe to generalize that excitatory responses to equieffective doses of

all sympathomimetics are blocked to essentially the same degree. This conclusion

might have been anticipated on the basis of the mechanism of action of the

antagonists. Combination of the blocking agents with excitatory (a) receptors,

either reversibly or by stable chemical bonding, will reduce the number available

for activation and thus reduce the effectiveness of all adrenergic stimulants

proportionately. It is true that differences in the affinity and intrinsic activity of

different agonists will modify the number of residual receptors occupied and the

degree of activation of the tissue. However, the contribution of these factors will

Hot differ in the pre- and postblockade responses and therefore will be cancelled

out in the selection of equieffective doses.

A second generalization is that all adrenergic blocking agents inhibit responses

to circulating sympathomimetics more readily than those to adrenergic nerve

activity, frequently observed in the difficulty in completely blocking cardio-

vascular reflexes. This difference has been accentuated in many cardiovascular

studies by the comparison of responses to nerve stimulation with those to adrenal-

me rather than to noradrenaline. However, the relationship appears to hold even

on structures with relatively pure excitatory responses (88, 101) and in direct

comparisons with noradrenaline (88, 108, 123). The basis for this differential has

not been clearly established, but it does not appear to be explicable on the basis

of the earlier assumption (1 1) that blocking agents act at the surface of effector

cells to prevent diffusion of circulating agonists to the receptors (88). The magni-

tude of the differential between ability to block responses to circulating mediators

and those to adrenergic nerve stimulation varies considerably from one agent or

group to another, being greatest for certain benzodioxanes such as piperoxan

(933F, Benod�tine). Although this agent can inhibit responses to both circulating

catecholamines and to nerve stimulation (101), the former are blocked much more

readily, a factor of considerable importance for its utilization in the diagnosis

of pheochromocytoma (42).

Inhibitory responses. Inhibitory responses to adrenaline, noradrenaline and

other sympathomimetics involve primarily smooth muscle. Inhibition of

glandular secretion by adrenaline or adrenergic nerve stimulation frequently

has been observed. However, vasoconstriction within the gland can severely

limit secretory activity, and it usually is impossible to determine reliably the

contribution of direct inhibitory effects on the glandular tissue, although direct,

nonvascular adrenergic inhibition of gastric secretion by isoproterenol appears

to have been demonstrated (50). The most prominent inhibitory responses are

those of coronary and skeletal muscle blood vessels, bronchi, intestine, and the

uteri of some s,ecies when under proper hormonal influences. In contrast to the

consistent, predictable blockade of excitatory responses of smooth muscle, the

blockade of inhibitory responses is seen irregularly, and conflicting reports are
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common. A general review of the available observations indicates that blockade

is reported most frequently with the 1ess4s�ecific adrenerg�c llocking agents and

on complex organs such as the isolated intestine (77) . Inhibition of adrenaline-

induced intestinal relaxation by the ergot alkaloids has been reported most

frequently (76, 103, 104). The locus of this blockade has not been clearly

identified. However, it has been shown that the effect is not prevented by

hexamethonium and atropine, and occurs with concentrations of the blocking

agents which do not significantly alter the relaxation induced by papaverine

(104).

Intestinal relaxation in response to a series of sympathomimetic amines appears

to follow a pattern more closely parallel to the a-receptor (excitatory) responses

of smooth muscle than to other inhibitory (�3-receptor) responses (4). It is possible

that some difference between the receptors involved in this response and those

responsible for most other smooth muscle relaxation may provide an explanation

for the observed inhibition of intestinal relaxation. However, it is quite clear that

the blockade of intestinal relaxation does not at all parallel the blockade of

excitatory responses among the various groups of adrenergic blocking agents, a

strong argument against its classification as an a-receptor response.

The only apparently inhibitory response blocked by Dibenamine and other

f3-haloalkylamines is suppression by catecholamines of the peristaltic reflex

response to increased lumenal pressure in isolated intestine (71). This is a coordi-

nated response of a complex organ, and it is probable that the catecholamines

act primarily to inhibit transmission in intramural ganglia, as they have been

shown to act on other, more accessible ganglia (70). The validity of this interpre-

tation is strengthened by the observation that blockade of adrenaline suppression

of the peristaltic reflex and of nicotine stimulation are parallel (71).

Blockade of adrenaline-induced relaxation of the uteri of various species has

been reported occasionally, but most workers have confirmed the early observa-

tion of Dale (21�, who found that relaxation of the nonpregnant cat uterus was

not inhibited by ergot.

Specific inhibition of adrenaline-induced vasodilatation has not been clearly

demonstrated with any of the classical adrenergic blocking agents either in vivo

or in vitro. Apparent inhibition of vasodilatation in isolated vascular beds (45,

1 19) appears always to require very high doses of blocking agent, administered

intraarterially, and it is probable that the subsequent failure of adrenaline to

induce vasodilatation is due either to the fact that the vessels in question are

already maximally dilated or to a nonspecific depression of the vascular smooth

muscle. The specificity of this “blockade” has not been tested in most of the

reported studies. However, one careful comparison has been made of the inhi-

bition by Dibenzyline, tolazoline (Priscoline), phentolamine (Rogetine, Regitine)

or azapetine (Ilidar) of vasodilatation induced in dog skeletal muscle by

adrenaline, noradrenaline, or nerve stimulation (cholinergic as shown by its inhi-

bition by small doses of atropine) (123). This study demo�rated a parallel

inhibition of the adrenergic and cholinergic vasodilatation, indicating that no

specific blockade of the adrenergic response had been produced. Inhibitory
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responses of vascular smooth muscle are not blocked in vitro even by very high

concentrations of antagonist (37), nor is relaxation of tracheobronchial smooth

muscle inhibited except by very high concentrations which also suppress amino-

phylline-induced relaxation (2).

In contrast to the variable and often unconvincing reports of blockade of

adrenergic inhibitory responses by the classical adrenergic blocking agents, a

new type of agent [1-(3’,4’-dichlorophenyl)-2-isopropylaminoethanol (DCI;

dichloroisoproterenol), the dichloro derivative of isoproterenol (Isuprel)] specif-

ically blocks a variety of inhibitory responses (97). Indeed, the blocking activity

of this compound appears to be largely complementary to that of agents such as

Dibenamine ; it has very little effect on excitatory (a-receptor) responses.

