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The pharmacology of sympathomimetic amines has been the subject of several
previous reviews (33, 116, 117, 247). The large volume of published research
now available makes it advisable to limit this review to a part of the entire
subject.

An attempt has been made to present here the pharmacological actions of
epinephrine and the structurally related dihydroxyphenylalkylamine derivatives
on smooth and cardiac muscle. The publications cited must be considered merely
as representative of this field of investigation. The principal compounds described
are identified by the commonly used names.

EPINEPHRINE, ‘ADRENALIN’, ‘SUPRARENIN’, LEvVOo 1-(3',4’-DIHYDROXY-
PHENYL)-2-METHYLAMINOETHANOL

Earlier publications have reviewed the isolation, structural determination and
synthesis of epinephrine (116, 247). A marked rise in blood pressure following
the intravenous injection of extracts of the adrenal glands was demonstrated in
1895 (193), and shortly thereafter the similarity of this response to the effects
produced by stimulation of sympathetic nerves was described (36, 77, 154, 159).
More recent investigations have indicated that epinephrine-like substances may
be produced in many organs.

The intravenous injection of small amounts (1-5 meg./kgm.) of epinephrine
(63, 77) causes a prompt rise in blood pressure. The resulting rise has been divided
into 4 phases as follows; (a) vasoconstriction, (b) decremental phase of (a), (c)
a secondary rise associated with stimulation of the vasomotor center, (d) a fall
below the preinjection level. A similar analysis by the 3 manometer method of
Nolf has shown (a) a marked increase in stroke volume associated with a distinct
increase in heart action, (b) a fall in blood pressure induced by the sinus reflex
mechanism, (c¢) a diminution in the output of the heart, partly reflex in origin and
partly the result of diminished venous return, (d) a period in which peripheral
actions are dominant and wherein there is an increased stroke volum.e due to an
increased venous return associated with constriction of capillaries and veins and
(e) a fall in pressure as the peripheral action diminishes (215). The fall in pressure
below the preinjection level which follows the pressor response (182) probably
results from the vasodepressor action of epinephrine (51) or from reflex vaso-
dilatation (119). There is a marked, but transient, increase in the output of the
heart coincident with an increase in heart rate (22, 99), which takes place within
a few seconds after intravenous injection. This rise precedes the peripheral vaso-
constriction which in turn tends to diminish cardiac output (22). The sudden
increase in arterial pressure associated with the increase in cardiac output stimu-
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lates pressoreceptors in the aorta and carotid sinus and thereby reflexly induces
some vasodilation (119). .

The peripheral effects of epinephrine are quite variable in different organs and
in the same organ under varying physiological conditions. Epinephrine usually
causes constriction in the cutaneous vascular bed (58, 98, 127). Small amounts of
epinephrine may cause an'increase (66, 98, 114, 129) followed by a decrease (199)
or a primary decrease (67, 199) in blood flow through muscles. Slow intravenous
infusion causes an increase in blood pressure along with a marked increase in the
volume flowing through the limbs of experimental animals and man (5, 130).
Limb volume and venous outflow studies in the hind limbs of dogs after the
removal of the skin reveal only vasodilation after epinephrine whereas in the
intact leg the net effect is usually a reduction in volume due to the marked con-
striction of the skin vessels (127). In anesthetized cats, intravenous injections of
0.5 mcg.*/kg./min. caused a marked increase in the blood flow through the hind
limb but this increase diminished as the rate of injection was increased (102). A
decrease in the rate of flow through bones has been observed with epinephrine in-
perfusion experiments (74).

Epinephrine frequently increases the volume of abdominal organs (75, 126)
and increases the volume flow (5, 19, 75, 126, 192). However, constriction of
mesenteric vessels has been reported (44, 58, 83, 113, 129, 173, 192). Small doses
of epinephrine may cause an increase in portal flow and liver volume with a
reduction in venous pressure (19, 27, 40, 75, 97, 138, 217), whereas large doses
cause a reduction in both hepatic low and liver volume (19, 27, 40, 75, 97, 138,
173, 180, 217). Epinephrine causes contraction of the splenic capsule (129, 211).
An initial contraction followed by marked relaxation may occur (129).

Subcutaneous or intravenous injection of epinephrine in man causes tachy-
cardia, an increase in systolic and usually a decrease in diastolic pressure asso-
ciated with a reduction in peripheral resistance (5, 88, 90, 94, 201). The determi-
nation of cardiac output, pulse pressure and total peripheral resistance during
slow intravenous infusion has led to the conclusion that, in man, epinephrine is
predominantly a vasodilator agent (5, 94).

Epinephrine is a potent cardiac stimulant. Isolated frog heart preparations
respond to dilutions of 1:10 million to 1:1 million by an increase in both rate and
amplitude of contraction. Greater concentrations cause arrhythmia and cardiac
arrest (1, 9, 112, 162, 169). Similarly, mammalian heart strips, excised mam-
malian hearts and heart-lung preparations respond to epinephrine by an increase
in rate and force of contraction associated with an increased oxygen consumption
(59, 96, 118). Epinephrine causes a reduction in the length of systole and
shifts the time of maximum ejection into the early part of systole. There is an
increase in contractile activity and this may result in increases in stroke volume
and cardiac output if peripheral resistance is not too greatly increased. Doses
which markedly increase peripheral resistance also increase diastolic volume and
reduce cardiac output and work (110, 204). In the intact animal, there may be a
reduction in the rate of contraction which is prevented by atropine or by cutting
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the vagi above the heart (37, 128, 184). A similar reflex slowing of the heart,
associated with an increase in pressure, which may be prevented by atropine has
been reported in man (88, 90). Slow intravenous infusion (10 mcg./kg./min.) in
man has been observed to increase cardiac output without an increase in venous
pressure or heart rate (183).

The determination of the effect of epinephrine on coronary flow is made diffi-
cult by the mechanical factors involved. An increase has been reported for saline
perfused beating hearts (21, 35, 77, 105). Determinations in the heart-lung prep-
aration of dogs indicate that epinephrine causes an increase in coronary flow
(174); this is also observed when heart rate and total output are maintained con-
stant (10). Very small amounts (0.1 mcg.) have beén reported to diminish coro-
nary flow without change in cardiac action, whereas larger doses (1.0 mcg. or
more) caused transient constriction followed by dilatation (174). Coronary flow
was decreased by epinephrine in the human heart-lung preparation (145); this
reduction was associated with an increased vigor and rate of contraction. In
the non-beating human heart (145) and in cat, rabbit and dog hearts (137), an
increased flow was observed. Isolated rings of coronary arteries of the ox (153)
and sheep (60) are relaxed by epinephrine whereas those from man are reported
to contract with dilutions greater than 1:50,000 and to relax at higher concen-
trations (145). Stromuhr determination of coronary flow has revealed a decrease
during systole but an increase during diastolic inflow (100, 207). Flow deter-
minations in unanesthetized dogs have indicated that epinephrine causes a dis-
tinct increase; the increase being relatively greater than would be expected from
the increase in mean blood pressure (253).

The determination of the effect of epinephrine on pulmonary blood flow is also
made difficult by the simultaneous stimulating action on the heart. Experiments
with isolated strips of pulmonary arteries obtained from various species of ani-
mals and from man have indicated that epinephrine causes constriction (20, 44,
60, 170, 186). Rings taken from the extrapulmonic arteries respond to dilutions
of 1:1 million to 1:10 million by constriction. Intrapulmonic arteries gave small
and variable responses but with constriction predominating (87, 109, 208). Con-
striction has also been reported for the perfused pulmonary vascular bed (44,
91, 198, 249, 256). The various results obtained have been described in a recent
summary (68). :

An increase in right along with a decrease in left auricular pressure has been
observed following intravenous epinephrine injection and has becn interpreted
as an indication of pulmonary vasoconstriction (198, 257). However, such re-
sults could be expected to follow an increased output from the heart, as described
earlier in this article. Numerous experiments indicate that epinephrine can cause
pulmonary vasoconstriction (68, 212) but it seems doubtful if this plays an im-
portant role in the regulation of pulmonary blood flow (135).

