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INTRODUCTION 

The catecholamines noradrenaline, adrenaline, and dopamine are 3,4-di
hydroxy derivatives of phenylethylamine. They are widely distributed 
throughout the animal kingdom, most often in nerve cells. Catecholamines 
are found in the peripheral sympathetic nervous system ( 1 ) , and in the ad
renal medulla (2) ,  and are unequally distributed in different areas of the 
central nervous system ( 3 ). Small amounts of catecholamines are also 
found in chromaffin cells scattered throughout the body. 

Noradrenaline is highly localized in peripheral postganglionic sympa
thetic nerves (2) . Its concentration in some sympathetic ganglia may be as 
high as 100 fLg/g (4) while in sympathetically innervated tissues its concen-

1 Abbreviations used are: dopa, 3,4-dihydroxyphenylalanine; dopamine, 3,4-
dihydroxyphenylethylamine; COMT, catechoI-O-methyitransferase; MAO, mono
amine oxidase; PNMT, phenylethanolamine-N -methyltransferase. 

2 Presently Guggenheim Fellow, Department of Biophysics, University College, 
London. 
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tration ranges from 0.1 to 2 p.g/g (2). The nerve endings make up only a 
small part of the total mass of the tissue, and thus the actual concentration 
of noradrenaline in the endings is probably between 100 and 500 p..g/g (4) . 
Postganglionic sympathetic denervation leads to an almost complete disap
pearance of noradrenaline from most tissues (5) which suggests that it is 
wholly contained within the sympathetic nerves. 

Noradrenaline is released from sympathetic nerve terminals as a neuro
transmitter ( 2 )  and exerts most of its effects locally on postsynaptic cells. 
Adrenaline functions mainly as a hormone, being released into the general 
circulation primarily from the adrenal medulla. Small amounts of adrena
line have been found in mammalian brain (3 )  and heart (6). A third cate
cholamine, dopamine, serves as a precursor of noradrenaline and adrenaline 
in both the peripheral and central nervous systems. Its most important func
tion however may be in the brain, where high concentrations are found in 
the striatum (7,8). Dopamine is thought to be a synaptic transmitter func
tioning to mediate inhibition in a motor-coordinating nigrostriatal pathway. 

Elliott (9) in 1905 first postulated that an adrenaline-like substance 
might be released from sympathetic nerves and thus be responsible for 
chemical transmission at synapses. The first experimental evidence for neu
rochemical transmission was obtained in 1921 by Loewi (10), who described 
both an inhibitory and an excitatory substance released from frog or toad 
heart on stimulation of the vagus nerve. Similarities between the effects of 
sympathetic nerve stimulation and those of exogenously applied adrenaline 
led many workers over the next two decades to assume that the transmitter 
liberated at sympathetic nerve endings was adrenaline. Discrepancies be
tween the effects of nerve stimulation and those of exogenously applied 
adrenaline had however been reported (11). That noradrenaline is the sym
pathetic neurotransmitter was finally established by von Euler (12), who 
identified noradrenaline in splenic nerves by chemical isolation. Direct evi
dence that noradrenaline is released by postganglionic sympathetic nerves 
comes from the work of Peart (13), who showed that it is liberated after 
stimulation of the splenic nerve of the cat. 

It has recently become possible to visualize catecholamines in situ. A 
highly specific and sensitive fluorescence-histochemical method (14) has 
permitted the direct visualization at a cellular level of the biogenic amines 
dopamine, noradrenaline, adrenaline, and serotonin. The use of this technique 
has confirmed the conclusion that the noradrenaline present in periph
eral mammalian tissues is localized almost exclusively in sympathetic nerves 
(14). More specifically, the use of gradient-centrifugation techniques (15), 
the auto radiographic localization of tritium-labeled noradrenaline (16), and 
electronmicroscopy (17) have combined to show that noradrenaline is local
ized not only within the sympathetic nerve endings, but also largely within 
specific vesicles contained in these nerve endings. 