In summary, it appears that no conclusive demonstration of direct, specific

blockade of inhibitory responses of smooth muscle to adrenaline or noradrenaline

by the classical adrenergic blocking agents has been made. Relatively nonspecific

suppression of the reactivity of smooth muscle to a variety of relaxing agents can

be produced by the adrenergic blocking agents, and probably by most other

chemicals. A number of cases of apparent suppression of adrenergic inhibitory

responses in complex organs have not yet been adequately explained, but even the

frequently demonstrated suppression of adrenaline inhibition of intestinal

motility and tone by the ergot alkaloids must represent a pharmacological action

very different from that involved in the blockade of excitatory responses. The

probability that this effect is dependent on actions other than a specific blockade

of adrenergic inhibitory responses of the smooth muscle is strengthened by

comparison with the clear-cut blockade of inhibitory responses produced by

dichioroisoproterenol (DCI).

Cardiac responses. Responses of the myocardium to adrenaline and noradrenal-

me are separated clearly into two groups by the actions of the adrenergic block-

ing agents. These may be termed phy&iological responses (e.g., positive chrono-

tropic and inotropic responses) and pathological responses, tl�e production of

abnormal rhythms. Although the chronotropic and perhaps the inotropic re-

sponses of amphibian hearts may be inhibited under suitable conditions (35, 90),

these responses of the mammalian heart are not effectively blocked by the

classical adrenergic blocking agents. As in the case of inhibitory responses, a

number of reports of blockade of the positive chronotropic and inotropic responses

of mammalian hearts have been published (9, 1 10). Unfortunately, such reports

rarely provide information regarding the specificity of the effect, i.e., whether

only responses to sympathomimetics were inhibited or whether responses to such

diverse agents as the cardiac glycosides or calcium ions also were blocked.

rrhe most recent reports of blockade of the positive inotropic response to

adrenaline, noradrenaline and other sympathornimetics by the classical adren-

ergic blocking agents are found in a series of papers describing studies in

which contractile force was measured by means of a strain-gauge arch sutured to

the myocardium (16, 17). In this preparation, Dibenamine, Dibenzyline, phentol-

amine, piperoxan and azapetine appeared to inhibit the inotropic response. The

doses required were considerably larger than those necessary to block excitatory
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responses of smooth muscle, but after extensive or complete inhibition of the

recorded response to sympathomimetics, a significant response to a cardiac

glycoside was still obtained. These observations conflict with the results of a

considerable number of earlier studies which failed to show any blockade of

either chronotropic or inotropic responses by doses which did not markedly

depress the myocardium (1, 58, 84, 96), and must be accepted with caution. It

appears possible for a number of factors affecting diastolic filling and initial

myocardial fiber length to influence the results obtained by this method so as to

produce a spurious “blockade.” A reevaluation of this problem employing much

simpler test objects, atria of rats, rabbits and cats, and cat papillary muscles

in vitro, and the blocking agents Dibenamine, Dibenzyline, tolazoline, piperoxan

and Hydergine in maximal tolerated doses failed to show any clear inhibition of

either chronotropic or inotropic responses to adrenaline (Nickerson and Chan,

unpublished) . In contrast, very low concentrations of dicholoroisoproterenol

effectively antagonized both responses. It may be hoped that a more thorough

study of the strain-gauge-arch technique will provide an explanation for these

divergent results.

Cardiac arrhythmias induced by adrenaline and other sympathomimetic

amines with or without associated sensitization by cyclopropane or other hydro-

carbons are effectively inhibited by the classical adrenergic blocking agents

both in animals (25, 92, 95) and in man (83). In general, the inhibition is parallel

to adrenergic blocking activity, but in the case of some agents such as the ben-

zodioxanes, which have a potent direct depressant action on the myocardium

(22), it is probable that this property also is involved in the protection against

arrhythmias. Part of the protective effect of adrenergic blockade is due to pe-

ripheral inhibition of the usual pressor response to the sympathomimetic amine

(74, 89). An additional direct effect on the heart appears also to be involved (89),

although this was not demonstrated in one series of experiments on the induction

of arrhythmias in dog heart-lung preparations (31).

As might be expected, arrhythmias due to factors other than adrenergic stimuli

are suppressed much less completely and consistently by the adrenergic blocking

agents. The benzodioxanes have been shown to inhibit arrhythmias due to

electrical stimulation or to barium chloride (23), but this undoubtedly is due to

the strong quinidine-like activity of these agents (22). More specific agents have

little effect on arrhythmias not involving adrenergic stimuli. Phentolamine does

not alter arrhythmias induced by cardiac glycosides ( 19) or by mercurial diuretics

(20), and Dibenamine does not increase the threshold for electrically-induced

fibrillation (Nickerson, unpublished), except for a short period after the adminis-

tration of large doses when a transient, direct myocardial depression occurs (1).

Inhibition of various types of arrhythmias by the more specific adrenergic

blocking agents may provide useful, but not necessarily definitive, information

regarding the participation of adrenergic factors in their genesis. Dihenamine

does not significantly alter the development of arrhythmias following acute

coronary occlusion (67) , but phentolamine and particularly Dibenamine and

Dibenzyline may effectively inhibit late postocclusion arrhythmias (51). Arrhyth-
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mias of the latter type have been shown to be potentiated by sympathomimetic

agents (66). The development of ventricular fibrillation during hypothermia is

unaltered by adequate blocking doses of Dibenamine or SY-21 [SKF-501 ; N-

ethyl-N-(9-fluorenyl)-fl-chloroethylaminej (18).

Metabolic responses. The most prominent “metabolic” responses to sympa-

thomimetic agents are liver glycogenolysis and the consequent increase in blood

glucose concentration ; muscle glycogenolysis, leading to lactacidemia ; and a

transient hyper- and more prolonged hypokalemia. Many other metabolic effects

of administered adrenaline have been reported, but it often is unclear whether

they are primary or secondary responses. Many of these responses, such as the

over-all increase in metabolic rate, are very complex and the results of attempts

to inhibit them with specific blocking agents are difficult to interpret.

