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INTRODUCTION 

The concept that excitation might be transferred from a nerve ending to 
an effector organ by the release of a chemical substance was developed over a 
century ago (1). Because of the similarity in the physiological effects of 
epinephrine and sympathetic nerve stimulation, Elliott, in 1905 (2), made 
the brilliant suggestion that an epinephrine-like compound was the sub­

stance released at sympathetic nerve endings. Nearly half a century passed 
before it was established that the epinephrine-like substance was norepi­
nephrine. The evidence has been comprehensively reviewed by Von Euler (3). 

During the last decade, the identification of the various metabolic prod­
ucts of the catecholamines and the discovery of drugs which alter their 
formation, storage, release, metabolism, transport, and physiological activity 
have resulted in a rapid advance in the knowledge of the physiology, bio­
chemistry, and pharmacology of the adrenergic nervous system. These ad­
vances have been the subject of several symposia (e.g. 4-7) and numerous 
reviews. 

Since the processes for synthesis, storage, and release of norepinephrine 
are not entirely specific, structurally related substances also may be formed 
and stored in the sympathetic nerve endings and released by nerve stimula­
tion. Such "false neurochemical transmitters" vary in efficiency of interac­
tion with the norepinephrine receptor and are generally less active than the 
physiological transmitter. 

I t is the purpose of this presentation to indicate the criteria which must be 
satisfied to establish that a substance is an "adrenergic false transmitter"; to 
review the evidence that a variety of phenylethylamine derivatives which 
meet these criteria can be synthesized and serve as false adrenergic transmit­
ters in vivo; to examine the functional consequences of the accumulation of 
such substances; and to summarize how the concept of false transmitters has 
been used to further our knowledge of the physiology, biochemistry, and 
pharmacology of the sympathetic nerve ending. 

CRITERIA FOR ADRENERGIC FALSE TRANSMITTERS 

Three major criteria are generally considered necessary to identify a com­
pound as a neurotransmitter: the substance must be present in nerve endings 
in the same site as the physiological transmitter; it must be released by 

1 The survey of literature pertaining to this review was concluded in June 1967. 

377 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

37
7-

39
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



378 KOPIN 

physiological nerve stimulation; and it must have the same physiological ac­
tions and pharmacological properties, in appropriate concentrations, as the 
natural transmitter. By analogy, criteria for a false transmitter may be 
similarly determined. Although not normally present in significant quantity 
in the nerve ending, a false transmitter can be made to accumulate in the 
same sites in the nerve endings as the physiological transmitter. The resulting 
accumulation may follow administration of the substance itself, a precursor 
or a drug which allows an endogenous compound to form the false transmit­
ter. The false transmitter must be, of course, held in the same storage sites as 
norepinephrine, released by nerve stimulation, and depleted by drugs which 
deplete the physiological transmitter. There is no requirement, however, 
that the released substance be as active as the physiological transmitter; in­
deed, the activity of most adrenergic false transmitters is far less than that of 
norepinephrine. 

N ONSPECIFICITY OF SYNTHESIS, STORAGE, AND RELEASE 

OF THE ADRENERGIC TRANSMITTER 

Synthetic enzymes.-Norepinephrine is formed from tyrosine by the se­

quential action of three enzymes. Tyrosine hydroxylase, which is responsible 
for the formation of 3,4-dihydroxyphenylalanine (DOPA) from tyrosine, is 

considered to be the rate-limiting enzyme in norepinephrine synthesis (8, 9). 
Decarboxylation to form DOPAmine is the next step in the sequence and is 
catalyzed by DOPA decarboxylase (10). In the final reaction DOPAmine-,8-
hydroxylase converts DOPAmine to norepinephrine (11). 

The first of the three enzymes to be discovered was DOPA decarboxylase 
(10, 12). In their work with this decarboxylase, which was partially purified 
from guinea pig kidney, Lovenberg et al. concluded that a wide range of 
aromatic L-amino acids are its substrates (13). Several a-methylamino acids 
such as a-methyl DOPA and a-methylmetatyrosine are competitive inhibi­
tors as well as substrates of this enzyme. DOPA decarboxylase isolated from 
other sources (adrenal medulla of the ox and human pheochromocytoma or 
argentaffinoma) was found to be more specific since p-tyrosine, histidine, 
and tryptophan were not substrates (14). 

Aithough conversion of DOPAmine to norepinephrine had been demon­
strated in adrenal medullary slices and in homogenates in vitro (15, 16), iden­
tification of cofactors and study of the specificity of DOPAmine-,8-hydroxy­
lase awaited solubilization and purification of the enzyme (17, 18). A wide 
variety of phenylethylamine derivatives are substrates for DOPAmine-,8-
hydroxylase (19-21). Thus phenylethylamine derivatives, which are formed 
by decarboxylation of some of the aromatic amino acids, can be converted to 
the corresponding phenylethanolamines. Decarboxylation of L-a-methyl­
amino acids produces (+ )-a-methylamines, the optical isomers of which are 
good substrates for DOPAmine-t/-hydroxylase (21). 

The relative non specificity of DOPA decarboxylase and DOPAmine-,8-
hydroxylase observed in vitro are relevant in vivo. A variety of phenolic "acids 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

37
7-

39
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



FALSE ADRENERGIC TRANSMITTERS 379 

are excreted in human urine (22) and appear to be metabolic products of the 
action of monoamine oxidase on phenolic amines. These phenolic acids are 
apparently derived from amino acids by the action of aromatic amino acid 
decarboxylase and, in some cases, DOPAmine-,B-oxidase. Small quantities of 
free or conjugated p-tyramine, m-tyramine, octopamine (the ,B-hydroxylated 
derivative of tyramine) and a number of other phenolic amines can be detect­
ed in normal human urine (23). There is a marked increase in their excretion 
when monoamine oxidase inhibitors are administered (24). In animals, inhibi­
tion of monoamine oxidase leads to the accumulation of octopamine and 
other amines in several tissues (25). 

In addition to natural amino acids, several a-methylamino acids can be 
decarboxylated and subsequently ,B-hydroxylated in vivo. Following adminis­
tration of a-methylDOPA or a-methyl-m-tyrosine, Carlsson & Lindqvist (26) 
were able to demonstrate accumulation of a-methylnorepinephrine or meta­
raminol, respectively, in the brains of rabbits. Porter & Titus (27) showed 
that rats given radioactively labeled a-methylDOPA excreted a-methyl­
DOPAmine, 3-methoxy-a-methyIDOPAmine, and products of the oxidative 
deamination of these amines, indicating that decarboxylation is an important 
metabolic reaction of the administered compound. Because of the quantita­
tive importance of O-methylation, only a relatively small fraction of the 
amino acid is converted to a-methylnorepinephrine. 

A variety of phenylethylamine derivatives are converted to the corre­
sponding ,B-hydroxylated derivatives in vivo. Following administration of 
radioactive tyramine, labeled octopamine is rapidly formed in vivo (28, 29). 
The conversion does not occur in chronically sympathetically denervated rat 
salivary gland, suggesting that ,B-hydroxylation is confined to sympathetic 
neurones. Tyramine can still be bound, in proportion to dosage, in the de­
nervated organ, indicating the presence of extraneuronal binding sites. When 
monoamine oxidase is inhibited, conversion of administered labeled tyra­
mine to octopamine in intact rat salivary glands is markedly enhanced (30). 
Accumulation of endogenous octopamine in cat salivary glands following ad­
ministration of a monoamine oxidase inhibitor is also dependent upon an in­
tact sympathetic innervation (30). In addition to tyramine, m-tyramine, 
a-methyltyramine, a-methyl-m-tyramine and a-methylDOPAmine are con­
verted to corresponding ,B-hydroxylated amines (31-33). 

Tyrosine hydroxylase, which converts tyrosine to DOPA, is also capable 
of hydroxylating other amino acids. Thus, phenylalanine is converted to 
tyrosine (34) and a-methyl tyrosine, which is an inhibitor of tyrosine hydrox­
ylase (35), can be converted to small quantities of a-methylnorepinephrine 
in vivo (36), presumably via a-methylDO P A. 