Catecholamines influence the actions of a wide variety of tissues such as 
vascular smooth muscle, adipose tissue, liver. heart, and brain (2). In many 
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BIOCHEMISTRY OF CATECHOLAMINES 467 
cases they act by causing an increase in the activity or amount of a specific 
enzyme or enzymes. These effects are frequently mediated by adenosine 3',5'
monophosphate (18, 254). 

Our knowledge of the biochemistry of catccholamincs is more precise in 
the peripheral nervous system than in the more biochemically and anatomi
cally complex central nervous system. Most of this review will therefore 
refer to the peripheral sympathetic nervous system. It is likely that the gen
eral processes described will in the future be shown to exist in the central 
nervous system. We will be concerned with the synthesis and metabolism of 
the catecholamines as well as with the mechanisms of amine storage, re
lease, and inactivation. The final section will discuss some of the mecha
nisms which operate to regulate the levels of catecholamines within the neu
ron and in the adrenal medulla. Several recent reviews on catecholamines 
are recommended (19-30) .  

BIOSYNTHESIS 

The biosynthesis of catecholamines begins with tyrosine. This pathway 

was first suggested by Blaschko in 1939 (31) (Figure 1) and was finally 
confirmed in 1964 with the demonstration of the enzyme tyrosine hydroxyl
ase ( 32). The four enzymes involved in catecholamine biosynthesis do not 
have the same subcellular distribution. Thus intracellular migrations of sub
strates for these enzymes take place as tyrosine is converted to noradrena
line in the sympathetic nerves and to adrenaline in the adrenal medulla. 

Although the pathway proposed by Blaschko (31) is the major pathway 
of catecholamine biosynthesis, lack of specificity of several enzymes in
volved permits several alternative pathways. One such pathway from tyro
sine to noradrenaline and adrenaline may exist via tyrosine, tyromine, octo
pamine, and synephrine (33-34). Indirect evidence of the conversion of 
tyramine to catecholamines in vivo has been obtained from the detection of 
radioactive C14-noradrenaline in the urine of rats injected with C14-tyramine 
or C14-octopamine (33 ) .  There is also a pathway from tyrosine to adrenaline 
which bypasses noradrenaline. In this reaction sequen'ce dopamine is con
verted to epinine by a nonspecific phenylalkylamine-N -methyltransferase 
which has been found in rabbit lung (3S). Epinine can then be ,8-hydroxyl
ated by dopamine-,8-hydroxylase to form adrenaline (36) . This later series 

of reactions was in fact proposed by Halle (37) in 1906 for the biosynthesis of 
adrenaline. 

Tyrosine hydroxylase.-Tyrosine hydroxylase (EC 1.14.3.-) is the en
zyme responsible for the conversion of tyrosine to dopa, a reaction estab
lished by isotopic studies in the early 1950s ( 38-39) .  Direct demonstration 
of the enzymatic hydroxylation of tyrosine did not come, however, until 
1964 (32). Udenfriend and his co-workers found enzyme activity in tissues 
that contained catecholamines such as spleen, brain, and adrenal medulla 
and noted only minimal activity in the adrenal cortex. Tyrosine hydroxylase 
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was purified from bovine adrenal medulla. The properties of the adrenal 
enzyme have been studied in great detail. Tetrahydropteridines such as 2-
amino-4-hydroxy-6,7-dimethyltetrahydropteridine produce a marked stimu
lation of activity. In addition to the reduced pteridines (40 ) ,  Fe++ ( 32) and 
O2 arc required for maximum activity. The Km of the enzyme for tetrahy
dropteridine is about 5 X 1()-4M. At high concentrations pteridines inhibit 
the enzyme but this inhibition is reversed by Fe++ (41 ) .  

Tyrosine hydroxylase hydroxylates tyrosine t o  dopa but not tyramine to 
dopamine (32)  and it does not hydroxylate D-p-tyrosine nor DL-m-tyro
sine. a-Methyl-p-tyrosine, a competitive inhibitor of tyrosine hydroxylase, is 
converted to its 3-hydroxy derivative. Tissue catecholamines are depleted 
following the administration of a-methyl-p-tyrosine (42) while the concen
tration of serotonin is not decreased (43 ) .  