Epinephrine is an effective bronchodilator drug. This action has been demon-
strated on excised tracheal tissue (55, 172, 245, 246) and on the isolated perfused
lung (233, 240, 252) when contraction had been induced by histamine, barium
chloride and other bronchoconstrictor agents. Experimentally induced broncho-
spasm in cats and dogs is readily relaxed by small intravenous doses (0.01-
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0.02 mg./kg.) of epinephrine (42, 95, 131, 134, 195, 231). The inhalation of a
histamine mist induces marked bronchospasm in guinea pigs. This can be pre-
vented by the previous intraperitoneal injection of 0.1 mg./kg. of epinephrine
(225). Histamine and acetylcholine mists induce bronchoconstriction in guinea
pigs which is relaxed by epinephrine (214, 244). The inhalation of an epinephrine
mist has also been found effective in inducing bronchodilatation in bronchial
asthma (69, 223).

The action of epinephrine on the gastro-intestinal tract varies with the seg-
ment studied, with the degree of initial tonus and with the species of animal.
With cat and human stomachs, the pyloric sphincter is contracted while all other
parts are relaxed. The preantrum of the dog’s stomach is relaxed while the body,
fundus and cardiac sphincter are contracted (54, 226). The frog stomach may re-
spond by either contraction or relaxation whereas the turtle stomach is contracted

TABLE 1
Effect of epinephrine on the uterus*
ANIMAL NOM-GRAVID GRAVID REFERENCE

Mouse - - 104
Rat - - 104, 107, 141, 168
Guines pig - - 104, 107, 168, 179

+ + 60, 104, 139, 149
Rabbit + + 33, 104, 149, 168, 247
Cat - + 33, 104, 247, 254
Dog + + 104, 146

- - 104, 139
Monkey + +, - 66, 104
Human + + 103, 104, 139, 146, 191, 209

* — inhibitory; + constriction.

by epinephrine (29). In anesthetized dogs, small intravenous doses (2.5-20 mcg.)
of epinephrine diminish gastric tonus (226). Epinephrine stimulates the lower
oesophagus and cardia and inhibits the stomach in cats. In rabbits, epinephrine
inhibits the cardia and contracts the stomach (54).

Tonus and peristalsis in the small intestine are diminished by epinephrine.
Isolated segments of rabbit intestine are relaxed by dilutions as great as 1:500
million (125). Segments of guinea pig ileum are relaxed by dilutions of 1:20
million but may be contracted by dilutions of 1:1 million to 1:4 million (149).
The pyloric (50, 140, 229) and ileocecal (50, 66) sphincters are contracted.
Marked inhibition of the intestine follows intravenous injection of epinephrine
and the duration of this action parallels that of the pressor action (248). Dener-
vation of the small intestine increases its. sensitivity to this inhibitory action
(260). Epinephrine also causes relaxation of the gall bladder (18, 160).

The action of epinephrine on the uterus is quite variable, being influenced
by the condition of the organ (gravid, non-gravid) and by the species of animal
used. These various actions have been summarized in table 1 and in the review
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articles cited (33, 104, 247). Epinephrine has been reported to increase the force
of uterine contractions during delivery, this effect being followed by a short pe-
riod of diminished activity (258).

" The isolated urinary bladder of the cat is contracted by small and relaxed by
large concentrations of epinephrine (76). Intravenous injection causes a tran-

Bient contraction which may be followed by a reduction in tonus (159). Activity
of the ureter of the cat is increased and the urethra is strongly contracted (78,
166). The dog bladder usually responds by a small increase in tonus (78). The
rabbit bladder may be weakly contracted or may relax (2), whereas the human
bladder is contracted and rhythmic activity of the ureters is increased by epi-
nephrine (171, 222).

TABLE 2
The acute tozxicity of epinephrine
ANIMAL ADMINISTERED TOXIC DOSE REFERRNCE
mg./kg.
Mouse i.v. 2.74+0.2 (LDs) 123
i.p. 4.6 £ 0.55 (LD;o) 149
8.c. 1.0-1.5 33, 80
1.98-2.17 157
4.0-8.0 221, 247
: oral 50.0 33
Rat iv. 0.04 + 0.004 (LDye) 123
0.005-0.05 33
8.c. 5.0-10.0 33
10.0-20.0 247
oral 30.0 33
Rabbit iv. 0.2-0.3 33
0.05-0.4 32, 82, 166
8.c. 10.0-20.0 33
4.0-10.0 26, 247
: oral 30.0 33
Guinea pig iv. 0.15-0.2 167, 216
Cat iv. 0.5-8.0 33, 247
s.c. 20.0 33, 247
Dog iv. 0.2-2.0 33, 247
8.C. 5.0-6.0 8, 33, 247
Human im. >7 124, 181

Epinephrine, perfused through the superior cervical sympathetic ganglion of
the cat, causes depression of the response to repetitive stimulation of the pre-
ganglionic trunk (175). This inhibitory action appears to be similar in nature to
the.inhibition obtained on the intestine and bronchi (176). Other investigators
have reported increased transmission with large doses (38).

Epinephrine i8 a very toxic drug. Data on acute toxicity are summamed in

table 2. The symptoms of intoxication in rats following intravenous administra-
tion are depression, blanching of the extremities, dyspnea, loss of muacular
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coordination which may te followed by clonic convulsions and death from respira-
tory arrest (123). Chloroform (158) and cyclopropane (194) increase the sensi-
tivity of the heart to the toxic actions of epinephrine. Accidental epinephrine
intoxication in man has been reported (124, 181), with intramuscular doses of
5-7 mg. not causing death. Symptoms observed were headache, excessive perspi-
ration, a feeling of constriction in the neck with fullness in the chest, precordial
distress, mild tremor and vomiting.

DEXTRO-EPINEPHRINE

The pharmacological responses to the dextro-isomer of epmephrme appear to
be qualitatively the same as those obtained with epinephringe (89). The pressor
potency of epinephrine has been reported to be 12-51 (64), 20 (234), 18.5 & 0.7
(232) times greater than that of the d-isomer. The toxicity of the d-isomer is
distinctly lower than that of epinephrine: It is 4 -} as toxic as this latter drug
when injected subcutaneously in rats (64), 95— as toxic when injected intra-
venously in mice (123) and -} as toxic when injected mtravenously in rabbits
(247).

ARTERENOL NOR-EPINEPHRINE, 1- (3 4'-DIHYDROXYPHENYL)-2-AMINOETHANOL

Arterenol was syntheswed in 1904 by Stolz and Flacher (230) and by Dakin
(65). The racemic compound has recently been resolved by Tullar (250).

The pressor potency of arterenol has been reported to exceed that of epi-
nephrine; arterenol is 1.25-1.5 times more pressor in dogs when.the racemic com-
pounds are compared (25, 220). The size of the dose injected may influence the
ratio obtained. Arterenol and epinephrine are reported to be equipressor at small
doses but an increase in the relative potency of arterenol was observed as the
dose was increased (179). Arterenol has been reported to be 1.3 times more pressor
than epinephrine in cats (179, 237, 254) and the l-isomer 1.7 times more pressor
than epinephrine in dogs (168). Epinephrine is 1.5-2.5 times more active than
arterenol in causing vasoconstriction in the perfused rabbit ear (179) and has
also been reported more effective in causing vasoconstriction ¢f the renal, mes-
enteric and femoral vascular beds after intra-arterial injection (4). An equal in-
crease in coronary flow of the perfused rabbit heart was observed with both
arterenol and racemic epinephrine (179). A decrease in coronary flow has also
been reported (4).

Arterenol has been reported to be less stimulating than epinephrine on the
perfused frog heart (254). Equal effects on rate and amplitude of the perfused
rabbit heart (179) have been reported when the racemic salts were compared.
Equipressor doses of the l-isomers were reported to be equally stimulating on the
dog heart in situ (168) or on the denervated heart (259). In other experiments,
arterenol has been reported to be ‘1.7 times more stxmulatmg than epx-
nephrine (62).