Several of the adrenergic blocking agents effectively inhibit adrenaline-induced

hyperglycemia. However, this effect does not parallel blockade of peripheral

excitatory responses among the various groups of agents or even within a single

series of closely related compounds such as the ergot alkaloids (53), which are

the most effective inhibitors of this response. Actually, ergotamine appears to be

considerably more potent than dihydroergocornine (DHO 180) in inhibiting the

hyperglycemic response to adrenaline in both rabbits and cats, whereas the

reverse is true with respect to the blockade of vasoconstriction. The inhibition

of liver glycogenolysis thus appears to be an expression of a pharmacological

property quite different from that involved in the blockade of excitatory re-

sponses of smooth muscle. This conclusion is supported by the fact that pos-

tenor pituitary principles, particularly vasopressin (Pitressin), and several

antihistaminics without other evidence of adrenergic blocking activity also

effectively inhibit this metabolic response (60).

Many important details of the sequence of events by which adrenaline induces

glycogenolysis recently have been worked out by Sutherland and associates (98),

but their data do not as yet allow conclusions regarding the step atwhich blockade

may occur. If the blockade were competitive, one might reasonably assume that

it occurred at the initial stage of direct adrenaline action, which appears to

involve some particulate cellular material found in several of the fractions

obtained by differential centrifugation. However, blockade of this response has

not been shown clearly to be competitive and its inhibition by several compounds

which do not affect other responses to adrenaline suggests that it may occur at

some later point in the chain of events, a noncompetitive antagonism.

Glycogenolysis in skeletal muscle leading to lactacidemia appears not to be

blocked effectively by any of the adrenergic blocking agents which have been

studied in this regard (60). Blockade of this reaction has received only limited

attention. It is not known why liver glycogenolysis is inhibited while skeletal

muscle glycogenolysis is not. However, it is possible that this differential action

of the blocking agents may provide a useful tool in the study of glycogenolysis.

Conversely, demonstration of any major biochemical difference in the mechanism

of adrenaline-induced glycogenolysis in the two loci would provide an important

clue to the possible site of action of agents blocking liver glycogenolysis.
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Although few observations have been published, the effect of adrenaline in

mobilizing fat to the liver appears to be amenable to blockade. Ergotamine

inhibits the development of fatty livers in rats treated with ergothionine (112),

a response which has been shown to be dependent upon adrenaline.

The transient hyperkalemia which is induced by adrenaline primarily by a

release of potassium from liver cells is effectively inhibited by the common

adrenergic blocking agents (26, 27, 93). In contrast to the blockade of adrenaline-

induced liver glycogenolysis (hyperglycemia), inhibition of hyperkalemia appears

to parallel blockade of peripheral excitatory responses. Indeed, the ability of

Dibenamine to block the hyperkalemia without affecting significantly the induced

hyperglycemia provides the most convincing evidence that the release of

potassium and of glucose from liver cells are not causally related (27) . A more

generalized effect of adrenergic blockade on potassium handling is indicated by the

observations that Dibenamine increases tolerance to infused potassium by

increasing its apparent “volume of distribution” (57), and that it blocks glucagon-

induced release of liver potassium (27).

Central nervous system responses. The ability of adrenergic blocking agents to

inhibit central nervous system responses to adrenaline and noradrenaline is

quite unclear. This is due in part to lack of knowledge regarding the physiological

role, if any, of these substances in the central nervous system, and the lack of any

clear understanding of the mechanism by which these and other exogenously

administered sympathomimetics produce their gross effects. The most prominent

gross central effect of adrenaline, noradrenaline, and other sympathomimetics is

stimulation, whereas the best studied local effect is inhibition of transcallosal

synaptic transmission between optic cortices (69). These effects are not neces-

sarily contradictory, as any combination of stimulation and inhibition within

the central nervous system can be explained on the basis of the interaction of

inhibitory and facilitatory areas. However, the possibility of such a relationship

is no proof of its existence.

Efforts to demonstrate blockade of central stimulation due to exogenous

sympathomimetics have produced negative or inconclusive results. A considerable

number of adrenergic blocking agents has been shown to antagonize the increased

motor activity induced by methamphetamine (desoxyephedrine, Methedrine)

in the mouse (1 16). However, it is difficult to attribute this effect to specific

adrenergic blockade. It is not quantitatively correlated with the peripheral

blocking activity of the compounds studied, and adrenaline and noradrenaline

themselves produce a similar antagonism of methamphetamine-induced activity.

Dibenamine does not alter appreciably adrenaline-induced respiratory stimu-

lation in animals (84) or in man (54).

It has been demonstrated that chlorpromazine (Largactil, Thorazine) blocks

effectively adrenaline-induced inhibition of transcallosal synaptic transmission.

However, it is difficult to attribute this effect to specific adrenergic blockade

because reserpine (Serpasil) and azacyclonol (Frenquel), which have little or no

adrenergic blocking activity in other tests, also are effective (69). Unfortunately,

the effects of more specific and effective adrenergic blocking agents on this prepa-
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ration have not been tested. In more complex tests it has been shown that rela-

tively large doses of adrenaline can suppress a conditioned avoidance response in

rats and that Dibenzyline completely prevents this loss (62). However, the

authors probably are correct in attributing their results to a generalized weakness

and lethargy due to peripheral actions of adrenaline and to the inhibition of these

peripheral effects by Dibenzyline.

Recent demonstration of relatively high concentrations of noradrenaline in the

brain stem (1 18) has greatly increased interest in the possible role of adrenergic

mediators in normal and abnormal central nervous system function. Investi-

gations predicated on the assumption that adrenergic blocking and ataractic

activity would be associated (1 1 1) led to the development of a benzodioxane

derivative (Ethoxybutamoxane) which is highly effective in laboratory tests.

However, this agent has relatively weak adrenergic blocking activity and it

cannot be accepted at this time that its effectiveness proves either that nor-

adrenaline plays a role in abnormal emotional processes or that the agent is in

fact active because of its adrenergic blocking properties. The benzodioxanes

exert a number of effects on the central nervous system which are very different

from those of other adrenergic blocking agents (77) (see below) and consequently

it is difficult to attribute them to adrenergic blockade per Se.