Storage.-Shortiy after the introduction of a-methylDOPA as a therapeu­
tic agent for hypertension (37, 38), it was found that it resulted in a long­
term decrease in the norepinephrine content of the brain and other tissues 
(39,40). When Carlsson & Lindqvist (26) found that a-methylnorepinephrine 
or metaraminol is present in the brains of rabbits given a-methylDOPA or 
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380 KOPIN 

a-methyl-m-tyrosine, they suggested that norepinephrine depletion was a 
consequence of catecholamine displacement from its storage sites. 

While appearance of a-methylnorepinephrine quantitatively corresponds 
to the disappearance of norepinephrine after administration of a-methyl­
DOPA (26, 41, 42), the stoichiometric displacement of norepinephrine by 
metaraminol (26, 43, 44) has been disputed by some workers (45, 46). 
Anden (47) explained the discrepancy by showing that metaraminol is poorly 
extracted unless large volumes of strong acid are used. When large volumes of 
perchloric acid or trichloroacetic acid are used, stoichiometric replacement of 
norepinephrine by metaraminol or a-methylnorepinephrine can be demon­
strated throughout the period of its depletion (47). The observations above 
indicate that the norepinephrine storage sites in sympathetic neurones are 
not specific. The n-isomer of metaraminol is not retained by the heart of rats 
and does not cause catecholamine depletion. This suggests that thea-hydrox­
yl group is involved in the binding, but that only the L-isomer is retained by 
the storage site. 

Particles containing norepinephrine have been separated from the splenic 
nerve (48), brain (49), heart (50, 51), and other tissues (52) . Norepinephrine­
H3, taken up by sympathetic neurones, is associated with the dense-core 
vesicles seen on electron microscopy (53). These particles can be separated 
with the microsomal fraction of tissue homogenates by centrifugation in a 
sucrose density gradient (52, 54). Musacchio et ai. (55, 56) studied the sub­
cellular distribution of phenylethylamine derivatives having one or two of the 
three hydroxyl groups of norepinephrine. When necessary, ,8-hydroxylation 
was prevented by the administration of disulfiram, which inhibits this reac­
tion but does not interfere with norepinephrine binding (56, 57). When 
,8-hydroxylation of tyramine, m-tyramine or a-methyltyramine was pre­
vented, these amines were not retained by the particulate fraction. About 
38 per cent of DOPAmine and about 50 per Cent of the norepinephrine 
present in homogenates was retained in the particulate fraction (57) . Similar 
results were obtained when a-methylDOPAmine and a-methylnorepineph­
rine were studied (58) . Only about 30 per cent of the phenolic ,8-hydrox­
ylated derivative, whether octopamine, m-octopamine or a-methyloctopa­
mine, was retained. The results suggested that while ,8-hydroxylation con­
tributes to the efficiency of binding, the catechol group is also important. 
In vivo, the ability of drugs which deplete norepinephrine to deplete false 
transmitters appeared to parallel the firmness of binding of the amines by the 
particulate fraction. Musacchio et al. (55, 56) suggested that more easily re­
leased norepinephrine may be bound at sites where only the ,8-hydroxyl or 
catechol group is involved. 

Carlsson & Waldeck (59) studied the structure-activity relationships re­
quired for release of C14-octopamine by phenylethylamines in vivo. I t was 
found that 3-hydroxylation and L-,8-hydroxylation enhanced potency; but no 
significant differences in the ability of DOPAmine, norepinephrine, octopa­
mine, and tyramine to deplete this amine were found. They suggested that 
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FALSE ADRENERGIC TRANSMITTERS 381 

other factors, such as metabolic stability, or ability to enter the sympathetic 
neurones, may play a role in obscuring differences in activity of the adminis­
tered amines. The selective release of octopamine by tyramine, when equal 
amounts of octopamine and norepinephrine are present in the sympathetic 
nerves of the heart, may be important in explaining tachyphylaxis to tyra­
mine (60). A similar preferential release of the less firmly bound amine has 
been found for metaraminol (61). These findings are consistent with the view 
that there is more than one type of binding involved in catecholamine reten­
tion in vesicular binding sites. 

The accumulation of /3-hydroxylated phenylethylamine derivatives, 
which can displace norepinephrine at its binding sites when certain amino 
acids or amines are administered, is a consequence of the relative nUIlspeci­
ficity of the enzymes involved in norepinephrine biosynthesis and of the 
nonselectivity of norepinephrine binding sites in the sympathetic nerve 
ending. Thus, the first criterion for a false transmitter, that the substance can 
be made to accumulate in norepinephrine storage sites, is satisfied by a 
variety of phenylethylamines. 

Release.-The arrival of a nerve impulse at a nerve ending triggcrs release 
of a neurochemical transmitter. Little is known regarding the mechanism of 
transduction of neuronal membrane depolarization into transmitter release. 
There is a good deal of circumstantial evidence that synaptic vesicles, found 
in the region of synapses by electron microscopy, are preformed packets of 
transmitter. Katz (62) has reviewed the evidence that these vesicles provide 
the anatomical basis for the quantal release of acetylcholine responsible for 
miniature endplate potentials at neuromuscular junctions. Presumably, the 
almost simultaneous emptying of the contents of a large group of such vesicles 
following depolarization is responsible for the release of sufficient quantities 
of transmitter to elicit receptor activation. 

A similar situation is thought to exist in the adrenergic nerve ending. This 
view is based on observations by Burnstock & Holman (63), who have pro­
vided some evidence for quantal release of norepinephrine from sympathetic 
nerve endings, and on the fact that dense-core synaptic vesicles found in 
adrenergic neurones appear to be associated with norepinephrine storage 
sites in adrenergic neurones (53). In the adrenal medulla, catecholamine re­
lease, stimulated by a variety of procedures, requires the presence of Ca+t­
(64), and is accompanied by release of stoichiometric quantities of adenine 
nucleotide (65). The latter observation is consistent with the hypothesis that 
during release, the entire content of the granule was discharged by a process 
similar to reverse pinocytosis (66). Further support comes from the demon­
stration that during such stimulation, protein, immunologically identical 
with that associated with catecholamine binding in the adrenal medulla, is 
released into the perfusing fluid in the same ratio to catecholamines as is 
present in the organ (67, 68). Since calcium ions also appear to be involved in 
norepinephrine release from the adrenergic nerve endings (69-71), the con­
clusions regarding release of catechulamine from the adrenal medulla have 
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382 KOPIN 

been extrapolated to explain the process of norepinephrine release from 
sympathetic nerve endings. If such a process is accepted as the mechanism of 
transmitter release, it would be expected that amines which replace nor­
epinephrine in its storage sites in synaptic vesicles will also be released by 
nerve impulses. 

Following the demonstration that a-methylnorepinephrine and meta­
raminol are found in the brain when norepinephrine is depleted by adminis­
tration of a-methylDOPA or a-methylmetatyrosine, Carlsson & Lindqvist 
(26) suggested that these amines replace norepinephrine and assume its 
functions. Day & Rand (72, 73) showed that a-methylDOPA could restore 
the actions of tyramine in reserpine-pretreated animals and suggested that 
a-methylnorepinephrine was formed and behaved as a false transmitter. Sup­
port for their view was obtained by the demonstration that such restoration 
of the action of tyramine does not occur when a-methylnorepinephrine for­
mation is prevented by administration of disulfiram, a DO P Amine-,8-hydrox­
ylase inhibitor (74). Muscholl & Maitre (75) demonstrated that during 
stimulation of the cardio-accelerator nerves, a-methylnorepinephrine is 
released from the hearts of rabbits pretreated with a-methylDOPA. Crout 
et al. (76) showed that metaraminol, which had replaced norepinephrine in 
the hearts of cats, was also released during nerve stimulation. Their experi­
ments provided the

· 
first direct demonstration that a foreign compound 

could replace norepinephrine and be released by sympathetic nerve 
stimulation. 

Fischer et al. (77) examined the labeled compounds which appear in the 
effluent perfusate from isolated cat spleens during stimulation of the splenic 
nerve following treatment with tyramine-H3, a-methyltryamine-H3, m­
tyramine-H3, and a-methyl-m-tyramine-H3. Only the ,8-hydroxylated deriva­
tives of the amines were released as a consequence of nerve stimulation. Any 
increase in output of the precursor amines was related to splenic contraction 
(and consequent extrusion of platelets loaded with amines) and could be 
abolished by blocking splenic contraction with phenoxybenzamine. A ,8-
hydroxylated product was also released following administration of amphet­
amine-H3 (77); but it may have been a-methyloctopamine (parahydroxy­
norephedrine), since later studies by Thoenen et al. (78) showed that a­
methyloctopamine accumulates in the spleens of cats pretreated with am­
phetamine and that it is released during splenic nerve stimulation. 