The effects of intravenous infusion of 10~-20 mcg./kg./min. l-arterenol for 3

. Arterenol and other optically active sympathomimetric amines are referred to a8 the
racemic compound unless otherwise desxgna.ted Epinephrine’is the 1-base.’
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minutes in 7 normal adults were compared with those obtained with this dose of
epinephrine. Arterenol caused bradycardia, whereas epinephrine caused tachy-
cardia. The subjective effects of arterenol were insignificant whereas with epi-
nephrine there was mild palpitation, hyperventilation, tightnessin the chest and
muscular fatigue (23). Intravenous infusion of lesser amounts (0.11-0.4 mcg./
Kg./min.) of l-arterenol for 14 to 22 minutes caused either no change or a de-
crease in cardiac output, a significant rise of systolic and diastolic arterial pres-
sures with a rise of mean pressure, an increase in total paripheral resistance, a de-
crease in pulse rate and a significant rise in mean pulmonary arterial pressure (94).

Isolated segments of small intestine are relaxed by arterenol. The relative
activity varies with the species of animal used; the inhibitory potency of epi-
nephrine is reported to be equal to that of arterenol in the cat, but greater in the
rabbit and rat (4, 79, 168, 179). Racemic epinephrine and arterenol have been
reported to be equally active on the isolated guinea pig ileum (179). Epinephrine
was found to be 1.4 times more active than arterenol when the l-isomers of both
compounds were used (168).

The isolated cat uterus is inhibited by arterenol, but less readily than by epi-
nephrine (25). Inhibition of the isolated guinea pig uterus requires 2.5-10 times
more arterenol than epinephrine (25, 149, 169). The isolated rat uterus, stimu-
lated with acetylcholine, is relaxed by l-arterenol in a dilution of 1:10 million-
1:3 million or at concentrations 30 times greater than the effective concentration
of epinephrine (168). .

The bronchioles of the isolated perfused guinea pig lung are dilated by racemic
arterenol in doses 7-17 times greater than the effective dose of epinephrine (168,
179, 240). Bronchoconstriction, induced in unanesthetized guinea pigs by inhala-
tion of histamine mists, may be prevented or diminished by the parenteral ad-
ministration of arterenol. However, the dose required is about 3 times greater
than that required for epinephrine (168). Studies in pithed dogs have shown epi-
nephrine to be 7.4 times more active than arterenol in relaxing bronchoconstric-
tion induced by arecoline (195). Histamine-induced bronchospasm, in this prep-
aration, was found to be more readily relaxed by epinephrine, arterenol being
only moderately effective in producing bronchodilatation (42). -

. The central nervous system stimulation of arterenol and epinephrine was
compared in rats. Epinephrine was found to be about twice as stimulating as
l-arterenol (168). This is somewhat at variance with an earlier report which in-
dicated no central nervous system stimulation from di-arterenol (219).

The acute toxicity of arterenol is somewhat less than that of epinephrine.
The various results obtained are shown in table 3 (p. 285).

The pharmacologic activity of the d-isomer of arterenol is qualitatively the
same as that of the l-isomer but the potency is much lower. The relative potencies
of the d-isomer, expressed as multiples of the effective dose of the l-isomer, have
been reported as follows: vasopressor and cardiac action—27; inhibition of the
guinea pig ileum—~62; inhibition of the isolated rat uterus—4; dilatation of the
bronchioles of the isolated perfused guinea pig lung—50, 60; bronchodilatation by
the histamine mist method—20 (168).
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- The acute: intravenous toxicity of d-arterenol in mice and rats i is shown in table
3. The d—lsomer is distinctly less toxic than the l-isomer.

! HYDROXYTYRAMINE, 1-(3’,4’-DIHNYDROXYPHENYL)-2-AMINOETHANE

The pressor action of hydroxytyramine is much less than that of arterenol or
epinephrine. Results obtained on cats and dogs suggest that it is yly— v as potent
as epinephrine (6, 25, 108, 235). Action on the dog heart-lung preparation and on
the isolated perfused cat heart indicates a potency of about. yg that of epinephrine

TABLE 3
The acute toxicily of arterenol
m DRUG ADMINISTERED TOXIC DO&R REFERENCE
. wmg./ke.. : .
Mouse . | levo iv. 5.0 = 1.0 (LDyo) : 123
racemic iv. 7.5 £ 2.0 (LDyo) 123
racemic iv., . 9.8 = 1.9 (LDy) 71
racemic iv. 5.0 (LDu-w) 179
dextro iv. 60.0 =+ 20.0 (LDsy) 123
racemic i.p. 12.0 — 30.0 (LDe-w) 179
racemic i.p. 15.6 + 3.8 (LDso) 71, 149
: racemic s.c. 40.0 33
Rat levo iv. 0.10 & 0.01 (LD;o) 123
racemic iv. 0.13 & 0.02 (LDso) 123
dextro iv. 1.40 + '0.14 (LDso) 123
racemic s.c. - >2.0 23
Rabbit racemic iv. 0.25-0.30 33
racemio iv. 1/2-1/3 epinephrine 247

(108). In the perfused hind limb of the dog, hydroxytyramine is % (108) and
in the perfused rabbit ear y3sw (92a) a8 active as epinephrine.

‘Dilator action on the bronchioles of guinea pigs, dogs and cats is g% that of
epinephrine (7). Isolated intestinal segments are relaxed by hydroxytyramine
when present in concentrations 17 (cat) or 2040 (rabbit) times that of epi-
nephrine (108). Similarly, the non-pregnant cat uterus is relaxed by doses 80-85
times greater; the uterus in situ by doses 100 times greater than the effective
dose of epinephrine (108).

‘EPININE’, 1-(3’,4'-DIHYDROXYPHENYL)-2-METHYLAMINOETHANE

The pressor potency of ‘Epinine’ has been reported as 4 that of racemie epi-
nephrine (25). Comparisons with epinephrine indicate a pressor potency § - in
cats (61, 131) and § -y in dogs (121, 149, 234). ‘Epinine’ acts like epinephrine
on peripheral blood vessels, causing dilatation in small doses and dilatation
followed by constriction with larger doses (197). Constriction of renal vessels
has been described (197, 202).

Bronchodilatation in isolated perfused guinea pig lungs in which constriction
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was induced by histamine, barium chloride or pilocarpine was found to require
50 times more Epinine than epinephrine (149, 240). Bronchodilatation in dogs,
in which constriction was induced by arecoline or histamine, was obtained by
doses of 0.4-1.0 mg./kg. (42, 195).

Isolated segments of rabbit small intestine (12, 73) and rat colon (92a) are
relaxed by ‘Epinine’ in doses 100 times the effective dose of epinephrine. Isolated
segments of guinea pig ileum are relaxed by low concentrations (1:4 million) but
contracted by higher concentrations (1:400,000) (149). The pupil of both the
rabbit and cat is dilated by Epinine at 10 times the effective dose of epinephrine
(73). The retractor penis of the dog is contracted by intravenous doses of 10-25
mcg./kg., being somewhat less active than epinephrine (167). The isolated
non-gravid uteri of rabbits and guinea pigs are contracted by concentrations of
1:4 million (149).

‘KEPHRINE’, ADRENALON, 3 ,4-DIHYDROXYPHENYL METHYLAMINOMETHYL KETONE

‘Kephrine’ has been reported to be distinctly less pressor than hydroxytyramine
(25). Pressor potencies relative to epinephrine are somewhat variable, being re-
ported as1/200 (132), 1/150 (234), 1/80 (111, 149). Bronchodilatation in isolated
perfused guinea pig lungs requires doses approximately 10 times greater than
those of epinephrine (149). The isolated guinea pig ileum is relaxed by -concen-
trations 10-20 times greater than those for epinephrine. The isolated guinea pig
uterus is relaxed whereas the rabbit uterus is contracted by dilutions of 1:1
million (149). Acetylcholine induced activity of the isolated rat uterus is dimin-
ished by concentrations 25 times greater than equiactive concentrations of
epinephrine (92a). .