Some studies purporting to show central adrenergic blocking activity (112)

are entirely dependent upon the assumption that an agent such as chiorpromazine

can produce effects only by blocking responses to adrenaline or noradrenaline.

This assumption probably is not valid for any drug, and it appears to be par-

ticularly dangerous in the case of a pharmacologically complex agent such as

chlorpromazine.

Adrenergic blocking agents have been utilized by many workers in attempts

to demonstrate a possible adrenergic link in the activation of various pituitary

functions. However, many of the results have been inconclusive. It now appears

to be quite clear that a specific adrenergic step is not involved in the release of

adrenocorticotrophin (ACTH). Various adrenergic blocking agents have been

shown to inhibit ACTH release induced by the injection of adrenaline or of other

sympathomimetic amines, but these agents do not effectively block release in

response to other types of stress (48, 94, 1 15). Where a small generalized reduction

in the response to various types of stress was observed, the effect was produced

also by 2-dibenzylaminoethanol (a hydrolysis product of Dibenamine), which

does not produce adrenergic blockade (107).

The picture with respect to the release of gonadotrophic hormone is less clear-

cut. Ovulation in the rabbit has been induced by the injection of small amounts

of adrenaline or noradrenaline into the third ventricle, the hypothalamus or the

adenohypophysis (24, 68). Several of the relatively specific $-haloalkylamine

blocking agents have been shown to block the ovulatory response of the rabbit

to adrenaline or noradrenaline injected into the third ventricle or to coitus, and

to inhibit spontaneous ovulation in rats and fowl (68, 105, 124). The imidazoline

blocking agents, tolazoline and phentolamine, were found to be ineffective. A
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certain degree of specificity of this effect is indicated by the fact that 2-dibenzyl-

aminoethanol, in doses which produce a comparable degree of direct central

nervous system stimulation, is ineffective (105). The above observations suggest

that an adrenergic link is involved in the release of gonadotrophic hormone and

that the j9-haloalkylamines may inhibit ovulation as a direct result of their

adrenergic blocking activity. However, several disturbing observations remain to

be reconciled with this hypothesis. These include the ineffectiveness of the potent

adrenergic blocking agent phentolamine, even when administered in near-lethal

doses, the fact that the $-haloalkylamines appear to be as effective one minute

after injection as they are one or more hours later (106), and the observation

that adrenaline and noradrenaline injected into the hypothalamus are much less

effective in inducing ovulation when the solutions are carefully neutralized and

the volume of the injection reduced (24).

It has been demonstrated that large doses of Dibenamine (60 to 80 mg/kg) or

atropine (700 mg/kg [sicl) can block the milk letdown reflex in lactating rats (47).

However, methylergonovine (Methergine, a semisynthetic ergot alkaloid devoid

of adrenergic blocking activity in most tests) was found to be 30 to 80 times more

potent than Dibenamine. In the aggregate, these data do not appear to provide a

sound pharmacological basis for the conclusion that both cholinergic and

adrenergic steps are involved in this process.

It appears that all adequately studied adrenergic blocking agents influence

central nervous system activity. However, the observed effects do not form a

really consistent pattern, nor can they be correlated qualitatively or quanti-

tatively with blocking activity as determined on peripheral structures. The

fl-haloalkylamines produce mild sedation and feeling of lethargy (99), and

Dihenamine can induce relatively specific derangements of time sense and

memory illusions (54, 100). The latter have not been observed with Dibenzyline,

which because of its greater adrenergic blocking potency has been administered

to man in considerably smaller doses. The two compounds probably do not differ

qualitatively in this regard, but it is at least clear that induction of these rela-

tively specific psychic reactions does not parallel adrenergic blocking activity.

When administered rapidly to animals in large doses, the 3-haloalkylamines are

effective convulsants, but this effect clearly is unrelated to adrenergic block-

ade (78).

Both the natural and dihydrogenated ergot alkaloids characteristically produce

many prominent effects on the central nervous system (102). These usually can

be observed with doses lower than those required to produce even minimal

peripheral adrenergic blockade. A central inhibition of sympathetic nervous

system activity (61) is responsible for any peripheral vasodilatation and fall in

blood pressure which these agents may induce in man, and nausea and vomiting

due to an action on the chemoreceptor trigger zone of the medulla (120) are

prominent. In contrast to the ergot alkaloids, the benzodioxanes act centrally

to increase sympathetic tone. They may thus induce a considerable rise in blood

pressure in unanesthetized animals (49) and in man (42) . Present evidence is
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inadequate to show that any of the above effects can be attributed to “central

adrenergic blockade,” and their diversity argues in favor of attributing them, at

least provisionally, to other properties of the drugs in question.

rfhere is considerable need for a careful study of the blockade of central actions

of adrenaline and noradrenaline on simplified systems where the responses can

be recorded objectively. In the absence of such studies, one can conclude only

that blockade of any central action of the sympathomimetic amines has not been

demonstrated convincingly, and that the present inadequate evidence suggests

that blockade of these actions probably is not a salient property of the currently

employed adrenergic blocking agents.

REFERENCES

1. ACHESON, G., FARMt, A. AND FRENCH, G. N.: Some effects of dibenzy1.�-cblorethylamine (Di�na�jne) on

the mammalian heart. J. Pharmacol. 97: 455-465, 1949.

2. AGARWAL, 5. L. AND HARVEY, 5. C. : Failure of Dibenamine to block adrenergic inhibitory responses. Arch. jut.

Pharmacodyn. 101: 476-480, 1955.

3. AGARWAL, 5. L. AND HARVEY, 5. C.: Mechanism of long duration of action of Dibenzyline. J. Pharmacol. 117:
106-ill. 1956.

4. AHLQUIST, R. P. : A study of adrenotropic receptors. Amer. J. Physiol. 153: 586-600, 1948.

5. AUGUSTINSSON, K-B. AND NACHMANSORIJ, B. : Studies on cholinesterase. VI. Kinetics of the inhibition of acetyl-
choline esterase. J. biol. Chem. 179: 543-559, 1949.