When DOPAmine-,8-oxidase is inhibited, administered DOPAmine-H3 
and a-methyIDOPAmine-H3 are not converted to their ,8-hydroxylated 
derivatives, but they can still be retained in the microsomal particulate 
fraction of tissue homogenates (33). Following accumulation of these com­
pounds in the sympathetic nerves of the cat spleen, sympathetic nerve 
stimulation results in a diminished output of norepinephrine accompanied by 
release of the non-,8-hydroxylated catecholamines (33, 79-81). The striking 
correlation between the degree of amine retention in the particulate fraction 
of tissue homogenates and the extent of amine release by sympathetic nerve 
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FALSE ADRENERGIC TRANSMITTERS 383 

stimulation supports the view that vesicles are the site from which amines are 
released, but it does not rule out the existence of other binding sites (82). 

N-methylation of norepinephrine occurs in the adrenal medulla, and the 
epinephrine formed is discharged into the circulation when the organ is 
stimulated. Epinephrine can be taken up, stored, and released from the 
sympathetic nerve ending by stimulation in the same manner as norepineph­
rine (83). The a-methyl analogue of norepinephrine can also be N-meth­
ylatcdj and thc product, 3,4-dihydroxyephedrine, is formed in the adrenal 
medulla of rabbits treated with a-methylDOPA (84). 3,4-Dihydroxyephe­
drine can also be taken up, stored, and released by nerve stimulation in the 
same manner as a-methylnorepinephrine (85). 

Guanethidine depletes norepinephrine stores in tissue (86, 87), is bound to 
some extent in the same particulate fraction as norepinephrine (88), and can 
be released by sympathetic nerve stimulation (89). Although this guanidine 
derivative may displace norepinephrine and have a role as a false transmitter 
(89) , it interferes with sympathetic neuronal function prior to any decrease 
in catecholamine stores (90). Guanethidine may, therefore, diminish release 
of norepinephrine by interfering with the process of transmitter release 
rather than by replacing the transmitter. 

Selective accumulation of a substance by sympathetic nerves and its re­
lease by nerve stimulation are not sufficient evidence to conclude that the 
substance is a false transmitter. Bretylium, a quaternary phenylethylamine 
derivative which was found to block the physiological effects of sympathetic 
nerve stimulation without blocking the effects of norepinephrine (91), ac­
cumulates in sympathetic ganglia and postganglionic sympathetic fibres 
(92). Although bretylium does not block the conduction of the nerve impulse 
down the axon (93), it does prevent norepinephrine release by sympathetic 
nerve stimulation (94). Bretylium-H3 can be released from the perfused cat 
spleen by sympathetic nerve stimulation (95), but there are a number of 
differences between bretylium and norepinephrine which indicate that 
bretylium does not meet the criteria of a false transmitter. There is no evi­
dence that bretylium can be stored at norepinephrine binding sites since, at 
doses which block release of norepinephrine, it does not deplete tissue cate­
cholamines (90) and the labeled drug is not found in the same subcellular 
particles as norepinephrine (88). 

Furthermore, acetylcholine, which will stimulate release of norepineph­
rine from the spleen, will not cause release of bretylium (95) j and bretylium, 
which blocks release of norepinephrine, does not appear to block release 
of previously administered bretylium-H3 (95). The arrival of the impulse at 
the nerve ending probably triggers a sequence of events which leads to the 
release of transmitter from storage sites in the vesicles. If the sequence in­
volves the release of an intermediate quaternary amine, as suggested by 
Burn & Rand (96), or the disturbance of a binding site for quaternary amines 
at the neuronal membrane, then a compound which does not replace nor­
epinephrine might be released during nerve stimulation (95). 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

37
7-

39
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



384 KOPIN 

FACTORS ALTERING SYMPATHETIC TRANSMISSION IN THE PRESENCE OF 

FALSE ADRENERGIC TRANSMITTERS 

When a portion of the norepinephrine store has been displaced by a 
false transmitter, the efficacy of neurochemical transmission is influenced by 
a variety of factors. The presence of a substitute may diminish the quantity 
of physiological transmitter released, but it may also alter the effectiveness 
of the physiological transmitter and have a direct action on the receptor. 

Diminished release of norepinephrine .-Replacement of norepinephrine by 
a false transmitter at the release site would be expected to diminish the 
norepinephrine released. Muscholl & Maitre (75) showed that while the total 
amount of pressor catecholamines released by sympathetic nerve stimulation 
from the isolated perfused hearts of rabbits pretreated with a-methylDOPA 
was unchanged, the amount of norepinephrine which could be determined by 
a fluorometric method was diminished. In the pithed rat, a-methylnorepi­
nephrine was found to be equipotent with norepinephrine; but in the chemi­
cal determination, a-methylnorepinephrine exhibited only 3.8 per cent of the 
fluorescence of norepinephrine. Using this difference to estimate these cate­
cholamines, they were able to show that the ratio of a-methylnorepinephrine 
to norepinephrine in the ventricle was the same as their ratio in the perfusate. 

After inhibition of DO P Amine-,6-oxidase with disulfiram, DO P Amine 
(which is formed from endogenous DOPA) and a-methylDOPA (which is 
formed from administered a-methylDOPA) can accumulate in the cat spleen 
(80, 81). DOPAmine and a-methylDOPA are not ,6-hydroxylated catechol­
amines and do not appear to replete the norepinephrine deficit. However, 
their ratio to norepinephrine released by nerve stimulation is the same as in 
the spleen (80, 81). Lindmar et al. (97) showed that the proportion of dihy­
droxyephedrine (a-methylepinephrine) or dihydroxypseudoephedrine to 
norepinephrine released from isolated perfused hearts of rabbits previously 
treated with these foreign catecholamines was the same as that found in the 
hearts after termination of the experiment. 

Crout et al. (76) examined the release of metaraminol by nerve stimula­
tion from the perfused cat heart at different times after its administration. In 
these studies, it was found that although levels of cardiac metaraminol were 
almost the same at two hours and at 17 to 20 hours, more metaraminol could 
be released in the shorter interval (76). It was, therefore, suggested that 
metaraminol taken up by the heart shifts from an "available" to a "less 
readily available" pool. If such shifts in distribution of false transmitters 
occur, then the extent of replacement of norepinephrine released by sym­
pathetic nerve stimulation need not be directly related to the total replace­
ment of norepinephrine. 

Norepinephrine synthesis is thought to be controlled by a feedback in­
hibition mechanism which depends upon the levels of free norepinephrine in 
the sympathetic neurone (98). During displacement of norepinephrine from 
its binding sites, the level of free norepinephrine presumably increases, and 
its synthesis is inhibited during the period of time that excess amines are 
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FALSE ADRENERGIC TRANSMITTERS 385 

present (99) . Once depleted, however, the levels of norepinephrine in the 

cytoplasm diminish and synthesis again proceeds at a normal rate (99). 
Newly synthesized norepinephrine appears to be preferentially released 

(unpublished observations). This might result in the retention of a previously 

formed false transmitter in a less readily available store. Synthesis and re­
lease of norepinephrine in the available store would then proceed at the usual 
rate, which is consistent with the observation of Anden (100) that urinary 
excretion of norepinephrine was normal after replacement of norepinephrine 
stores by metaraminol. Certain catechol compounds compete with the tetra­
hydropteridine cofactor of tyrosine hydroxylase (101). If such compounds are 
formed during false transmitter synthesis, then norepinephrine synthesis 
should be decreased. Muscholl & Rahn (102) found decreased norepinephrine 
excretion in patients being treated with a-methylDOPA. Thus, false trans­
mitters may influence the amount of norepinephrine available for release by 
altering catecholamine synthesis. 

When a train of impulses is delivered to the nerve ending, the relationship 

of response to frequency follows a sigmoid curve. With replacement of nor­
epinephrine by a less efficient false transmitter, the curve would shift to the 
left. At rapid rates of stimulation, however, as more norepinephrine is re­

leased and the responses tend towards their maximum levels, the effects of 
rapid-rate stimulation may not appear significantly altered. Furthermore, at 
rapid rates of stimulation, new synthesis rather than mobilization from a less 

readily available store may play an increasingly important role in maintain­
ing transmitter release. The new synthesis would result in an apparently 
preferential release of norepinephrine, and the presence of the false trans­
mitter would be less apparent. 