Working with enzyme preparations obtained from the supernatant frac
tions of the adrenal, it has been reported that double reciprocal plots of ve
locity against tyrosine concentration at different concentrations of tetrahy
dropteridine result in a series of parallel lines (44). A ping-pong mecha
nism has been postulated in which the substrates of the reaction (oxygen, 
tyrosine, and tetrahydropteridine) add to the enzyme in an obligatory se
quential order (44) .  Recently Goldstein et al (45 )  have purified particulate 
tyrosine hydroxylase from the adrenal after solubilization by trypsin diges
tion (46). Experiments with this enzyme suggest a different mechanism of 
action from that described for the enzyme from the supernatant fraction. 
Double reciprocal plots against tyrosine or oxygen concentration at differ
ent concentrations of pteridine yield intersecting lines. A mechanism was 
suggested in which a quaternary complex is formed as an intermediate step 
with the conversion of this complex into products and enzyme being the 
rate-limiting step in the reaction. The different results obtained with tyro
sine hydroxylase prepared from the supernatant after high-speed centrifu
gation from those obtained with enzyme solubilized by trypsin digestion of 
adrenal particles may reflect different species of enzyme molecule or may 
reflect alterations in the molecular form of the enzyme 'during one or both 
of the purification procedures. A molecular weight of 192,000 has been re
ported for the supernatant enzyme while the trypsin-digested enzyme has a 
molecular weight of only 50,500 ( 47 ) .  

I t  was initially reported that tyrosine hydroxylase i n  the bovine adrenal 
medulla is largely particle bound ( 32 ) .  However, incubation of radioactive 
tyrosine with particle fractions does not result in the formation of signifi
cant amounts of catecholamines (48) .  Laduron & Belpaire (49) studied the 
subcellular distribution of several enzymes involved in catecholamine syn
thesis and conclUded that tyrosine hydroxylase is found mainly in the solu
ble fraction. They explained the original findings by reporting that the en
zyme can be easily adsorbed to material which sediments in the nuclear 
fraction. Musacchio & Wurzburger also concluded that tyrosine hydroxyl
ase is not usually membrane bound (SO ) .  They found that when freshly 
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prepared aarenal homogenates are layered onto density gradients, tyrosine 
hydroxylase activity remains in fractions at the top of the tube. If the ho
mogenate is kept for a few hours before layering, much of the activity is 
adsorbed to particlcs and becomes sedimentable (51) .  Petrack has shown 
that tyrosine hydroxylase isolated from guinea pig brain is in the super
natant following centrifugation of homogenates at 150,000 X g for 1 hr 
(52). 

Tyrosine hydroxylase is usually assayed (32)  using 3,5-HQyrosine. Tri
tium, released during the hydroxylation, is separated from the tyrosine and 
dopa by ion-exchange column chromatography. 

Inhibitors of tyrosine hydroxylase have been described which act by 
competing with substrate, pteridine cofactor, or Fe++. Some substituted tyro
sines are substrates for the enzyme: a-methyl-p-tyrosine is, for example, 
converted to a-methyldopa (42 ) .  Halogenated compounds such as 3-iodoty
rosine (53-54 )  are among the most potent inhibitors of the enzyme both in 
vitro and in vivo, where they cause a lowering of endogenous levels of cate
cholamines in many tissues (55). Many derivatives of phenylalanine are 
competitive inhibitors of tyrosine hydroxylase especially after halogenation 
or substitution of an a-methyl group (56). N agatsu et al reported that tyro
sine hydroxylase is inhibited by several catecholamines ( 32 ) ,  and it is 
thought that this inhibition is involved in the regulation of catecholamine 
synthesis. Despite their obvious similarity to tyrosine, the inhibition by cate
cholamines is competitive not with substrate but with the pteridine cofactor 
in its reduced form ( 53, 57) .  A similar type of inhibition is also observed with 
3,4-dihydroxyphenylacetamide (53) ,  the most potent inhibitor of tyrosine 
hydroxylase yet reported. It also inhibits other pteridine-requiring enzymes 
(58). Tyrosine hydroxylase can also be inhibited by chelating agents such 
as aa-dipyridyl (32) and cf>-phenanthroline ( 53, 58) .  These compounds proba
bly act by chelating Fe++, and their effect is offered as evidence that Fe++ 
has a specific role in the function of this enzyme (59) .  Tryptophan (60 )  as 
well as several 5-halotryptophans (61) can also inhibit tyrosine hydroxyl
ase; a-methYI-5-hydroxytryptophan is especially potent. 