6. AxELROD, S., ARONOW, L. AND BRODIE, B. B. : The physiological disposition and biotransformation
of Dibenamine and a method for its estimation in biological tissues. J. Pharmacol. 106: 166-179, 1952.

7. BARGER, G. AND DALE, H. H. : Chemical structure and sympathomimetic action of aminee. J. Physiol. 41: 19-59,
1910.

8. BOVET, D. AND Bovrr-Nirri, F. : MSdicamenta du syst#{232}me nerveaux vSg#{233}tatif. 5. Karger, Basel. 1948.
9. BOVET, D. AND SIMON, A.: Inversion de Ia tachycardie adr#{233}nalinique du lapin perle diSthylaminom#{233}thylbenzodi-

oxane (883 F), la corynanthine et Ia yohimbine. C. R. Soc. Biol., Paris 119: 1333-1335, 1935.
10. BRODIE, B. B., ARONOW, L. AND AXELROD, J. : The fate of Dibenzyline in the body and the role of fat in its

duration of action. J. Pharmacol. ill: 21-29, 1954.
11. CANNON, W. B. AND ROSENBLUETH, A. : Autonomic neuro-effector systems. Macmillan, New York, 1937.
12. CHEN, G. AND RUSSELL, D. : A quantitative study of blood pressure response to cardiovascular drugs and their

antagonists. J. Pharmacol. 99: 401-408, 1950.

13. CHEW, G. AND RUSSELL, D. : The antagonistic action of adrenergic blocking agents on the vasopreesor effect of
epinephrine. Arch. mt. Pharmacodyn. 84: 176-180, 1950.

14. CLARK, A. J. : The antagonism of acetyl choline by atropine. J. Physiol. 61: 547-556, 1926.
15. CLARK, A. J. : General pharmacology. In: Heifter’s Handbucb der experimentellen Pharmakologie, Erg. vol. 4.

Springer, Berlin, 1937.
16. COI-rEN, M. DEV., MORAN, N. C. AND STOPP, P. E.: A comparison of the effectiveness of adrenergic blocking

drugs in inhibiting the cardiac actions of sympathomimetic amines. J. Pharmacol. 121: 183-190, 1957.
17. COI-rEN, M. DZV. AND WALTON, R. P. : Dibenamine blockade as a method of distinguishing between inotropic

actions of epinephrine and digitalis. Proc. Soc. exp. BioL, N. Y. 78: 810-815, 1951.
18. C0VIN0, B. G., CHARLESON, D. A. AND D’AMATO, H. E.: Ventricular fibrillation in the hypothermicdog. Amer.

J. Physiol. 178: 148-154, 1954.

19. CRAVER, B. N., CAMERON, A., CLARY, M. L. AND FEICKERT, J. : Attempts to find antidotes for cardiac glycoeidee

acting on perfused feline hearts. Arch. mt. Pharmacodyn. 86: 311-320, 1951.

20. CRAVER, B. N., YONEMAN, F. F. AND RENNICK, B. R. : Antidotes to ventricular fibrillation induced by mer-
curial diuretics. Amer. Heart S. 40: 590-594, 1950.

21. DALE, H. H.: On some physiological actions of ergot. J. Physiol. 34: 163-206, 1906.

22. DAWNs, G. S. : Synthetic substitutes for quinidine. Brit. S. Pharmacol. 1: 90-112, 1946.

23. DONOKN, K. VAN: The action of F-933 (piperidomethyl-3-benzodioxane) on the fibrillation of the heart. Arch.
mt. Pharmacodyn. 63: 88-89, 1939.

24. DONOVAN, B. T. AND HARRIS, G. W. : Adrenergic agents and the release of gonadotrophic hormone in the rabbit.
J. Physiol. 132: 577-585, 1956.

25. DRILL, V. A. AND HAYS, H. W. : Effect of halogenated ethylamines on cardiac arrhythmias induced by epi-

nephrine, nicotine and cyclopropane. J. Pharmacol. 101: 74-81, 1951.
26. D’5ILvA, J. L. : The action of adrenaline on serum potassium. J. Physiol. 82: 393-398, 1934.

27. ELLIs, S., BECKETT, S. B. AND BOUTWELL. J. H. : Dibenamine blockade of epinephrine and glucagon hyper-

kalemias. Proc. Soc. exp. Biol., N. Y. 94: 343-345, 1957.
28. EMMELIN, N. : Sympathicolytic agents used to separate secretory and vascular effects of sympathetic stimula-

tion in the submaxillary gland. Acta physiol. scand. 34: 29-37, 1955.



NICKERSON 459

29. EULER, U. S. voN: Noradrenaline: chemistry, physiolo�r, pharmacologyandcinicalaspecta. CharlesC Thomas,

Springfield, Ill., 1956. .

30. FASTIER, F. N. AND REID, C. S. W. : Influence of chain-length upon some pharmacological properties of 5-alkyl

isothioure.as. Brit. J. Pharmacol. 7: 417-432, 1952.
31. FAWAZ, G. : The mechanism by which N: N-dibenzyl-chloroethylamine protects animals against cardiac ar-

rhythmias induced by sympathomimetic amines in presence of cyclopropane or chloroform. Brit. J. Phar-

macoL 6: 492-498, 1951.
32. FERGUsON, F. C., Jzt. AND WESCOE. W. C. : The pharmacology of N , N-dimethyl 2-chloro-2-phenylethylamine.

J. Pharmacol. 100: 100-114, 1950.
33. FERGUSON, J. : The use of chemical potentials as indices of toxicity. Proc. roy. Soc., ser. B. 127: 387-404, 1939.
34. FLECKEN5TEIN, A. : A quantitative study of antagonists of adrenaline on the vsssels of the rabbit’s ear. Brit.