Consistent with this view is the observation of Thoenen et al. (103) that 
inhibition of norepinephrine synthesis by a-methyl tyrosine diminishes the 

quantity of norepinephrine released from the perfused cat spleen by splenic 
nerve stimulation, even though relatively large quantities of the catechol­
amine remain in the spleen. Furthermore, Spector (104) reported that in­
hibition of tyrosine hydroxylase produces sedation and partial inhibition of 
the response of the cat nictitating membrane to nerve stimulation without 

complete depletion of norepinephrine stores, while Anden & Magnusson (43) 

could find no change in the response of the nictitating membrane when nor­

epinephrine stores were almost completely replaced by metaraminol. 

A lterations of response to norepinephrine.-The presence of foreign amines 

may alter the response to norepinephrine by changing the rate of its inactiva­

tion or altering its efficacy at the receptor. There is considerable evidence, 
previously reviewed by Gillespie (105) and Ferry (106), that the action of 
norepinephrine released by the nerve impulse is terminated largely by reup­
take into the sympathetic nerve ending. The reuptake process, which serves 
to conserve transmitters, is competitively inhibited by a wide variety of 
phenylethylamine derivatives as well as other compounds (107, 108) and is 
evidently less specific than norepinephrine storage in vesicles. A number of 
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386 KOPIN 

amines, some of which are false adrenergic transmitters, have been shown to 
be taken up by the sympathetic nerves by a process which is inhibited by 
cocaine and other known inhibitions of norepinephrine uptake (44, 109, 110). 
This process presumably plays a role in conserving false, as well as physio­
logic, transmitters in the sympathetic neurones. Thus, when uptake is 
blocked by protriptyline, metaraminol-H3 disappearance is accelerated and 
the effects of reserpine on its depletion are potentiated (111). Although it 
does not appear likely that sufficient quantities of false transmitters are re­
leased by nerve stimulation to produce extraneuronal concentrations which 
competitively reduce the rate of uptake of simultaneously released norepi­
nephrine, the presence of false transmitters in the sympathetic neurones of 
cats has been associated with enhanced responses to administered norepi­
nephrine (112, 113). This potentiation of the catecholamine may be a conse­
quence of reduced uptake. 

In high doses (1 mg/kg), metaraminol causes subsensitivity of the blood 
pressure response of reserpine-pretreated spinal cats to norepinephrine (114). 
It was suggested that occupation of the receptors by metaraminol limits the 
number of receptor sites available for activation by the administered cate­
cholamine. Although high doses of metaraminol are required to elicit this 
effect and it seems unlikely that the quantity of false transmitters released at 
the nerve ending could have a significant effect in blocking receptors, the 
concentration of transmitter in the synaptic cleft is not known. 

Direct effects of false transmitters on receptors.-The relative potencies 
of sympathomimetic amines in activating adrenergic receptors can be evalu­
ated only when their indirect effects are excluded by eliminating the norepi­
nephrine stores with reserpine, by chronic sympathetic denervation or by 
antagonizing with cocaine (115-117). The direct actions of most amines 
which have been shown to be false adrenergic transmitters (e.g. octopamine, 
a-methyloctopamine, m-octopamine, metaraminol, a-methyIDOPAmine) 
are several orders of magnitude less potent than norepinephrine in causing in­
creases in blood pressure, contraction of the nictitating membrane or eleva­
tion of cardiac rate in the cat (US). This is probably equally true in most 
other organs and other species. The a-methyl analogues of norepinephrine, 
however, are fairly potent. The blood pressure of the pithed rat (41,75,118) 
and the cardiac rate of the anesthetized spinal cat (119) are equally sensitive 
to norepinephrine and a-methyl norepinephrine. The nictating membrane 
and the blood pressure of the cat (118, 120) are more reactive to norepineph­
rine than to its a-methyl analogue, but the reverse is true at certain other 
receptors, e.g. the uterus (118, 119) and bronchiolar muscle (120). In man, 
d,I-a-methylnorepinephrine is less than one-fourth as potent as norepineph­
rine (121). 

The effect of a-methylepinephrine on the isolated rabbit heart is one-half 
to one-third that of norepinephrine (97), but the former compound causes a 
transitory drop in blood pressure which is blocked by /3-blocking agents (85) . 
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FALSE ADRENERGIC TRANSMITTERS 387 

Thus, false transmitters may have actions opposite to those of the physiologic 
transmi tters. 

Tn summary, the net effect of the presence of a false transmitter in the 
norepinephrine storage site may depend on the sum of its effects on the rate 
of norepinephrine release, inactivation and interaction with the receptor, as 
well as any direct action of the false transmitter on the receptor. From these 
considerations it is possible, at least in theory, to explain how the presence of 
a false transmitter may reduce, not affect, or potentiate sympathetic re­
sponsiveness. 

FUNCTIONAL SIGNIFICANCE OF NOREPINEPHRINE REPLACEMENT BY 

FALSE TRANSMITTERS 

As a result of the factors discussed above, as well as factors which have 
not yet been identified, the consequences of administration of substances 
which result in replacement of norepinephrine stores may vary with the in­
dividual compound, organ, species, rate and time of stimulation, etc. Ex­
tensive observations of the functional significance of false transmitter ac­
cumulation have been made for only a few of the false transmitters, and 
these will be discussed individually. 

Physiological consequences oj a-methylDOPA administration.-Originally 
introduced into therapy because of its inhibition of decarboxylation of aro­
matic amino acids, a-methylDOPA was found to be an effective antihyper­
tensive drug (37, 38, 122). It was soon recognized that its mode of action was 
not inhibition of decarboxylation, and it was proposed that the formation of 
a-methylnorepinephrine, the false neurochemical transmitter, was responsi­
ble for the hypotensive effects of a- methylDOPA (72, 73). A hypotensive ac­
tion of a-methylDOPA has been found in conscious dogs (123) and in un­
anesthetized normal (124-126) and immunosympathectomized rats (127) 
made hypertensive with corticoids. 

In spite of its hypotensive action in intact animals and in man, a-methyl­
DOPA does not always interfere with responscs to adrenergic nerve stimula­
tion. Thus, Day & Rand (73) found that previous treatment with a-methyl­
DOPA did not decrease the response of the rabbit ileum or the guinea pig vas 
deferens to sympathetic nerve stimulation. Treatment with a-methylDOPA 
does not prevent the pressor response to stimulation of the central end of the 
vagus in anesthetized dogs (128), the cardioacceleration produced by rapid 
(1D-20jsec) stimulation of the stellate ganglion of rabbits (75, 129) or cats 
(130) , nor does it diminish the normal tone of the nictating membrane in cats 
and dogs (123). It does, however, diminish the responses to low frequencies of 
sympathetic stimulation of the cardioaccelerator nerves in the dog (131) and 
the nictitating membrane of the cat (73). 

Tn a detailed study of the effects of duration of treatment and the interval 
between the last dose and the experiment, Haefely et al. (113) found a com­
plete lack of correlation between replacement of the physiological transmitter 
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388 KOPIN 

by a-methylnorepinephrine and the impairment of the effects of sympathetic 
nerve stimulation in the cat spleen, although the ratio of a-methylnorepi­
nephrine to norepinephrine released by nerve stimulation was correlated with 
that in the whole organ. They found that the sensitivity of the nictitating 
membrane to norepinephrine increases with duration of pretreatment with a­
methylDOPA, but that four hours after its administration regardless of the 
pretreatment schedule, there is a depression of supersensitivity. The return 
towards normal sensitivity is required to unmask the functional consequence 
of release of the less potent false transmitter. Although the mechanism is still 
unknown, these findings may partially explain the apparent discrepancy be­
tween the effects of sympathetic nerve stimulation and the potency of the re­
leased transmitters. 