Dopa dccarboxylasc.-Dopa decarboxylase (EC 4.1.1.26 ) is a widely dis
tributed enzyme whose role in catecholamine synthesis is the formation of 
dopamine from dopa. This enzyme is optically specific for L isomers ( 62, 
63) but is not specific for any particular aromatic amino acid. Thus, the 
decarboxylation steps in the synthesis of the biogenic amines ( catechol
amines, tyramine, serotonin, and histamine ) are all catalyzed by this same 
enzyme. It also acts on amino acids such as m-tyrosine, a-methyldopa or Q

methyl-m-tyrosine (64, 65 ) .  Its lack of substrate specificity has led to the 
suggestion that its name be changed to L-aromatic amino acid decarboxylase 
(66 ) .  This reaction was recognized in vitro as early as 1938 (62 ) ,  and in 
vivo evidence of the transformation was obtained in 1942 when dopamine 
was detected in urine following the injection of dopa (67 ) .  
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BIOCHEMISTRY OF CATECHOLAMINES 471 

Dopa decarboxylase has been purified (66,68). Most of the enzyme ac
tivity is found in the supernatant fluid after high-speed centrifugation (69). 
The activity of the enzyme with respect to different substrates is usually 
constant throughout the purification. The enzyme has a pH optimum of 7.2, 
a S20,W of 6.9 and molecular weight of 109,000. The Km for either dopa or 
tyrosine is about 5 X 10-41\1 (68). 

Pyridoxal phosphate is a cofactor of this enzyme, and is tightly bound to 
the apoenzyme as a Schiff's base. The absorption spectrum is similar to that 
of other pyridoxal phosphate enzymes with an absorption maximum at 415 
mp. (70) . However, if additional cofactor is added to a purified enzyme pre
paration the activity increases but the absorption spectrum is unchanged. 
The source of the enzyme, the choice of substrate, and the pH of the incu
bation all affect the degree of activation by exogenous pyridoxal phosphate 
(70 ) .  

Dopa decarboxylase i s  widely distributed i n  mammalian tissues and has 
been detected in human carcinoid and in phaeochromocytoma (71 ) , in 
neural tissues such as sympathetic ganglia and postganglionic nerve trunks 
(72), in nerve terminals, and in noradrenaline-storage particles (73-74). 
In the central nervous system the distribution of enzyme activity is similar 
to that of the catecholamines, with the highest activity being found in the 
reticular formation, the hypothalamus, and portions of the thalamus and 
rhinencephalon ( 75 ) .  

The conversion of dopa to dopamine b y  dopa decarboxylase can be mea
sured by manometric determination of carbon dioxide (72,76), fluorometric 
determination of dopamine (75), or by use of radioactive substrates ( 77 ) .  