J. Pharmacol. 7: 553-562, 1952.
3,5. FREUDIGER, A. AND RomuN, E. : tYber die Wirkung der natfirlichen und dehydrierten Mutterkornalkaloide auf

das isolierte Froschherz. Arch. mt. Pharmacodyn. 78: 445-455, 1949.
36. FREYBURGER, A., C�u’o, L. R. AND MOE, 0. K. : Responses to epinephrine and norepinephrine after

Dibenamine. Fed. Proc. 8: 293, 1949.
37. FTJRCHOOTr, R. F. : Dibenamine blockade in stripe of rabbit aorta and its use in differentiating receptors. J. Phar-

macol. 111: 265-284, 1954.

38. FURCHOOTr, R. F. : The pharmacology of vascular smooth muscle. Pharmacol. Rev. 7: 183-265, 1955.

39. GADDUM, J. H. : The action of adrenaline and ergotaznine on the uterus of the rabbit. J. PhysioL 61: 141-150, 1926.
40. GADDUM, J. H. : The quantitative effects of antagonistic drugs. J. Physiol. 89: 7P-9P, 1937.
41. GADDtJM, J. IL, HAMEED, K. A., HATRWAY, D. E. AND STEPHENS, F. F.: Quantitative studies ofantagonists for

5-hydrozytryptamine. Quart. J. exp. Physiol. 4: 49-74, 1955.
42. GOLDENBERO, M., SNYDER, C. H. AND Aaawow, H., Ja.: New teat for hypertension due to eirculating epineph-

rine. J. Amer. med. Ass. 135: 971-976, 1947.

43. GRAHAM, J. D. P. AND LEWIS, 0. P.: The antihistamine and antladrenaline properties of a series of N-naphthyl-

methyl-2-haloethylamine derivatives. Brit. J. Pharmacol. 8: 54-61, 1953.
44. GRAH�u, J. D. P. AND LEWIS, G. P. : The role of the cyclic ethyleneiminium ion in the pharmacological activity

of the 2-haloethylaminss. Brit. J. Pharinacol. 9: 68-75, 1954.

45. GREEN, H. D., DEAL, C. P., JR., BARDHANABAEDYA, S. AND DENI5ON, A. B., Ja. : The effects of adrenergic

substances and ischemia on the blood flow and peripheral resistance of the canine mesenteric vascular bed

before and during adrenergic blockade. J. Pharmacol. 113: 115-123, 1955.

46. GREEN, H. D., DENISON, A. B., Ja., Wix.LI�s. W. 0., Ja., GARVEY, A. H. AND TABOR, C. G. : Comparison of
the potency of Dibenzyline, Ilidar, phentolamine (Regitine) and tolasoline (Priscoline) in blocking the vaso-

constrictor responses in canine muscle to lumbar sympathetic stimulation and to intra-arterial injections of

l-epinephrine and t-norepinephrine. J. Pharmacol. 112: 462-472, 1954.

47. GROsVENOR, C. E. AND Tva�ER, C. W. : Evidence for adrenergic and cholinergic components in milk let-down

reflex in lactating rat. Proc. Soc. exp. Biol., N. Y. 95: 719-722, 1957.

48. GUILLEMIN, R. : A re-evaluation of acetylcholine, adrenaline, nor-adrenaline and histamine as possible mediators

of the pituitary adrenocorticotrophic activation by stress. Endocrinology 56: 248-255, 1955.
49. HANDOVSKY, H. : Sur l’effet central du didthylamino-mdthyl-3-benzo-dioxane (F883). C. R. Soc. Biol., Paris

118: 1245-1246, 1935.

50. HARRIEs, E. H. L. : The mode of action of sympathomimetic amine. in inhibiting gastric secretion. J. Physiol.

138: 48P-SOP, 1957.

51. HARRIs, A. 5. AND BISTENI, A. : Effects of sympathetic blockade drugs on ventricular tachycardia resulting from

myocardial infarction. Amer. J. Physiol. 181: 559-666, 1955.
52. HARVEY, S. C. AND NICKERSON, M. : Reactions of Dibenamine and some congeners with substances of biological

interest in relation to the mechanism of adrenergic blockade. J. Pharmacol. 112: 274-290, 1954.
53. HARVEY, S. C., WANG, C.-Y. AND NICKERSON, M. : Blockade of epinephrine-induced hyperglycemia. J.

Pharmacol. 104: 363-376, 1952.

54. HECET, H. H. AND ANDERSON, R. B. : The influence of Dibenamine (N. N-dibenzyl-�-chloroethyl-amine) on
certain functions of the sympathetic nervous system in man. Amer. J. Med. 3: 3-17, 1947.

55. HiTcHcocK, D. I. : The formal identity of Langmuir’s adsorption equation with the law of mass action. J. Amer.

chem. Soc. 48: 2870, 1926.

56. HoRowITz, R. M. AND NICKERSON, M. : Distribution and persistence of Dibenzyline-C’4 in the body. Fed. Proc.
13: 367, 1954.

57. HUGOIN5, R. A.. BRECKENRIDGE, C. G. AND Horr, H. E. : Volume of distribution of potassium and its altera-

tion by sympatholytic and antihistaminic drugs. Amer. J. Physiol. 163: 153-158, 1950.

58. Hu�rv, C. C. : The adrenergic blocking effect of certain $-chloroethyl aminea. J. Pharmacol. 95: 177-184, 1949.
59. KOELLE, G. B. : Protection of cholinesterase against irreversible inactivation by di-isopropyl fluorophosphate

in z’itro. J. Pharmacol. 88: 232-237, 1946.
60. KOMRAD, E. I. AND LOEW, E. R.: Effect of certain antihistaminios on epinephrine-induced hyperglycemia and

lacticacidemia. J. Pharmacol. 103: 115-122, 1951.

61. KONZEI-r, H. AND ROTHLIN, E. : Investigations on the hypotensive effect of the hydrogenated ergot alkaloids.

Brit. J. Pharmacol. 8: 201-207, 1953.
62. KO5MAN, M. E. AND GERARD, R. W. : The effect of adrenaline on a conditioned avoidance response. J. comp.

physiol. Psychol. 48: 506-508, 1955.



460 SYMPOSIUM ON CATECHOLAMINES

63. LANGMUIR, I. : The adsorption of gases on plane surfaces of glass, mica and platinum. J. Amer. chem. Soc. 4:
1361-1403, 1918.