Physiological consequences of a-methylmetatyrosine administration.-The 
product of decarboxylation and subsequent ,a-hydroxylation of a-methyl­
metatyrosine is metaraminol. It is a false transmitter, considerably less po­
tent than norepinephrine, so that replacement of the physiological trans­
mitter with metaraminol might be expected to produce a greater sympathetic 
deficit than does replacement with a-methylnorepinephrine. Anden & Mag­
nusson (43) studied the effects of combined administration of a-methyl­
metatyrosine (400 mg/kg, i.p. daily for two days) and metaraminol (0.2 mg/ 
kg, four hours before) on various parameters of sympathetic function in the 
rat and cat. They found that although 95 per cent of the norepinephrine in 
the heart had been depleted and displaced by metaraminol (or d-epinephrine 
there was no ptosis in rats, no nictitating membrane relaxation or miosis in 
cats. The blood pressure responses of the cats to tyramine, atropine plus 
carbocholine, splanchnic nerve stimulation or bilateral carotid occlusion were 
in the normal range. Stimulation of the cervical sympathetic chain elicited 
normal responses of nictitating membrane contraction, pupillary dilation and 
proptosis. It was, therefore, concluded that the major part of the store of 
adrenergic transmitter is probably not essential for normal transmitter func­
tion. 

In contrast to these observations, Haefely et a!. (112) found that previous 
treatment with a-methylmetatyrosine (100 mg/kg, twice daily for three days 
subcutaneously) markedly reduced the effect of sympathetic nerve stimula­
tion on the cat nictitating membrane; the frequency/response curve shifted 
to the right by a factor of 4.7. In these animals, however, the heart rate was 
only slightly decreased and no change in blood pressure was found. 

The antihypertensive actions of a-methylmetatyrosine which have been 
reported in man (132) are no greater than those of a-methylDOPA. Crout 
et ai. (133, 134) have shown that oraIly administered metaraminol accumu­
lates in the tissues (presumably the sympathetic neurones) and is effective in 
lowering blood pressure of hypertensive patients. In experimentally hyper­
tensive rats, both metaraminol and a-methylmetatyrosine result in a dose­
dependent lowering of blood pressure (126). 
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FALSE ADRENERGIC TRANSMITTERS 389 

Other false adrenergic transmitters.-Although there are a variety of 
sympathomimetic amines which can release norepinephrine from its stores 
(135, 136) and form false adrenergic transmitters, the pharmacological ef­
fects of chronic administration of these amines have not been intensively 
studied. Ohler & Wakerlin (137) reported that chronic administration of 
paredrine (a-methyl tyramine) or its N -methylated derivative was effective 
in the treatment of experimental hypertension in dogs, and Gill et al. (138) 
found that parcdrine partially blocks sympathetic function in man. Paredrine 
is a substrate for DOPAmine-{3-oxidase (19) and is converted to a-methyl­
octopamine in man (139) and animals (30). The latter compound is a false 
adrenergic transmitter and may be the mechanism of producing sympathetic 
blockade. 

Monoamine oxidase inhibition.-Diminished sympathetic responsiveness, 
which develops with chronic inhibition of monoamine oxidase (140), is ac­
companied by the accumulation of octopamine in the sympathetic nerves 
(23, 30), This amine is a false transmitter (77), and it has been proposed that 
its accumulation and release, in place of a portion of the norepinephrine nor­
mally released, is responsible for the antihypertensive action of monoamine 
oxidase inhibitors. 

FALSE ADRENERGIC TRANSMITTERS AS PHARMACOLOGICAL TOOLS 

Almost as soon as it was discovered that some phenylethylamine deriva­
tives were synthesized, stored, released, and transported by the same pro­
cesses as catecholamines, it was realized that differences in metabolism made 
them useful tools for studying the adrenergic neurones (141). Investigators 
took advantage of the fact that a-methylamines are not substrates for mono­
amine oxidase (142) and that phenolic compounds are not methylated by 
catechol-a-methyl transferase (143). These compounds have been particu­
larly useful in the study of transport and storage processes in the sympathetic 
neurone. The neuronal membrane of the sympathetic nerve is able to concen­
trate norepinephrine in the neurone by an active transport process which has 
been variously called "membrane transfer site" (144), "cell-membrane 
pump" (145) or "uptake" (146). Once inside the neurone, the unbound nor­
epinephrine can be bound to particles: "storage sites" (144), "storage granule 
complex" (145) or "storage vesicles" (147). If the storage mechanism does 
not function, monoamine oxidase destroys the intracellular norepinephrine 
(148) . 

Metaraminol is taken up and stored in sympathetic neurones in the same 
manner as norepinephrine, but it is not susceptible to destruction by mono­
amine oxidase. In an effort to distinguish between drug effects on uptake and 
storage processes, Carlsson & Waldeck (145, 149-151) have used meta­
raminol-H3 levels at different times after its administration to distinguish be­
tween blockade of the membrane pump and the storage granule complex. If 
storage is blocked, metaraminol-H3 can still be concentrated in the neurone 
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390 KOPIN 

by the membrane pump and shortly after its administration (15 to 30 min), 
metaraminol concentrations are normal. The leakage in the absence of reten­
tion by the storage granule complex causes the levels of metaraminol to fall 
more rapidly and to be reduced at later (3 hrs) times. If only the membrane 
pump is blocked, then initial uptake is diminished. If both the membrane 
pump and storage granules are blocked, release of metaraminol is more rapid 
than with drugs which block only the pump (protryptyline) or only storage 
(reserpine) . 

Giachetti & Shore (152, 153) distinguish between membrane transport 
and intracellular storage by using both metaraminol and m-octopamine, the 
latter being susceptible to destruction by monoamine oxidase. If membrane 
transport is inhibited, uptake of both metaraminol and m-octopamine is de­
creased. If storage is inhibited, but not transport, then uptake of meta­
aminol is normal. However, m-octopamine which is taken up and not stored 
is destroyed, and the result is apparent preferential inhibition of m-octo­
pamine accumulation. 

The a-methyl analogues of various phenylethanolamines have provided a 
means for assessing the role of monoamine oxidase in adrenergic neurones. 
They are retained for longer periods than the corresponding analogues which 
are substrates for monoamine oxidase (3�, 44), they are not as readily de­
pleted by reserpine (30, 44, 154), and their rate of disappearance is not slowed 
by monoamine oxidase inhibitors (30, 44). These observations support the 
previous views regarding the intraneuronal role of monoamine oxidase and 
are consistent with the expected effects of monoamine oxidase inhibitors 
(148). 

In addition to being valuable pharmacological tools, the false adrenergic 
transmitters have been used to assess structure-activity relationships in bind­
ing and release and, as discussed earlier, have provided further evidence that 
the storage vesicle has binding properties similar to the site from which the 
physiological transmitter is released. 

CONCLUSION 

The nonspecificity of enzymes involved in the synthesis of norepinephrine 
and of the physical-chemical processes governing its storage, release, and 
transport can result in the accumulation of compounds, not normally present 
in the sympathetic neurone, which replace the physiological transmitter. 
Such false adrenergic transmitters may have additional actions which alter 
the effectiveness of the physiological transmitter, or they may have inde­
pendent actions on the adrenergic receptor. Their effectiveness in altering 
adrenergic transmission also varies with the dosage and interval of adminis­
tration of the drug which results in false transmitter accumulation and with 
the organ or species examined. 

Because false adrenergic transmitters behave similarly to norepinephrine, 
the variety of chemical-structural modifications which alter affinity to bind­
ing sites involved in the physical-chemical processes or diminish susceptibil-
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FALSE ADRENERGIC TRANSMITTERS 391 

ity to enzyme action provide a useful means for examination of the effects of 
drugs on the storage, release, transport, and metabolism of norepinephrine in 
adrenergic nerves. 