Acute intraperitoneal toxicity in mice is distinctly lower than that of epi-
nephrine. An LDso value of 902 + 25 mg./kg., or 196 times that of epinephrine,
has been reported (149). The toxic dose intravenously in rabbits is 30 mg./kg.;
subcutaneously in mice, 2000 mg./kg. (33).

‘COBEFRIN’, CORBASIL, 1-(3',4'-DIHYDROXYPHENYL)-2-AMINOPROPANOL

The pressor potency of ‘Cobefrin’ in dogs following intravenous injection has
been reported to be one-half that of epinephrine (213). Similarly, intravenous in-
jection into cats gave a pressor potency of 0.3-0.4 that of epinephrine (238, 241).
With intravenous infusion in dogs, pressor potency was found to be } that of
epinephrine (213). Both epinephrine and arterenol are reported to be more
vasoconstrictor than ‘Cobefrin’ when these drugs are injected intraarterially (4).

The heart is strongly stimulated by ‘Cobefrin’ and responds to effective doses
by an increased output, diminished diastolic and systolic volumes, decreased
stroke amplitude and increased rate. By comparison with epinephrine, it is 4.3
times more stimulating (62). It is also less effective than epinephrine and dioxy-
¢éphedrine in increasing coronary flow in the isolated perfused rabbit heart (4).

The bronchodilator action of ‘Cobefrin’ in theisolated perfused guinea pig lungs
is Y that of epinephrine. Histamine bronchoconstriction in anesthetized dogs is
antagoniged by ‘Cobefrin’ in doses of 1-3 mg./kg. (42). Isolated segments of the
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small intestine of the rabbit are relaxed by 2-5 times the effective concentration
of epinephrine (73, 215). The effective concentration for relaxation of the isolated
rat uterus is 10 times that of epinephrine (92a).

The levo-isomer has been reported to be 2-3 times more effective than epi-
nephrine on the intestine and 200 times more potent than its dextro-isomer (79).
Both epinephrine and arterenol are reported to be more stimulating on the ureter,
dilator pupillae and nictitating membrane (4). No stimulating effect on the cen-
tral nervous system of rats was observed with subcutaneous injections of 0.25~-
5.00 mg./kg. (219).

DIOXY-EPHEDRINE, 1-(3’,4'-DIHYDROXYPHENYL)-2-METHYLAMINOPROPANOL

The blood pressure response to dioxy-ephedrine is somewhat variable. Some
investigators have found this drug to be distinctly pressor, with a dioxy-ephed-
rine: epinephrine dosage ratio of 41-140 (61, 238, 240). A fall in pressure follows
a transient rise and the magnitude of both these responses varies with the dose,
the depressor response being prominent with small doses (0.5-100 mcg./kg.) and
diminishing as the dose is increased (61, 215). Cardiac stimulation is less than
with epinephrine, the potency ratio being 1.0:1.5. However, a better amplitude
contraction is maintained (62). Dioxy-ephedrine induces peripheral vasoconstric-
tion and diminishes the cardiac output of cats (188). In the perfused hind leg
of the cat, an epinephrine vasoconstrictor ratio of 31.4 has been obtained (187).

The isolated rabbit uterus is stimulated but this action requires a drug con-
centration 50 times greater than epinephrine (215). The isolated guinea pig in-
testine is relaxed by doses 5 times larger than the effective dose of epinephrine
(215). Bronchodilatation of the isolated perfused guinea pig lung requires doses
14.7 times greater than the effective dose of epinephrine (240). Histamine-in-
duced bronchoconstriction in dogs was found to be effectively relaxed by intra-
venous doses of 1-2 mg./kg. and dioxy-ephedrine was therefore rated as an
excellent bronchodilator (42).

No central nervous system stimulation in rats was observed after subcutaneous
injections of 140 mg./kg. (219).

The minimum lethal dose intravenously in rabbits is about 1.0 mg./kg.; this
produces marked pulmonary edema (215). Subcutaneous doses of 40 mg./kg. in
rats caused only a 10 per cent mortality (219).

‘BUTANEFRINE’, ETHYLNORSUPRARENIN, 1-(3’,4’-DIHYDROXYPHENYL-
2-AMINO-1-BUTANOL

Butanefrine is predominantly a depressor drug. Intravenous doses of 0.1-1.0
mg./kg. cause a sharp fall of blood pressure in anesthetized cats which lasts about
9 minutes (238). Pressor action becomes apparent only after repeated intra-
venous injections; the depressor response is then replaced by a diphasic action
which after further doses is replaced by a purely pressor response (41, 43). In
the cat leg perfused with Locke solution, when the doses of ‘Butanefrine’ and epi-
nephrine were matched quantitatively by repeated injections, ‘Butanefrine’ was
reported to have a mean constrictor potency 1/1273 & 190 that of epinephrine.
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Small doses of the drug were found to be without effect. When defibrinated
blood was substituted for Locke’s solution, the potency for constrictor action was
1/238 + 15.3 (43, 187). This suggests that the presence of small amounts of
epinephrine (or sympathin) is important for this vasoconstriction. Recent ex-
periments have shown that small amounts of epinephrine or adrenochrome will
restore vasoconstriction in perfused rabbit ears when the constrictor response
has been exhausted by sympathetic nerve stimulation (70). Excised hepatic veins
are constricted by ‘Butanefrine’, the epinephrine ratio being about 50. Simulta-
neously with the fall of blood pressure, after intravenous administration, there
is an increase in limb and intestinal volumes, a rise in portal and venous pres-
sures and a constriction of the liver. Pooling of blood in the splanchnic bed has
been suggested as the principal cause of the fall in blood pressure (41).

The cardiac action of ‘Butanefrine’ in the Starling heart-lung preparation was
less than that of epinephrine. The epinephrine ratio for cardiac output was 5.3
+ 1.2; for systolic volume, 6.2 & 1.9 (41).

‘Butanefrine’ is an effective bronchodilator drug but in the excised perfused
guinea pig lungs the doses required are about 71 times greater than those of
epinephrine (240). Histamine bronchoconstriction in anesthetized dogs is readily
diminished or abolished by the intravenous injection of 1.0 mg./kg. of ‘Buta-
nefrine’. Inhibitory action on the isolated rat colon is approximately twice
greater than that of epinephrine (92a).

The intravenous, intramuscular or subcutaneous administration of 0.5-2.0
mg./kg. was found effective in relieving bronchial spasm in asthmatic patients.
These doses cause a distinct decrease in diastolic without a significant change in
systolic pressure. The pulse rate is moderately increased. Subjective side-effects
such as precordial pain, nausea, vomiting and excitation are reported to be less
than with epinephrine (239).

... Acute intravenous toxicity (LDso) in mice was found to be 117 + 1.04 mg./kg.
for ‘Butanefrine’ and 0.98 + 0.184 mg./kg. for epinephrine (239).

‘ISUPREL’, ‘ALEUDRINE’, 1-(3’,4’-DIHYDROXYPHENYL)-2-ISOPROPYL-
AMINOETHANOL

‘Isuprel’, like ‘Butanefrine’, is a potent vasodepressor drug. The inhibitory
actions characteristic of epinephrine have been enhanced by the replacement of
the methyl group on the nitrogen by an isopropyl group. Intravenous injection
causes a marked fall of blood pressure in anesthetized or decapitated cats, dogs
and rabbits (4, 149, 150, 179). Intravenous injection of 0.6-1.0 mcg./kg. into
anesthetized dogs causes a 3846 mm. Hg. fall in blood pressure lasting 3-17
minutes (149, 150). Intramuscular or intra-intestinal injection of 0.10-0.25
mg./kg. causes distinct falls in pressure lasting more than 200 minutes. Similar
results are obtained in unanesthetized dogs after oral administration (150).
Intra-arterial injection of ‘Isuprel’ causes a reduced peripheral resistance in the
renal, mesenteric and femoral vascular beds (4). Subcutaneous administration
of 0.15 to 1.0 mgm. to man causes a marked increase in pulse pressure, due in
part to a reduction in diastolic pressure. Occasionally, systolic pressure may
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increase slightly; this appears to result from increased cardiac action. Similar
results have been obtained after sublingual administration (179). ‘Isuprel’, in
these doses, is a potent vasodilator drug (190, 229).