64. LINEwEAVER, H. AND BURR, D. : The determination of enzyme dissociation constants. J. Amer. chem. Soc. 56:

658-666, 1934.
65. LOEWE, S. : Die Wirkung synthetischer Cyclo&thylamine sos der Verwandtschaft von Adrenalin und Histamin

auf autonome Erfolgsorgane. Z. gas. exp. Med. 56: 271-333, 1927.
66. MALINO, H. M. AND Moa.&x, N. C. : Ventricular arrhythmias induced by sympathomimetic amines in unanes-

thetized dogs following coronary artery occlusion. Circulation Re.. 5: 409-413, 1957.

67. MANNING, G. W. : Effect of Dibenamine on ventricular fibrillation foUowing sudden coronary occlusion. Fed.
Proc. 8: 105-106, 1949.

68. MARKER, J. E., Evzasrr, J. W. AND SAWYER, C. H.: The relationship of the nervous system to the release of

gonadotrophin and the regulation of the sex cycle. Recent Progr. Hormone R.es. 7: 139-163, 1952.
69. MARRAZZI, A. S. : The effects of certain drugs on cerebral synapses. Ann. N. Y. Acad. Sd. 66:496-507,1957.

70. MARRAZZI, A. 5. AND MARRAZZI, R. N. : Further localization and analysis of adrenergic synaptic inhibition. J.

Neurophysiol. 10: 167-178, 1947.
71. McDouo�u�, M. D. AND WzsT, G. B. : The inhibition of the peristaltic reflex by sympathomimetic amines. Brit.

J. Pharmacol. 9: 131-137, 1954.
72. MzavInLE, K. I. : The antisympathomimetic action of dioxane compounds (F883 and F933). with special refer-

ence to the vascular responses to dihydroxyphenyl ethanolamine (arterenol) and nerve stimulation. J. Phar-

macol. 59: 317-327, 1937.
73. MENDEZ, R. : Antagonism of adrenaline by ergotamine. J. Pharmacol. 32: 451-464, 1928.

74. Mos, G. K., MALTON. S. D., Rsn�NIcI, B. R. a.�co FREYBTJROER, W. A.: The role of arterial pressure in the in-
duction of idioventricular rhythms under cyclopropane anesthesia. J. PharnIacOL 94: 319-327, 1948.

75. NACHMANSORN, D., ROTHENBERO, M A. �rD FsnD, E. A.: The in vitro reversibility of cholinesterase inhibition

by diisopropyl fluorophosphate (DFP). Arch. Biochem. 14: 197-211, 1947.
76. NANDA, T. C. : The action of ergotamine on the response of the rabbit’s gut to adrenaline. J. Pharmacol. 42: 9-16,

1931.
77. NICKERSON, M. : The pharmacology of adrenergic blockade. Pharmacol. Rev. 1: 27-101, 1949.

78. NICKERsON, M. : Interpretation of experimental results obtained with Dibenamine. Endocrinology 44: 287-288,
1949.

79. NICEERsON, M. : Activation of vascular smooth muscle receptors by sympathomimetic amines. Rev. canad.

Biol. 14: 275, 1955.

80. NicEzasoN, M. : Receptor occupancy and tissue response. Nature, Lond. 178: 697-698, 1956.

81. NICEERsON, M. : Mechanism of the prolonged adrenergic blocking action of Dibensyline. Fed. Proc. 15: 463,

1956.

82. NICKERSON, M. : Nonequilibrium drug antagonism. Pharmacol. Rev. 9: 246-259, 1957.
83. NICKERSON, M. AND BROWN. H. 0. : Protection by Dibenamine against “spontaneous” arrhythmias occurring

during cyclopropane anesthesia. Anesthesiology 12: 216-224, 1951.

84. NICKERsON, M. AND GOODMAN, L. S. : Pharmacological properties of a new adrenergic blocking agent: N , N-
thbenzyl-�-ch1oroethylamine (Dibenainine). J. Pharmacol. 89: 167-185, 1947.

85. NICZERSON, M. AND Gussp, W. S. : The chemical basis for adrenergic blocking activity in compounds related to
Dibenamine. J. Pharmacol. 97: 25-47, 1949.

86. NICKERSON, M., HENRY, J. W. AND NOMAGUCHI, G. M. : Blockade of responses to epinephrine and norepinephrine
by Dibenamine congeners. J. Pharmacol. 107: 300-309, 1953.

87. NIcKEiisoN, M. AND MORTHAM, E. H. : Factors distinguishing classical competitive from nonequilibrium drug

antagonism. Fed. Proc. 16: 325, 1957.
88. NicKEasoN, M. AND NOMAGUCHI, 0. M. : Loc,m of the adrenergic blocking action of Dibenamine. J. Pharinacol.

93: 40-51, 1948.
89. NICKER8ON, M. AND NOMAGTJCHI, G. M. : Mechanism of Dibenamine protection against cyclopropane-epinephrine

cardiac arrhythmias. J. Pharmacol. 95: 1-11, 1949.
90. NICKERSON, M. AND NOMAGUCHI, G. M. : Blockade of epinephrine-induced cardioacceleration in the frog. Amer.

J. Physiol. 163: 484-604, 1950.
91. NICKERSON, M. AND NOMAGUCHI, 0. M. : Responses to sympathomimetic amines after Dibenamine blockade.

J. Pharmacol. 107: 284-299, 1953.
92. NICKERSON, M. AND SMITH, S. M. : Protection against cyclopropane-epinephrine arrhythmias by Dibenamine

and other agents. Anesthesiology 10: 562-676, 1949.

93. O’BRIEN, G. S., Muspny, Q. R., JR. AND MEEK, W. J. : The effect of sympathomimetic amines on arterial plasma

potsasium and cardiac rhythm in anesthetized dogs. J. Pharmacol. 109: 453-460, 1953.

94. OHLER, E. A. AND Szvv, R. W. : Inhibition of stress induced adrenal ascorbic acid depletion by morphine, Di-

benzyline and adrenal cortex extract. Endocrinology 59: 347-355, 1956.
95. ORTH, 0. S. : The use of dihydroergotamine (D.H.E. 45) and dihydroergocornine (D.H.O. 180) to prevent cardiac

irregularities during cyclopropane anesthesia. Arch. mt. Pharmacodyn. 78: 163-173, 1949.
96. Oi-ro, H. L. : Upon the action of ergotoxine in the mammalian heart. J. Pharmacol. 33: 285-293, 1928.