LITERATURE CITED 

1. DuBois-Reymond, E., Gesammette 
A bhandlungen fur aUegememen 
Muskel-und Nervenphysik (Veit v. 
Comp., Leipzig, 2 vols., 1875-1877) 

2. Elliott, T. R., J. Physiol. (London), 32, 
401-67 (1905) 

3. Von Euler, U.S., Noradrenaline 
(Charles C Thomas, Springfield, 
383 pp., 1956) 

4. Krayer, 0., Ed., Symposium on 
Catecholamines (Williams & Wilkins 
Co., Baltimore, 334 pp., 1959) 

5. Vane, J. R., Wolstenholme, G. E. W., 
O'Connor, M., Eds., ClBA Foun­
dation on A drenergic Mechanisms 
(J. A. Churchill, Ltd., London, 632 
pp., 1960) 

6. Von Euler, U.S., Ed., Symposium on 
Mechanisms of Biogenic Amines 
(Pergamon Press, Oxford, 452 pp., 
1966) 

7. Acheson, G., Ed., Second Symposium 
on Catecholamines (Williams & 
Wilkins Co., Baltimore, 803 pp., 
1966) 

R. Levitt, M., Spector, S., Sjoerd51ma, A., 
Udenfriend, S., J. Pharmacol. 
Exptl. Therap., 148, 1-8 (1965) 

9. Udenfriend, S., Zaltzman-Nirenberg, 
P., Gordon, R., Spector, S., Mol. 
Pharmacol., 2, 95-105 (1966) 

10. Holtz, P., Pharmacol. Rev., 11,317-29 
(1959) 

11. Hagen, P., J. Pharmacol. Exptl. Ther­
ap., 116, 26-31 (1956) 

12. Holtz, P., Heise, R., Ludtke, K., 
Arch. Exptl. Pathol. Pharmakol., 
191, 87-118 (1938) 

13. Lovenberg, W., Weissbach, H., Uden­
friend, S., J. Bioi. Chem., 237, 89-
953 (1962) 

14. Hagen, P., Brit. J. Pharmacol., 18, 
175-82 (1962) 

15. Goodall, McC., Kirshner, N., J. Bioi. 
Chem., 226, 213-21 (1957) 

16. Kirshner, N., J. Bioi. Chem., 226, 821-
25 (1957) 

17. Levin, E. Y., Lovenberg, B., Kauf­

man, S., J. Bioi. Chem., 235, 2080-
86 (1966) 

18. Kaufman, S., Pharmacal. Rev., 18, 61-
69 (1966) 

19. Creveling, C. R., Daly, J. W., Witkop, 
B., Udenfriend, S., Biochim. Bio­
phys. Acta, 64, 125-34 (1962) 

20. Goldstein, M., Contrera, J. F., J. Bioi. 
Chern., 237, 1898-1902 (1961) 

21. Goldstein, M., McKereghan, M. R., 
Louber, E., Biochim. Biophys. 
Acta, 89, 191-93 (1964) 

22. Armstrong, M. D., Shaw, K. N. F., 
WaU, P. E., J. Bioi. Chem" 218, 
293-303 (1956) 

23. Kakimoto, Y., Armstrong, M. D., J. 
Bioi. Chem., 237, 208-14 (1962) 

24. Sjoerdsma, A., Lovenberg, W., Oates, 
J. A., Crout, J. R., Udenfriend, 5., 
Science, 130, 225 (1959) 

25. Kakimoto, Y., Armstrong, M. D., J. 
Bioi. Chem., 237, 422-27 (1962) 

26. Carlsson, A., Lindqvist, M., Acta 
Physiol. Scand., 54, 87-94 (1962) 

27. Porter, C. C., Titus, D. C., J. Phar­
mac�l. Exptl. Therap., 139, 77-87 
(1963) 

28. Carlsson, A., Waldeck, B., Acta 
Pharmacol. Toxicol., 20, 371-74 
(1963) 

29. Fischer, J. E., Musacchio, J., Kopin, 
I. J., Axelrod, J., Life Sci., 3, 413 
(1964) 

30. Kopin, I. J., Fischer, J. E., Musacchio, 
J. M., Horst, W. D., Weise, V. K., 
J. Pharmacol. Exptl. Therap., 147, 
186-93 (1965) 

31. Musacchio, J., Kopin, I. J., Weise, 
V. K., J. Pharmacol. Exptl. Ther­
ap., 148, 22-28 (1965) 

32. Musacchio, J., Fischer, J. E., Kopin, 
I. J., Biochem. Pharmacol., 14, 898-
900 (1965) 

33. Musacchio, J., Fischer, J. E., Kopin, 
I. J., J. Pharmacol. Exptl. Therap., 
152, 51-55 (1966) 

34. Ikeda, M., Levitt, M., Udenfriend, S., 
Biochem. Biophys. Res. Commun., 
18,482-88 (1965) 

35. Spector, S., Sjoerdsma, A., Uden­
friend, S., J. Pharmacol. Exptl. 
Therap., 147, 86-95 (1965) 

36. Maitre, L., Life Sci., 4, 2249-56 (1965) 
37. Oates, J. A., Gillespie, L., Udenfriend, 

S., Sjoerdsma, A., Science, 131, 
1890-91 (1960) 

38. Sjoerdsma, A., Oates, J. A., Zaltzman, 
P., Udenfriend, S., New Engl. J. 
Med., 263, 585-90 (1960) 

39. Hess, S. M., Connamacher, R. H., 
Ozaki, M., Udenfriend, S., J. 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

37
7-

39
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



392 KOPIN 

Pharmacal. Exptl. Therap., 134, 
129-38 (1961) 

40. Porter, C. C., Totaro, ]. A., Leiby, 
C. M . ,  J. Pharmacol. Expel. Ther­
ap., 134, 1 39-45 (1961) 

41. Maitre, L., Staeheun, M., Experientia, 
19, 573-75 (1963) 

42. Grobecker, H., Holtz, P., Arch. 
Pharmakol. Exptl. Palhol., 255, 
474-90 (1966) 

43. Anden, N.-E., Magnusson, T., in 
Pharmacalogy of 'Cholinergic and 
A drenergic Transmission, 319-28 
(Koelle, G. B., Douglas, W. W., 
Carlsson, A., Eds., Pergamon Press, 
Oxford, 346 pp., 1965) 

44. Shore, P. A., Busfield, D., Alpers, 
H. S., J. Pharmacal. Exptl. Ther­
ap., 146, 194-99 (1964) 

45. Udenfriend, S., Zaltzman-Nirenberg, 
P., J. Pharmacal. Expel. Therap., 
138, 194-99 (1962) 

46. Gessa, G. L., Costa, E., Kuntzman, 
R, Brodie, B. B., Life Sci., 1, 353-
58 (1962) 

47. Anden, N.-E., Acta Pharmacol. Toxi­
col., 21, 2 60-71 (1964) 

48. Von Euler, U.S., Hillarp, N. A., Na­
ture, 177, 44-45 (1956) 

49. Weil-Malherbe, H., Bone, A., Nature, 
180, 1050 (1957) 

50. Wegmann, A., Kato, K., Nature, 192, 
978-79 (1961) 

5 1 .  Campos, H. A., Shideman, F. E., 
Intern. J. Neuropharmacol., 1, 13-
1 8  (1962) 

52. Potter, L. T., Axelrod, J., J. Phar­
macal. Exptl. Therap., 142, 291-98 
(1963) 

53. Wolfe, D. W., Potter, L. T., Richard­
son, K. C., Axelrod, ]., Science, 138, 
440-42 (1962) 

. 

54. Michaelson, I. A., Richardson, K. C, 
Snyder, S. H . ,  Titus, E. 0., Life 
Sci., 3, 97 1-78 (1964) 

55. Musacchio, ]., Weise, V. K., Kopin, 
I. ]., Nature, 205, 606-7 (1965) 

56. M usacchio, J. M., Kopin, 1. J.,  Weise, 
V. K., J. Pharmacol. Exptl. Ther­
ap., 148, 22-28 (1965) 

57. Musacchio, ]., Snyder, S., Kopin, I.]., 
Life Sci. 3, 769-77 (1964) 

58. Musacchio, J. M., Fischer, J. E., 
Kopin, 1. J.,  J. Pharmacal. Exptl. 
Therap., 152, 5 1-61 (1966) 

59. Carlsson, A., Waldeck, B., Acta 
Pharmacol. Toxicol., 24, 255-62 
( 1966) 

60. Poch, G., Kopin, 1. ]., Biochem. 
Pharmacal., 15, 2 10-12 (1966) 

61. Crout, J. R., Shore, P. A., Phar­
macologist, 7, 1 7 5  (1965) 

62. Katz, B., Proe. Roy. Soc. (London), 
Ser. B, 155, 455-79 (1962) 

63. Burnstock, G., Holman, M. E., J. 
Physiol. (London) , 160, 446-60 
(1962) 

64. Douglas, W. W., Rubin, R. P., J. 
Physiol. (London) , 167, 288-3 1 0  
(1963) 

65. Douglas, W. W., Poisner, A. M . ,  J. 
Physio!. (London), 183, 236-48 
(1966) 

66. De Robertis, E. D. P., Ferreira, 
V. A. Z., Exptl. Cell Res., 12, 568-74 
(1957) 

67. Banks, P., Helle, K., Biochem. J., 97, 
40C--4 1 C  (1965) 

68. Kirshner, N., Sage, H. J., Smith, 
W. J. Kirshner, A. G., Science, 154, 
529-31 (1966) 

69. Burn, J. H., Gibbons, W. R., J. Phys­
iol. (London), 181, 2 14-23 (1965) 

70. Boullin, D. J., J. Physiol. (London), 
189, 85-89 (1967) 

7 1 .  Kirpekar, S. M., Misu, Y., J. Physiol. 
(London), 188, 219-34 (1967) 