The dog heart-lung preparation reveals a marked cardiac stimulation as evi-
denced by an increase in stroke and minute volume, a reduction in right auricular
pressure and a marked increase in rate (143). The isolated perfused frog, cat and
rabbit hearts are stimulated and there is a distinct increase in both rate and
amplitude (149, 150, 179). The isolated frog and cat heart give positive inotropic
and chronotropic responses to ‘Isuprel’ and this drugis 10 times more potent than
epinephrine in inducing these changes (161). An analysis of the effect on the heart
reveals a marked increase in stroke volume and work per beat. As with epi-
nephrine, there was a distinct reduction in the duration of systole (204). Myo-
cardiograms of the dog heart in situ (149) and pulse rates in anesthetized and
unanesthetized dogs reveal marked tachycardia after intravenous doses of 1.0
mcg./kg. and after intramuscular or oral doses of 0.1-0.2 mg./kg. (149, 150).
Cardiac inhibition in man, induced by the application of pressure over the
carotid sinus, can be prevented by prior medication with ‘Isuprel’. The in-
creased - sympathetic tone induced by this drug is dominant and therefore
prevents the appearance of vagal effects. This stimulant action appears to be
largely on the sinus node, lower auricular foci or auriculo-ventricular node and
seldom on lower ventricular foci. By contrast, epinephrine and arterenol were
reported frequently to induce foci from lower ventricular centers (190).

Histamine bronchoconstriction in the isolated perfused guinea pig lung prep-
aration is readily relaxed by ‘Isuprel’. In this action, it seems to. be somewhat
more effective than epinephrine (179, 225). The bronchoconstriction induced by
horse serum in sensitized guinea pigs is abolished (225) and pilocarpine-induced
bronchoconstriction in anesthetized dogs is readily antagonized (142). In the
latter preparation, it is about 10 times more potent than epinephrine. ‘Isuprel’ is
about 1.5 times more potent than epinephrine in protecting unanesthetized
guinea pigs from histamine mists (225).

‘Isuprel’ has been reported to be an effective bronchodilator drug in man and
to be useful in thetreatment of bronchial asthma. It is effective when administered
intravenously (0.5-1.0 mg.), subcutaneously (1.0 mg.), by inhalation (1.0 per
cent solution) or orally (10-12.5 mg.). These doses cause some tachycardia and
palpitation, a small increase in systolic and usually a decrease in diastolic pres-
sure (143, 150, 239). Following the inhalation of 0.5-1.0 per cent solutions, there
is a marked increase in vital capacity of asthmatic patients and of subjects with
bronchoconstriction induced by histamine or ‘Mecholyl’ (223).

Isolated intestinal segments are relaxed by concentrations equal to or some-
what less than those of epinephrine (4, 28, 143, 149, 150). The rabbit small in-
testine and colon in situ are promptly relaxed by intravenous doses of 0.03-0.05
mg./kg. Isolated uteri of the rabbit and guinea pig, stimulated by histamine or
pituitrin, are relaxed by dilutions of 1:40 million (149, 179). The denervated
nictitating membrane of the eat is not contracted by doses of more than 100
meg./kg. (143). The dog retractor penis is relaxed by intravenous doses of 1-2
mcg./kg. (168).
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The acute intravenous toxicity (LDso) in mice is 77 & 7 mg./kg.; intraperi-
toneal toxicity 494 + 14 mg./kg. Subcutaneous injections of 2-20 mg./kg. in
dogs cause salivation, restlessness, vomiting, cardiac arrhythmias and occasion-
ally death at 15-20 mg./kg. Subacute and chronic toxicity determinations also
suggest that this drug has low toxicity (71).

GENERAL CONSIDERATIONS INVOLVED IN S8YMPATHOMIMETIC DRUG ACTION

The similarity of the action of epinephrine to sympathetic nerve stimulation
(36, 46, 50, 164) has been emphasized previously in this review. Secretion of this
hormone by the adrenal gland is probably continuous and it has been deter-
mined that cats and dogs secrete about 0.023 mcg./kg./min. (228). Large
amounts may be secreted in emotional states and this observation has given rise
to the theory that epinephrine aids the organism in carrying out the activities
associated with pain, fear and anger (45, 47, 49). Recent investigations have
demonstrated the presence of l-arterenol in extracts of the adrenal medulla
(84, 93, 122a, 251). The l-isomer has been isolated from commercial epinephrine
in pure form (251) and its content estimated as 10-18 per cent of the total (11).
These results compare favorably with determinations of the l-arterenol content
of fresh gland extracts (84). Adrenal medullary tumors have been shown to
contain large amounts of l-arterenol, this substance accounting for a major
portion of the pressor action obtained from extracts of these tumors (93, 122).
Experiments in eviscerated spinal cats with the kidneys excluded from the circu-
lation have provided evidence that splanchnic nerve stimulation causes the
liberation of both epinephrine and arterenol from the adrenal gland. It was
estimated that the arterenol content varied from less than 20 to as much as 80
per cent of the total active material secreted (39).

The possibility that epinephrine, l-arterenol or other substances are liberated
at sympathetic nerve endings and are the mediators of the nerve impulse has been
suggested (13, 50, 72, 165, 193). Stimulation of the sympathetic nerves to the
heart, liver, intestine, uterus, pilomotor muscles and other organs liberates a
humoral sympathomimetic substance (or substances) which has an effect on the
denervated heart, nictitating membrane, intestine, iris and other indicator organs
similar to that of epinephrine (34, 46, 48, 52, 53, 56, 136, 206, 210). This possi-
bility was strengthened by the observation that the response to the liberated
substance was increased by denervation or by cocainization. Concentrates of
solutions obtained by perfusion of stimulated organs were found to have an
ultraviolet absorption spectrum quite similar to that of epinephrine (16, 17), were
rendered inactive upon exposure to air or heat (155), gave the Viale color reaction
(13) and a green fluorescence when exposed to strong alkali. These data suggest
that epinephrine is liberated by nerve stimulation. However, certain observations
are not wholly in accord with the assumption that epinephrine is the only sub-
stance liberated. The pressor response to arterenol in ergotaminized decapitate
cats resembles the response to hepatic nerve stimulation more than that to
epinephrine (227). An analysis of the physiological responses to epinephrine,
arterenol and liver sympathin also supports the assumption that hepatic nerve
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stimulation releases a substance which resembles arterenol (101, 196). Subse-
quently, it was shown that these arterenol-like extracts do not give the fluores-
cence reaction which characterizes epinephrine (92). Extracts of mammalian
adrenergic nerves, bovine and mammalian blood, spleen heart and urine have
been described as containing arterenol or an arterenol-like substance (15, 85,
122a). Inasmuch as both epinephrine and l-arterenol are obtained from the
adrenal medulla, it is not improbable that these substances would be obtained from
adrenergic nerve fibers and from organs which contain a large number of adrener-
gic nerve fibers. The chromaffin cells of the adrenal medulla are analogous to the

TABLE 4

The effect of varying the N-alkyl group on the adrenergic inhibitory potency of
sympathomimetic amines

CHOHCHsNH:R
RELATIVE ACTIVITY
OH (In terms of multiples of the effective dose of racemic epinephrine)
OH
Uterus Bronchioles
Compound | Structure R Rat Guinea plg Guinea plg
(168) (92a) (148) | (179) | (254) | (168) (179) (225)
1* H 30 7 A 10 | 2.5 {100 | 17 | 5-7 140
2* . CH,3 1 1 1 1 1 1 1 1.
3 C.:H, 0.5-1.0 1 0.3-0.5 1
4 CH(CH,)s 0.5-1.0 0.1|1 0.1-0.3 |0.7
5 C:H, 5.0 3-5
6 C(CH,)s 1 0.08-0.12

* For compounds Nos. 1 and 2, in references 148 and 168, the comparison is on the basis
of the l-isomers; 179 and 225, racemic compounds used for comparison ; 254, racemic No. 1
with l-isomer of No. 2.