97. Powsu�, C. E. AND SLATER, I. H. : Blocking of inhibitory adrenergic receptors by a dichloro analog
of isoprot.erenol. J. Pharmacol. 122: 480-488, 1958.

98. Ra.u�. T. AND SUTHERLAND, E. W. : Action of epinephrine and norepinephrine in broken cell preparations. THIS

SYMPOSIUM.



NICKERSON 461

99. REDISCH, W., TEXTER, E. C., JR., HOWARD, R. M., STILLMAN, P. H. AND STEEL, J. M. : The action of SKF

688A (phenoxyethyl derivative of Dibenamine) upon certain functions of the sympathetic nervous system in
man. Circulation 6: 352-358, 1952.

100. ROCKWELL, F. V. : Dibenamine therapy in certain psychopathologic syndromes. Psychosom. Med. 10: 230-237,

1948.
101. ROSENBLUETH, A. AND ACRESON, G. H. : Does the nictitating membrane of the cat have a refractory period?

Amer. J. Physiol. 129: 514-521, 1937.

102. ROSENBLUETH, A. AND CANNON, B. : Some circulatory phenomena disclosed by ergotoxine. Amer. J. Physiol.

105: 373-382, 1933.

103. R0TiwIN, E. : The specific action of ergot alkaloids on the sympathetic nervous system. J. Pharmacol. 36:

657-583. 1929.
104. ROTHLIN, E., KONZETT, H. AND CERLEI-rI, A. : The antagonism of ergot alkaloids towards the inhibitory re-

spouse of the isolated rabbit intestine to epinephrine and norepinephrine. J. Pharmacol. 112: 185-190, 1954.

105. SAWYER, C. H., MARKEE, J. E. AND EVERETT, J. W. : The mechanism by which Dibenamine blocks pituitary
activation in the rabbit and rat. Proc. Soc. exp. Biol., N. Y. 71: 670-672, 1949.

106. SAWYER, C. H., MARKEE, J. E. AND EVERETT, J. W. : Further experiments on blocking pituitary activation in

the rabbit and the rat. J. cap. Biol. 113: 659-682, 1950.

107. SAWYER, C. H. AND PARKERSON, G. R., JR. : Mechanisms of partial blockade of the stress response in rats by
Dibenaniine analogues. Endocrinology 52: 346-356, 1953.

108. Scmazvr, H. : Dissociation par la phentolamine des effete des mddiateurs chimiques (adrenaline et noradr#{233}naline)

et des actions provoqu#{233}es par l’excitation des nerfs sympathiques. Arch. hit. Pharmacodyn. 109: 271-279, 1957.
109. SEED, J. C. ai�� MCKAY, E. A. : Inhibition by piperidinomethyl-3-benzodioxane (933F) of epinephrine vaso-

preesor blockade produced by dibenzyl-fl-chloroethylamine. Proc. Soc. exp. Biol., N. Y. 70: 724-726, 1949.
110. SERIN, F. : Influence of Dibenamine and piperidino-methyl-benzodio.xane (933F) upon the effect of i-adrenaline

and i-noradrenaline on the isolated rat heart. Acta physiol. scand. 26: 299-311, 1952.
111. SLATER, I. H. AND JONES, G. T. : Pharmacologic properties of ethoxybutamoxane and related compounds. J.

Pharmacol. 122: 69A, 1958.
112. SPECTOR, S., BOGDANSKI, D. F. AND BRODIE, B. B. : Evidence that chlorpromazine exerts a generalized central

sympatholytic action. Fed. Proc. 16: 337, 1957.
113. STEPHENSON, R. P. : A modification of receptor theory. Brit. J. Pharmacol. 11: 379-393, 1956.

114. S’rou., A. : Recent investigations on ergot alkaloids. Chem. Rev. 47: 197-218, 1950.
115. TEPPERMAN, J. AND BOGARDUS, J. S. : Attempts at pharmacologic blockade of the secretion of adrenocortico-

trophin. Endocrinology 43: 448-450, 1948.
116. TRIPOD, J. : Beeinflussung der zentral-erregenden Wirkung von Weckaminen durch Pharmaka mit spezifischer

Wirkung auf das autonome Nervensystem. Helv. physiol. acta 10: 403-412, 1952.
117. TRIPOD, J. AND MElEE, R. : Anti-adrenaline and anti-arterenol activity of some sympathicolytic compounds.

Experientia 6: 307-309, 1950.
118. VOGT, M. : The concentration of sympathin in different parts of the central nervous system under normal condi-

ticcis and after the administration of drugs. J. Physiol. 123: 451-481, 1954.
119. WALTERS, P. A., JR., COOPER, T. W., DENISON, A. B., JR. AND GREEN, H. D. : Dilator responses to isoproterenol

in cutaneous and skeletal muscle vascular beds: effects of adrenergic blocking drugs J. PharmacoL 115:323-

328, 1955.
120. WANG, 5. C. AND GLAVIANO, V. V. : Locus of emetic action of morphine and hydergine in dogs. J. Pharmacol.

111: 329-334, 1954.
121. WEsT, G. B. : The vasodepressor action of noradrenaline. Brit. J. Pharmacol. 4: 63-67, 1949.
122. WooL, I. G., GOLDSTEIN, M. 5., RAMEY, E. R. � LEVINE, R.: Role of epineph.rine in the physiology of fat

mobilization. Amer. J. Physiol. 178: 427-432, 1954.
123. YouMkNs, P. L., GREEN, H. D. AND DENI50N, A. B., Ja.: Nature of the vasodilator and vasoconstrictor recep-

tors in skeletal muscle of the dog. Circulation Bee. 3: 171-179, 1955.
124. zAuRow, M. X. AND BASTIAN, J. W. : Blockade of ovulation in the hen with adrenolytic and parasympatholytic

drugs. Proc. Soc. exp. Biol., N. Y. 84: 457-459, 1953.