I t  was initially hoped that inhibition of dopa decarboxylase would permit 
therapeutic modification of catecholamine synthesis. The wide distribution 
and high activity of this enzyme in many tissues has made it difficult, how
ever, to achieve a degree of inhibition sufficient to decrease catecholamine 
levels. Of the inhibitors studied the one with the widest clinical application 
is L-a-methyldopa. This compound is a potent inhibitor of dopa decarboxyl
ase in vitro ( 78)  and has catecholamine-depleting (79 )  and hypotensive 
actions (80) in vivo. These latter effects are not however related to decar
boxylase inhibition. In fact, a-methyldopa is itself decarboxylated, leading 
to the eventual formation of a-methylated metabolites which displace nora
drenaline and serve as false neurotransmitters (81). Several classes of com
pounds not structurally similar to dopa also inhibit this enzyme: these in
clude hydrazino acids (82) ,  hydrazines (83 ) ,  and benzyloxyamines (84) .  
Other inhibitors of dopa decarboxylase include the strongly reducing boro
hydride, decaborane (85 ) ,  and sulfhydral reagents such as N-ethylmaleimide 
(66 ) .  Hepatic dopa decarboxylase can be induced by phenobarbital and. a
hexachlorcyc1ohexane (86) .  

Dopamine-f3-hydroxylase.-The enzyme which catalyze!' the f3 hydroxyl
ation of dopamine to noradrenaline is, like tyrosine hydroxylase, a mixed-
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472 MOLINOFF & AXELROD 

function oxidase. The reaction was first demonstrated to occur in vivo (87) 
in 1956 and in vitro the next year (88). 

Dopamine-,8-hydroxylase (EC 1 .14.2.1 ) was solubilized from particles of 
beef adrenal and found to requ ire ascorbic acid (89 ) for activity. It is inac
tive under anaerobic conditions or in the presence of KCN. The enzyme 
also catalyzes the conversion of several phenylethylamines other than dopa
mine to their ,8-hydroxylated products (90) . The structural characteristics 
necessary for substrate activity are an aromatic ring with a side chain of 
two or three carbon atoms terminating in an amino group. 

The enzyme has been purified to homogeneity and has been found to 
have a molecular weight of 290,000 and a S20,W of 8.9 in 0.1 M NaCl and 
0.005 M potassium phosphate, pH 6.8 (91) . Purified enzyme hydroxylates 
about 1000 p.moles of dopamine per p.mole of enzyme per minute at 25° (91) . 
Dopamine-,8-hydroxylase contains approximately 2 p.moles of Cu++ per p.mole 
of enzyme as well as variable amounts of Cu+. The first step in the reaction 
is the reduction of the cupric copper by an external source of electrons such 
as ascorbic acid ( 92 ) .  

To obtain full activity i n  vitro, a number of cofactors are required i n  
addition to ascorbate. These include fumarate o r  acetate, catalase, and 
ATP. Fumarate may accelerate the reoxidation of the enzyme Cu+ to Cu++, 
or it may function to facilitate the formation of the reduced enzyme-oxygen 
complex (93). Both catalase and ATP seem to protect the enzyme from 
inactivation. The stimulatory effect of ATP becomes less marked during 
purification of  the enzyme (89), and is absent if initial rates are measured 
(90). Further, in the presence of catalase, A TP has no additional effect. 
The catalase probably destroys peroxides which are formed by the autooxi
dation of either ascorbate or dopamine. 

Most assays for dopamine-,8-hydroxylase are suitable only for measur
ing the activity of relatively pure enzyme. Methods have been based on the 
fluorometric or chromatographic determination of noradrenaline formed 
from dopamine (94). Other procedures have taken advantage of the fact that 
periodate will remove the side chain of ,8-hydroxylated amines. For exam
ple, tyramine is converted to octopamine, which yields on periodate cleavage 
p-hydroxybenzaldehyde and formaldehyde (93, 95). In a recent coupled en
zymatic assay (96) phenylethanolamine or octopamine, formed by dopa
mine-,8-hydroxylase, is converted to its N -methyl derivative by phenyletha
nolamine-N-methyltransferase using C14-S-adenosylmethionine as methyl 
donor. This assay has permitted dopamine-{3-hydroxylase activity to be de
termined in homogenates of tissues such as heart, salivary gland, individual 
sympathetic ganglia, and brain. 