** |.Arterenol was used in this investigation.

postganglionic sympathetic neurones. As with adrenal medullary cells, stimula-
tion may cause the liberation of both of these substances. ,
~ The theory has been advanced that l-arterenol is identical with sympathin E
and that this substance plays an essential role in the transmission of adrenergic
excitatory nerve impulses (101, 227). However, the inhibitory action of l-arterenol
is quite marked and can be demonstrated easily. Examination of the data shown
in Tables 4 and 5 indicates, in an approximate manner, the relative inhibitory
and excitatory actions of both epinephrine and arterenol. The guinea pig uterus
is inhibited by these drugs when stimulated or when showing spontaneous ac-
tivity, and excited when in a quiescent state. The inhibitory dose is 2.5 times
(table 4) and the excitatory dose 2 times that of epinephrine (table 5). This
suggests that arterenol has the same action as epinephrine for this organ but is
somewhat less potent. I-Arterenol is more effective than epinephrine in causing
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relaxation of the isolated rat colon (92a). The vasoconstrictor potency of epi-
nephrine is 1.5-2.5 times greater than l-arterenol in perfused rabbit ears (168).
Similarly, arterenol and racemic epinephrine were compared as vasoconstrictors
in dogs. The drugs were injected intra-arterially and the resultant change in
vasomotor resistance determined. Epinephrine was more vasoconstrictor in the
renal, equal in the mesenteric and less in the femoral circulation (4). The simi-
larity of the vascular response to these substances is also illustrated by figure 1.
It will be noted in this experiment that the differences in response between
epinephrine and l-arterenol are quantitative rather than qualitative. By com-

TABLE 5
The effect of varying the N-alkyl group on adrenergic inhibitory and excitatory actions
('ZHOHCBaNH-R
RELATIVE ACTIVITY
Qon (In terms of multiples of the effective dose of racemic epinephrine)
H
Uterus® X:(ig.li;lnﬁ:: Blood Pressure®
Conpn Structure R ' inea Pig |  Rabbit Cat Dog

(149) (149) (92a) (149) (179)3
1 H E, 2.0 E, 2.0 E 1° E, 0.67 1.0
2 CH, E, 1.0 E, 1.0 E 1 E, 1.0 1.0
3 C:H, E, 20 E, 2.0 E, 45 E/I1, 3.3/2.71] E/I,2.3/2.7t
4 CH(CH,), 1,0.5 1,0.5 1 1,0.35 1,0.8
5 C:H, I, 2.7
6 C(CHj,)s I,20 1,2.0 1,0.35 I1,0.7
7 CH, 1,2 1,20 1,55

N-dimethyl analog, cat non-gravid uterus, I, 1/50; blood pressure of spinal cat, E, 1/25,
anesthetized dog, 1/40 (251a); spinal dogs, 1/30-1/50 (230a).

* E, excitation or pressor response; I, inhibition or depressor response.

t E followed by I. Ratio based on changes observed, whether pressor or depressor.

1 Results estimated from published graph showing responses at various dose levels.

° l-Arterenol was used in this investigation.

parison, the vascular response to ‘Isuprel’ is vasodilator only. Equal vasoconstric-
tor potency was observed with the l-isomers of both drugs in the isolated perfused
dog lungs (144). The greater pressor potency of l-arterenol may result from
greater vasoconstriction in some vascular areas, as noted above for the femoral
circulation, from greater stimulation of the heart (in which the drug is reported
to be almost 2 times more stimulating than epinephrine (62)), or from a combina-
tion of these two effects. Arterenol has been reported to be more excitatory than
epinephrine to the pregnant cat uterus. Excitatory action is equal or less in all
other organs examined (254). Similarly, the inhibitory action of arterenol can be
demonstrated with those organs inhibited by epinephrine but it is less than
that observed with the latter substance. The observation that adrenolytic drugs
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which readily reverse the pressor action of epinephrine depress but do not reverse
the pressor action of arterenol is difficult to understand (86, 185). It is interesting
to note that the pressor action of arterenol is reversed in ergotaminized cats.
However, the dose of arterenol required to produce a vasodepressor response is
about 20 times greater than the vasodepressor dose of epinephrine. The signifi-
cance of this observation is uncertain inasmuch as the investigators report that
arterenol did not cause vasodilatation in perfused hind limbs of cats treated with
Dibenamine (255).

Neither epinephrine nor arterenol is purely excitatory. Epinephrine appears
to be equal or more active than arterenol as an excitatory agent in most sympa~
thetically innervated organs. Arterenol liberation may be important for vaso-
constriction but its function in other organs where it is much less potent than
epinephrine is not clear. Inasmuch as it does not differ greatly from epinephrine
as a vascoconstrictor agent, it is difficult to assign to it functions that could not
be equally well explained by the release of epinephrine alone. However,
l-arterenol is secreted by the adrenal medulla and is probably released by the
stimulation of adrenergic nerves. If l-arterenol is an intermediate in the synthesis
of epinephrine, rapid secretion or an arrest at the terminal stages of synthesis
(15) of this hormone might lead to the appearance of some of the intermediate
substance or substances in the circulation.

It is generally agreed that epinephrine is formed from tyrosine. Suggested
steps in this synthesis are:

a. Introduction of the second phenolic hydroxyl group (dopa);

b. Decarboxylation (hydroxytyramine); '

¢. Introduction of the side chain hydroxyl group (arterenol);

d. N-methylation (epinephrine).

It has been suggested that reaction (b) must precede (d) and follow (a), since
both tyrosine and N-methyl-dopa apparently are not decarboxylated. Perfusion
of the suprarenal gland of the cow with N-methyl-dopa does not give rise to
epinephrine. These data suggest that the primary amine is formed first and that
the secondary amine is produced from it by N-methylation (30).

Barger and Dale suggested that the primary amines are imperfect sympa-
thomimetic substances, that their action is mainly excitatory and that they do
not possess all the inhibitory effects of epinephrine. Investigation of arterenol
derivatives in which there are groups larger than methyl substituted on the
nitrogen has disclosed that still greater inhibitory potency is obtained with some
of these analogs.

The rat uterus and guinea pig bronchioles respond to epinephrine and other
related sympathomimetic amines by relaxation only and may, therefore, be used
as indicators of relative inhibitory potency (table 4). The primary amine (No.
1—arterenol) is distinctly less active than the N-methyl analog (No. 2—epi-
nephrine). The N-ethyl derivative (No. 3) equals or exceeds the N-methyl com-
pound in inhibitory action. The greatest potency is obtained with the N-iso-
propyl (No. 4) and N-tertiary butyl (No. 6) compounds. The N-n-propyl (No. 5)
compound is much less potent than the N-isopropy! derivative and is comparable
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to the primary amine as an inhibitory agent. These data suggest that the adrener-
gic inhibitory receptors respond more readily to compounds in which there is an
N-alkyl substitution and in which the substituent is methyl or derivatives ob-
tained by replacing the hydrogens of the methyl group by other methyl groups
(Nos. 3, 4 and 6). This structural requirement for high inhibitory action was
first pointed out with a series of phenolic derivatives (151, 178, 179). The impor-
tance of this arrangement is readily seen by comparing compounds No. 3-6. No.
3 may be considered as

H

—NH—C—CH;

H
with a single methyl group substituted for one of the hydrogens, and Nos. 4
and 6 as having two and three methyl groups, respectively. When the methyl
substituent of No. 3 is replaced by an ethyl group (No. 5), inhibitory potency
is greatly reduced.

Interesting results are obtained in organs in which both adrenergic inhib-
itory and excitatory actions are demonstrable. Representative results are shown
in table 5. Derivatives in which the substituent on the nitrogen is ethyl, methyl
or hydrogen are excitatory and, except possibly for action on the nictitating
membrane and blood pressure, the N-methyl derivative (No. 2—epinephrine) is
the most potent. Compound No. 3 is interesting in that both pressor and de-
pressor actions are obtained. Also, compound No. 2 may cause depressor
responses under some conditions. If pressor responses alone are considered, we
might assume that excitatory action is greatest with the primary amine (No. 1)
and diminishes progressively with methyl, ethyl, isopropyl and tertiary butyl
substitution. However, the pressor response is the result of a complex reaction
in which an increased output of the heart and changes in splanchnic, skeletal
muscle and skin blood volumes all contribute. As previously pointed out, epi-
nephrine equals or exceeds arterenol as a vasoconstrictor agent when the action
is determined by perfusion.