72. Day, M. D., Rand, M .  J. ,  J. Pharm. 
Pharmacal., 15, 221-24 (1963) 

73. Day, M. D., Rand, M .  J., Brit. J. 
Pharmacal., 22, 72-86 (1964) 

74. MusaCChio, ]. M.,  Bhagat, B., Jack­
son, C. J., Kopin, 1. J., J. Phar­
maca!. Exptl. Therap., 152, 293-97 
(1966) 

75. Muscholl, E., Maitre, L., Experientia, 
19, 658-60 (1963) 

76. Crout, ]. R., Alpers, H. S., Tatum, 
E. L., Shore, P. A., Science, 145, 
828-29 (1964) 

77. Fischer, J. E., Horst, VV. D., Kopin, 
L J., Brit. J. Pharmacal., 24, 477-84 
(1965) 

78. Thoenen, H., Huerlimann, A., Gey, 
K. F., HaefeJy, W., Life Sci.,  5, 
1 7 1 5-22 (1966) 

79. Thoenen, H., Haefely, W., Gey, K. F., 
Hiirlimann, A., Life Sci, 4, 2033-38 
(1965) 

80. Thoenen, H., Haefely, \V., Gey, K. F., 
Hiirlimann, A., J. Pharmacol. 
Exptl. Therap. (In press) 

8 1 .  Thoenen, H., Haefely, W., Gey, K. F., 
Hiirlimann, A., Arch. Exptl. Pathol. 
Pharmakol. (In press) 

82. Kopin, 1. J. ,  Pharmacal. Rev., 18, 5 1 3-
23 (1966) 

83. Rosell, S.,· Kopin, 1. J" Axelrod, J., 
Am. J. Physiol. ,  205, 3 1 7-21 (1963) 

84. Muscholl, E., Arch. Exptl. Pathol. 
Pharmakol., 251, 1 62 (1965) 

85. Muscholl, E., Sprenger, E. ,  Arch. 
Expel. Pathol. Pharmakol., 254, 
1 09-24 (1966) 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

37
7-

39
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



FALSE ADRENERGIC TRANSMITTERS 393 

86. Shepherd, R., Zimmermann, J.,  
Pharmacologist, 1,  69 (1959) 

87. Cass, R., Kuntzman, R., Brodie, 
B. B.,  Proc. Soc. Exptl. Bioi., 103, 
87 1-72 (1960) 

88. Chang, C. C.,  Costa, E., Brodie, B. B., 
J. Pharmacol. Exptl. Therap.,  147, 
303-12 (1965) 

89. Boullin, D. J., Costa, E., Brodie, 
B. B.,  Life Sci., 5, 803-8 (1966) 

90. Cass, R., Spriggs, T. L. B., Brit. J. 
Pharmacol., 17, 442-50 (1961) 

91. Boura, A. L. A., Brit. J. Pharmacol., 
14, 536-48 (1959) 

92. Boura, A. L. A., Copp. F. C., Dun­
combe, W. G., Green, A. F., Mc­
Coubrey, A., Brit. J. Pharmacol. ,  
15, 265-70 (1960) 

93. Exley, K. A., in elBA Foundation 
Symposium on A drenergic Mech­
anisms, 158-5 1 (Vane, J. R., 
Wolstenholme, G. E. W., O'Con­
nor, M., Eds., J. A. Churchill, Ltd., 
London, 632 pp., 1960) 

94. Bertting, G., Axelrod, J., Patrick, 
R. W.,  Brit. J. Pharmacol. 18, 1 61-
66 (1962) 

95. Fischer, J. E., Weise, V. K., Kopin, 
1. J., J. Pharmacal. Exptl. Therap. ,  
153, 523-29 (1966) 

96. Burn, J. H., Rand, M. J., Nature, 184, 
1 63-65 (1959) 

97. Lindmar, R., Muscholl, E., Sprenger, 
E., A rch. Exptl. Pathol. Phar­
makol., 256, 1-25 (1967) 

98. Alousi, A., Weiner, N., Proc. Natl. 
A cad. Sci. U.S., 56, 1491-96 (1966) 

99. Weise, V. K., Sedvall, G. C., Kopin, 
1. J., Federation Proc., 26, 463 
(1967) 

100. Anden, N.-E., A cta Physiol. Scand., 
64, 1 36-43 (1966) 

101.  Udenfriend, S., Zaltzman-Nirenberg, 
P., Nagatsu, T., Biochem. Phar­
macol. ,  14, 837-45 (1965) 

102. Muscholl, E., Rahn, K. N., Klin. 
Wochschr., 15, 1412-13 (1966) 

103. Thoenen, R., Raefely, W., Gey, K. F., 
Hiirlimann, A., Life Sci., 5, 723-30 
(1966) 

104. Spector, S., Pharmacal. Rev., 18, 599-
609 (1966) 

105. Gillespie, J. S.,  Proc. Roy. Soc. (Lan­
don) ,  Ser. B, 166, 1-10 (1966) 

106. Ferry, C. B., Ann. Rev. Pharmacol., 7, 
185-202 (1967) 

107. Burgen, A. S. V., Iversen, L. L., 
Brit. J. Pharmacal., 25, 34-49 
(1965) 

108. Iversen, L. L., J. Pharm. Pharmacal., 
1 7, 62-64 (1965) 

109. Muscholl, E.,  Weber, E., A rch. Exptl. 

Palhal. Pahrmakal. ,  252, 134-43 
(1965) 

1 10. Carlsson, A., Waldeck, B.,  J. Pharm. 
Pharmacol., 17, 243-44 (1965) 

1 1 1 .  Carlsson, A., Waldeck, B., J. Pharm. 
Pharmacal., 17, 327-28 (1965) 

1 12. Haefely, W., H ilrlimann, A., Thoenen, 
H., Brit. J. PharmacaL , 26, 1 72-85 
(1966) 

1 1 3. Raefely, W., HiirJimann, A., Thoenen, 
H., Brit. J. Pharmacal. (In press) 

1 14. Bhagat, B.,  Ragland, R., Brit. J. 
PharmacaL, 27, 506-13 (1966) 

1 1 5. Trendelenburg, U., Muskus, A., Flem­
ing, W. W., Alonso de" La Sierra, 
B. G., J. Pharmacol. Exptl. Ther­
ap., 138, 1 70-80 (1962) 

1 16. Trendelenburg, U., Muskus, A., Flem­
ing, W. W., Alonso de La Sierra, 
B. G., J. Pharmacal. Exptl. Ther­
ap., 138, 1 81-93 (1962) 

117. Haefely, W., Hilrlimann, A., Thoenen, 
H., Heiv. Physial. Pharmacol. A cta, 
22, C12S-27 (1964) 

1 1 8. Ahlquist, R. P., A m. J. PhysiaZ. ,  153, 
586-600 (1948) 

1 19. Gaddum, J. N., Peart, W. S., Vogt, 
M.,  J. Physiol. (London), lOB, 467-
81 (1949) 

120. Haeusler, G., Haefely, W., J. Pharm. 
Pharmacal. (In press) 

1 2 1 .  Goodman, L. S.: Gilman, A., The 
Pharmacolagical Basis af Thera­
peutics, 2nd Ed., 479 (Macmillan, 
New York, 1831 pp., 1955) 