The isolated rabbit or guinea pig uterus provides a comparatively simple
indicator of inhibitory and excitatory action. Results obtained with both of
these preparations suggest that the N-methyl derivative epinephrine is most
excitatory. This action is less with the primary amine and the N-ethyl derivative
and is not observed with compounds containing larger N-alkyl groups. The action
of these latter substances is predominantly inhibitory. Inasmuch as these uteri
respond by both excitation and inhibition to some drugs in this series, it seems
probable that both adrenergic inhibitory and excitatory receptors are stimulated
by each drug in varying degrees. Motility of the guinea pig uterus may be in-
creased (table 5) or diminished by all of these predominantly excitatory com-
pounds (table 4). As with changes in blood pressure, it may be more accurate to
consider these uterine responses as the net result of two opposing actions.

The alcoholic hydroxyl on the side chain is important for both excitatory and
inhibitory actions. This is illustrated by the results shown in table 6. Compound
No. 2 (racemic epinephrine) is twice as potent a uterine stimulant as the corre-
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sponding ethane derivative (No. 9). The N-methyl ketone derivative (No. 14)
is about 1/200 as potent as No. 2. With histamine-constricted bronchi, No.2 is
distinctly more active than either Nos. 9 or 14. This indicates the importance of
the alcoholic hydroxyl for both excitatory and inhibitory actions. Further evi-
dence is obtained by comparing the N-isopropyl derivatives Nos. 4, 11 and 16.
When the alcoholic hydroxyl is replaced by hydrogen, inhibitory potency is di-
minished more than 200 times; by oxygen, the compound is inactive.

TABLE 6
The effect of the alcoholic hydrozyl on sympathomimetic potency
Ri
CHCH:NH-R
l . RELATIVE ACTIVITY
Q ) (In terms of multiples of the effective dose of racemic epinephrine)
OH e S
H
S . . ) Blood *
Gom | Smewe | g | Bk | oo promar
No. - R R | -(89) pig (149) |- - dog (149) cat (25)
1 |H OH E, 2.0 1, 140 1,0.2-1.0** | E, 0.67 E, 0.7
2 |CH, OH E, 1.0 I,1.0 I,1.0° E, 1.0 E, 1.0
3 | CsH; OH E, 2.0 | LL1.0 I,1.0 E/I, 3.3/2.7
4 | CH(CH,); | OH 1,0.5 1,0.5 I,1.0 1,0.35
5 | C:Hy OH E/1, 4/2.5 (179)
6 | C(CH;)s OH 1,2.0 1,0.5 1,0.35
8 |H H . E, 50 (108) E, 50
9 | CH, H E, 2.0 1,25 1, 100 E, 6.5 E, 7
10 | CH; H i E, 23
11 |CH(CH,); | H 1, 200 1,100 E/I, 620/380
12. | CH;- H E, 140
13 |H (0] E, 23
14 | CH, . (0] E, 200 1,10 1,4,2 E, 52 E 23
15 | C:H; (o] E, 15
16 | CH(CHs); | O Inactive| I,1000| - E/I, 1000/680
17 | C;H, (0] E, 140

* E, excitation or pressor reponse I, inhibition or depressor response.
** ]-Arterenol was used in this investigation.

Results obtained with the cat uterus have shown No. 2 to be more inhibitory
than No. 1 and Nos. 9 and 14 more than Nos. 8 and 13 (24). The excitatory ac-
tion of sympathomimetic amines is easily demonstrated with the dog retractor
penis preparation (24), although this organ may have adrenergic inhibitory re-
ceptors inasmuch as it responds to No. 4 by relaxation (168). Compound No. 2
is distinctly more excitatory than No. 1 (24, 168). The ethane derivatives cause
contraction of the retractor penis, the most potent one being No. 9 and, in order
of diminishing potency, No. 10, No. 8 and No. 12. This order of potency is iden-
tical with that found for blood pressure and for the non-pregnant uterus of the
cat (24).
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These facts are also apparent when the effect on blood pressure is considered.
Compound Nos. 9 and 14 are much less pressor than No. 2. As in the case of the
primary amines, there is a marked reduction in pressor potency when the hy-
droxyl is replaced by hydrogen or oxygen. Compound Nos. 3 and 5 are both
pressor and depressor, both actions requiring relatively large doses to produce
significant changes; the N-isopropyl derivative (No. 4) is a strong depressor
agent. The corresponding derivatives, Nos. 11 and 16, are of very low potency
and cause both pressor and depressor responses. Greatest pressor and depressor
potency is found with those compounds containing an alcoholic hydroxyl. Among
these, maximum excitatory action is obtained with the N-methyl derivative;
maximum inhibitory action, with the N-isopropyl or N-t.-butyl derivatives.

TABLE 7 .
The effect of changes in the structure of the side chain on sympathomimetic potency
R'
CHOHCHNH-R .
RELATIVE ACTIVITY .
' (In terms of multiples of the effective dose of racemic epinephrine)
OH
H
Com- . Structure Blood R 8 .
No. R R’ y
1 H H E, 0.67 (149) 1, 104 (149)
2 CH, H E, 1.00 (149) I, 1.0 (149)
4 CH(CH,), H 1,0.35 (149) 1,0.5 (149)
18 H CH, E, 12 (237), 2-6 (213) I, 14.9 (240)
19 CH, . CH, 1/E, 1.0/40-80 (188, 238) 1, 14.7 (240)
20 H C:H, I/E, + §0-500/1273t (187) I, 80 (162)
21 CH, C.H, I, (203)
22 CH(CH,); C.H, 1, 3 (152) I, 5.3 (182)

* E, excitation or pressor response; I, inhibition or depressor response.
t E value obtained in the isolated perfused cat leg.

The size and shape of the group between the benzene ring and the nitrogen
as well as of the alkyl substituent of the secondary amine influence excitatory
and inhibitory potency. This is illustrated by the data in table 7. The addition
of a methyl group to the side chain at R! (No. 18) causes a large reduction in
pressor potency. The corresponding N-methyl derivative (No. 19) is predom-
inantly depressor. Both Nos. 18 and 19 are more potent bronchodilators than
No. 1 but distinctly less active than No. 2. An increase in length to an ethyl
group in the R! position causes a further reduction in pressor and a simultaneous
increase in depressor potency. No. 20 has a weak excitatory and a strong inhibi-
tory effect. The N-isopropylbutanol derivative (No. 22) is a potent depressor
and bronchodilator drug but less active than No. 4 in which R'is H. No. 20
is a more potent bronchodilator than No. 1 but somewhat less potent than
No. 18. These data suggest that adrenergic excitatory action is diminished by
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alkyl substitution on the second carbon of the side chain. Adrenergic inhibitory
action is also diminished but less than excitatory action. Inhibitory action is
dominant with those derivatives in which there is an N-alkyl substituent.

The effect of modifying the structure of the side chain is further illustrated by
the compounds in table 8. Greatest activity, relative to No. 2, is obtained with
No. 9. Nos. 8 and 25 appear to be of comparable activity, the additional methyl
group of No. 25 not causing any significant difference in action over that of the
unsubstituted compound, No. 8. Compound No. 26, wherein the amine group is
on the terminal carbon, is distinctly less pressor than Nos. 24 and 25. When there
is only one carbon between the ring and the amine group (Nos. 23 and 24),
pressor potency is very low. In the case of the structural isomer of No. 25, 2-(3’,

TABLE 8
 The effect of change in length of the side chain on pressor potency
('ZH:-R'NH-R'
H _ POTENCY® REFERENCE
Com N Structure
~ R R’

2 1
23 — H 800 243
4 - CH, 800 242
- 8 CHj, H 35-100 149, 25

9 ‘CHj, CH, 6.5 149
25 CH-CH, H 50 24, 108, 219
26 .CH;-CH,4 H 150-191 24, 219

* Expressed in terms of multiples of the effective dose of racemic epinephrine.