122. Stone, C. A., Porter, C. C., Phar­
macal. Rev., 18, 569-75 (1966) 

123. Goldberg, L. I., DaCosta, F. M.,  
Ozaki, M., Nature, 188, 502-4 
(1960) 

124. Stanton, H. C., White, J. B., A rch. 
Intern. Pharmacadyn., 154, 351-63 
(1965) 

125. Gerold, M., H ilrlimann, A., Planta, C. 
von, Helv. Physiol. Pharmacol. 
A cta, 24, 58-69 (1966) 

126. Brunner, H . ,  Hedwall, P. R., Maitre, 
L., Meier, M.,  Brit. J. Pharmacal., 
30, 108-22 (1967) 

127.  Varma, D. R., J. Pharm. Pharmacol., 
19, 6 1-62 (1966) 

128. Stone, C. A., Ross, C. A., Wenger, 
H. C., Ludden, C. T., BleSSing, 
J. A., Totaro, J. A., Porter, C. C.,  
J. Pharmacal. Exptl. Therap., 136, 
80-88 (1962) 

129. Gillis, R. A., Shister, H. E., Melville, 
K. I. ,  Arch. Intern. Pharmacodyn. ,  
159, 219-33 (1966) 

130. Varma, D. R., Benfey, B .  G., J. 
Pharmacal. Exptl. Therap., 141, 
310-13 (1963) 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

37
7-

39
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



394 KOPIN 

131.  Stone, C. A, Beyer, C., Am. J. Car­
diel., 9, 830-36 (1962) 

132. Horwitz, D., Sjoerdsma, A., Life Sci., 
3, 41-48 (1964) 

133. Crout, J. R., Johnston, R. R., Webb, 
W. R., Shore, P. A, Clin. Res., 13, 
204 (1965) 

134. Crout, J. R., Circulation Res., 19, 
Suppl. 1, 120-30 (1966) 

135. Axelrod, J., Tomchick, R., J. Phar­
macol. Expel. Therap., 130, 367-69 
(1960) 

136. Daly, J. W., Creveling, C. R., Witkop, 
B., J. Med. Chem., 9, 273-83 (1966) 

137. Ohler, E. A., Wakerlin, G. E., Cir­
culation Res., I, 122-28 (1953) 

138. Gill, J. R., Jr., Masson, D.  T., Bartter, 
F. C., J. Pharmacol. Exptl. Therap., 
155, 288-95 (1967) 

139. Sjoerdsma, A., Studnitz, W. von, 
Brit. J. Pharmacol., 20, 278-84 
(1963) 

140. Horwitz, D., Sjoerdsma, A., Ann. 
N.Y. Acad. · Sci., 107, 1033-42 
(1963) 

141. Carlsson, A, Lindqvist, M., Mono­
amines et Systeme Nerveux Central, 
89-92 (De Ajuriaguerra, J., Ed., 
Georg & Co., Geneva, 293 pp., 
1961) 

142. Blaschko, H.,  Richter, D., Sc\ossman, 
H., Biochem. J., 31,  21 87-96 
(1937) 

143. Axelrod, J., Tomchick, R., J. BiD!. 
Chem., 233, 702-5 (1958) 

144. Furchgott, R. F., Kirpekar, S. M., 
Rieker, M., Schwab, A., J. Phar­
mawl. Expel. Therap., 142, 39-58 
(1963) 

145. Carlsson, A., Waldeck, B., Acta 
Pharmacol. Toxicol., 22, 293-300 
(1965) 

146. Iversen, L. L., Brit. J. Pharmacol., 2 1, 
523�37 (1963) 

147. Potter, L. T., Pharmacol. Rev., 18, 
439-5 1 (1966) 

148. Kopin, 1 .  J., Pharmacol. Rev., 16, 1 79-
92 (1964) 

149. Carlsson, A, Waldeck, B., A cta 
Physiol. Scand., 67, 471-80 (1966) 

150. Carlsson, A., Waldeck, B., J. Pharm. 
Pharmacol., 17, 243-44 (1965) 

151 .  Carlsson, A., Waldeck, B., J. Pharm. 
Pharmacol., 17, 327-38 (1965) 

1 52. Giachetti, A, Shore, P. A., Biochem. 
Pharmacol., 15, 607-14 (1966) 

1 53. Giachetti, A, Shore, P. A, Biochem. 
Pharmacol., 15, 899-903 (1966) 

154. Carlsson, A., Dahlstrom, A., Fuxe, K., 
Hillarp, N. A, Acta Pharmacol. 
Toxicol., 22, 270-76 (1965) 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

37
7-

39
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.



CONTENTS 

A PERSONAL BIOGRAPHY OF ARTHUR ROBERTSON CUSHNY, 1866-1926, 

Helen MacGillivray 1 

HIGHLIGHTS OF SOVIET PHARMACOLOGY, S. V. Anichkov 25 

SOME RELATIONSHIPS BETWEEN CHEMICAL STRUCTURE AND PHARMA-

COLOGICAL ACTIVITIES, Chester J. Cavallito . 39 

PHARMACOKINETICS, John G. Wagner . 67 

PHARMACOLOGY OF THE CORONARY CIRCULATION, George G. Rowe. 95 

DRUGS AND THE MECHANICAL PROPERTIES OF HEART MUSCLE, Brian 
R. Jewell and John R. Blinks . 113 

RENAL PHARMACOLOGY, Edward J. Cafruny . 131 

THE USE OF COMBINATIONS OF ANTIMICROBIAL DRUGS, Ernest Jawetz 151 

DRUG ACTION ON DIGESTIVE SYSTEM, Siegbert Holz 171 

THE METABOLISM OF THE ALKYLPHOSPHATE ANTAGONISTS AND ITS 
PHARMACOLOGIC IMPLICATIONS, James L. Way and E. Leong Way 187 

CHEMOTHERAPY OF ANIMAL PARASITES, James R. Douglas and Norman 

F. Baker . 213 

PHYSIOLOGIC AND PHARMACOLOGIC CONSIDER A TIONS OF BIOGENIC 

AMINES IN THE NERVOUS SYSTEM, Floyd E. Bloom and Nicholas J. 
Giarman . 229 

AGENTS WHICH BLOCK ADRENERGIC ,B-RECEPTORS, Raymond P. 
Ahlquist . 259 

INVERTEBRATE PHARMACOLOGY, G. A. Cottrell and M. S. Laverack 273 

PHARMACOLOGY OF PEPTIDES AND PROTEINS IN SNAKE VENOMS, Jesus 
M. Jimenez-Porras . 299 

THYROCALCITONIN, Alan Tenenhouse, Howard Rasmussen, Charles D. 

Hawker, and Claude D. Arnaud . 319 

EXTRARENAL EXCRETION OF DRUGS AND CHEMICALS, C. M. Stowe and 
Gabriel L. Plaa . 337 

NONSTEROID ANTI-INFLAMMATORY AGENTS, William C. Kuzell 357 

FALSE ADRENERGIC TRANSMITTERS, Irwin 1. Kopin 377 

FLUORIDES AND MAN, Harold C. Hodge and Frank A. Smith 395 

TOXINS OF MARINE ORIGIN, Charles E. Lane 409 

GENETIC FACTORS IN RELATION TO DRUGS, John H. Peters 427 

DEVELOPMENTAL PHARMACOLOGY, F. Sereni and N. Principi 453 

PHARMACOLOGY OF REPRODUCTION AND FERTILITY, Harold Jackson 
and Harold Schnieden . 467 

HUMAN PHARMACOLOGY OF ANTIPSYCHOTIC AND ANTIDEPRESSANT 

DRUGS, Leo E. Hollister 491 

REVIEW OF REVIEWS, Chauncey D. Leake 517 

INDEXES 
AUTHOR INDEX 525 

SUBJECT INDEX 560 

CUMULATIVE INDEX OF CONTRIBUTING AUTHORS, VOLUMES 4 TO 8 590 

CUMULATIVE INDEX OF CHAPTER TITLES, VOLUMES 4 TO 8 591 

vii 

A
nn

u.
 R

ev
. P

ha
rm

ac
ol

. 1
96

8.
8:

37
7-

39
4.

 D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
by

 U
N

IV
E

R
SI

T
Y

 O
F 

M
IA

M
I 

on
 1

2/
16

/1
1.

 F
or

 p
er

so
na

l u
se

 o
nl

y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee

	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Pharmacology and Toxicology Online
	Most Downloaded Pharmacology and Toxicology Reviews
	Most Cited Pharmacology and Toxicology Reviews
	Annual Review of Pharmacology and Toxicology Errata
	View Current Editorial Committee


	ar: 
	logo: 