4'-dihydroxyphenyl)-3-methylaminopropane, pressor potency has been reported
to be distinctly greater than that of either Nos. 25 or 26 (189).

The effect of hydroxyl substitution on the benzene ring depends upon the posi-
tion and number of substituents (table 9). The greatest increase in pressor po-
tency in the phenethanolamine series is obtained by substitution at the 3 and
4 positions (No. 1). Of these two, the 3-hydroxyl group (No. 28) appears to be
of more importance inasmuch as the 4-hydroxyl derivative (No. 29) is no more
potent than the unsubstituted compound (No. 27). Compound Nos. 30 and 31
are reported to have low pressor potencies. The addition of a third hydroxyl to
the ring is not favorable for pressor action inasmuch as No. 32 is reported to be
depressor and No. 33 ineffective.

The results obtained with the various phenethylamine derivatives make gen-
eralization difficult. It would seem that there is no great difference in pressor
potency with Nos. 36-39 and No. 8. The unsubstituted compound (No. 34) and
its 2-hydroxyl analog (No. 35) are of comparable potency and both are dis-
tinctly less potent than the above-mentioned ¢ompounds. It is interesting to note
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. TABLE 9 . . )
.'.,Thg effect of the number and posstion of the hydrozyls on the benzene ring of aympatkomimctf’c

amines

mb—
0)
\ 3 e amrERRNCE
A. ETHANOLAMINES
Com- Structure
pound
. No. 2 3 4 s 6
2 1
27 H H H H H 100-124 61, 236
28 H [OH | H H H 10 147
2 |H ‘H OH | H H 100 151,178
30 OH | H OH | H H weak 31
1 H OH |OH | H H 0.67-1.0 149, 179
31 OH | H H OH | H weak 163
32 |0OH|OH | OH | H H depressor 163
33 H OH |OH [ OH | H ineffective 163
B. ETHYLAMINES
34 H H H | H H 183-500 25, 108, 238
35 OH | H H [H H 500 26
36 H OH H H H 70-100 24, 25
7 |H |H |oH|H |H 70-105 24, 61, 108, 151
8 H OH|OH | H H 50 T 24, 26, 108
38 |OH|OH |OH | H H 100 25
39 H |OH|OH|OH | H 50 106

¢ Expressed in terms of multiples of the effective dose of racemic epinephrine.

o TABLE 10
The effect of alkozy substitution on the benzene ring of various sympathomimetic amines

(iHaCHgNH%
[lE RELATIVE PRESSOR POTEMCY® ' | RRFERRNCES
- : Structure
Comgound
o 1 2 3 4
2 1
40 CH,0 CH,0 H H >400 81
41 CH,0 CH,0 H CH, Weak 121
42 CH,0 CH,0 CH,0 H Ineffective 133
43 CH,0 CH,0 H CH, Weak 121
4 H CH,0 CH,0 CH, Weak 121
45 CH,0 H CH,0 CH, Weak 121

* Expressed in terms of multiples of the effective dose of racemic epinephrine.
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that No. 28 is much more pressor than No. 36. The alcoholic hydroxyl appears
to be important for pressor action when the 3-hydroxyl group is present on
the benzene ring and relatively unimportant in its absence (Nos. 27, 29, 34 and
35) or when there are three hydroxyl groups on the ring (Nos. 32, 33, 38 and 39).
The effect of substituting methoxyl for hydroxyl groups on the benzene ring
isshown in table 10. In all instances sympathomimetic potency is greatly reduced,
the resulting compounds having very little pressor activity. The 2,4-dimethoxyl
analog of epinephrine has been reported to be predominantly depressor (238).
The replacement of the 3-hydroxyl group on the benzene ring of epinephrine
by a 3-amino group diminishes the effects on blood pressure, the non-gravid
uterus and the denervated nictitating membrane of anesthetized cats (86a).

SUMMARY

The data presented here suggest that, with the exception of the action on the
heart, tt e adrenergic excitatory action of epinephrine equals or exceeds that of
other compounds described. It also has inhibitory actions and plays an important
role in regulating autonomic activity. l-Arterenol appears to be somewhat less
potent and its physiological significance less apparent. There is evidence that it
is an intermediate in the synthesis of epinephrine. Maximum inhibitory potency
is obtained by replacing the hydrogen atoms of the N-methyl group of epi-
nephrine by other methyl groups, to give the corresponding isopropyl or &.-butyl
derivative. Derivatives of this type have not been obtained from biological
material and there is no evidence at the present time that they are produced in
the animal body. Physiological potency in excess of that obtained with
epinephrine suggests the importance of these substances as tools in studying the
-mechanism of adrenergic inhibitory action. Other modifications in structure,
discussed above, diminish both excitatory and inhibitory actions. Of the various
modifications, substitution of a methyl or ethyl group on the second carbon of
.the side chain diminishes inhibitory action less than excitatory action. The
.structural requirements for adrenergic inhibitory action appear to be less specific
than those for excitatory action.

The concept of the sympathins E and I as mediators of adrenergic nerve im-
pulses seems to have outlived its period of usefulness. Various alternative hy-
potheses have been suggested. The suggestion of two mediators Sc (contracting
substance) and Sr (relaxing substance) proposed more recently (101, 196) seems
to be little more desirable than the original concept of the sympathins. The
postulation of alpha and beta receptors (4) agrees somewhat better with the
experimental data. However, this requires the assumption that stimulation of
either receptor may cause either excitation or inhibition; that union with the cell
receptor is determined by the structure of the sympathomimetic amine but the
nature of the response elicited after union is determined by the organ. Thus,
union with the alpha receptors induces contraction of the blood vessels in skeletal
muscle and skin, and of the nictitating membrane and uterus, but induces relaxa-
tion of intestinal smooth muscle. On the other hand, union with the beta receptors
may cause relaxation of blood vessels in skeletal muscle and in the coronary vas-
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cular bed, relaxation of the uterus (rat, cat, dog and human) and the bronchioles,
and stimulation of the heart.

If one assumes excitation or inhibition to result from stimulation of a specific
receptor, it is difficult to explain the action of sympathomimetic amines on the
heart. Cardiac effects do not correlate well with vascular effects. ‘Isuprel’ ap-
pears to be one of the most potent vasodepressor drugs and at the same time it
is more stimulating to the heart than is epinephrine. In order of increasing car-
diac stimulation we find No. 5 (N-propyl) < epinephrine < arterenol < No. 3
(N-ethyl) < ‘Isuprel’. These observations suggest that a third receptor, specific
for sympathetic action on the heart, may be involved; that there may be an
adrenergic inhibitory receptor (Ac) involved in the contraction of smooth muscle,
an adrenergic inhibitory receptor (Ar) involved in relaxation of smooth mus:le,
and a third receptor (Ae) concerned in cardiac excitation. The structure of
epinephrine could be considered optimal for stimulation of Ac but considerably
less than optimal for Ar. The primary amine, arterenol, is almost equal to
epinephrine in its effect on Ac but distinctly less effective on Ar. ‘Isuprel’ or the
t.-butyl analog (No. 6) appears to have the optimum structure for stimylation of
‘Ar. The structural requirement for maximum effect on Ae needs further investi-
gation. The present summary leaves it obvious that these oversimplified hy-
potheses describe rather than explain the mechanism of adrenergic transmission.

The last two decades have provided us with much detailed information on the
factors influencing the activity of sympathetic nerves and their effectors. How-
ever, many points remain obscure. The substance or substances involved, the
immediate precursor, the manner in which the active agent is liberated, the exact
role of the known substances in this sequence of events, the effect of the level of
activity of the effector on the resultant response and many other problems require
clarification. Progress has been accelerating 8o that present research efforts can
be confidently expected to lead soon to a more complete understanding of these
problems. With this increase in knowledge, it is not too much to hope that there
will be a correlative development of synthetic agents of great therapeutic
importance.
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