Dopamine-{3-hydroxylase is associated with the chromaffin granule in 
the adrenal medulla (97 ) .  These granules are saclike structures sensitive to 
osmotic pressure and surrounded by a semipermeable membrane. Approxi
mately 60 percent of the enzyme is found bound to the chromaffin granule 
membrane while most of the remainder is contained in the soluble contents 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BIOCHEMISTRY OF CATECHOLAMINES 473 

of the granule (98). Simil arly , it is associated with the catecholamine-con
taining granules in rat heart (99) and splenic nerves (100). 

Endogenous inhibitors of dopamine-,8-hydr oxyl ase are present in most 
tissues which act by co mplexing with the Cu++ of the enzyme. The puri fied 
inhibitor from bovine heart is a heat-stable compound of low molecular 
weight which con tains carb oh ydr ate an d o rganic p hosp hate (101 ) .  N-Eth yl
maleimide blocks the activity of the purified adrenal inhibitor but is without 
effect on the purified inhibitor from bovine heart. When the enzyme is mea
sured in vitro it is important to block the effects of t he inhibitor by using 
Cu++, N-ethylmaleimide, or p-chloromercuribenzoate. 

The fact that dop ami l1e -,8-hydroxylase is a coppe r-con tainin g enzyme 
has also made available a variety of pharmacologic inhibitors. Most contain 
thiol groups and act by binding enzyme Cu++. Disulfiram (te trae thyl thi
uram) is a pote nt inhibitor of do pami ne-,8- hy dro xy la se both in vit ro and in 
vivo (102--103), which decreases the noradrenaline content of the brain and 
heart. Disulfiram is p ro bably reduced in vivo to diethyldithiocarbamate, 
which chelates Cu.++. Ce rtai n t ropolone derivatives (104) and a large vari
ety of both aromatic and alkylthioureas (105) also inhi bi t do pamine-,8-hy 
droxylase, probably by copper chelation. 

Dopamine-,8-hydroxylase also is inhi bit ed by compounds structurally re
late d to the phenylethlamines and their isosteres. Its most potent inhibitor 
yet reported is fnsaric acid (106,226). 

Phenylethanolamine-N-methyltransferase.-The fin al step in the biosyn
thesis of adrenali ne is the N methylation of noradrenaline (Fi gure 1 ) .  
Early studies in vivo and in vitro showed that the methyl group of methio
nine (107) and S-adenos ylmethio nine (l08) is used for the enzymatic for
mation of adrenaline. The partially purified enzyme from the bovine adrenal 
gland ( 109) N-me thylates phenyl ethanolamine and its derivatives but not 
phenylethylamines, and was thus named phenylethanolamine-N-methyl
transferase (PNMT) (EC 2.1.1.-). The no rmally o ccurri ng p h enyleth anol
amine derivatives methylated by PNMT in cl ude noradrenaline, normeta
neph rine, o ctop amine , syne phri ne , ad renaline , and met aneph rine. With com
pounds such as adrenaline and synephrine which already have an N-methyl 
group, PNMT can add a second methyl group to form N,N-dimethyl deri va 
t ives . Amines s uch as neosynephrine , nor ephedr in e, and p-hyd ro xyno r
ephedrine are also substrates for PNMT. The enzyme has been purifie d 
about sixtyfold fr om bovine adrenal medulla (110). It has a S20.W mole cu lar 
weight of 30,000. On titration with p-hydroxymecuribenzoate 8.5 sulfh ydryl 
groups are titrated per molecule of enzyme. Kinetic measurements suggest a 
ra ndo m binding of substrates with a preference fo r S-ade nosylmet hioni ne 
as the first substrate bound . 

Phenylethanolamine-N-methyltransferase is strongly inhibited by its 
substrate noradrenaline and its product adrenaline ( 1 1 1). The inhibition of 
PNMT by adren aline occurs at concentrations normally present in the adre-
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nal gland and suggests that this might be of physiologic significance in reg
ulating PNMT activity. PNMT is also inhibited by a number of amines not 
structurally related to phenylethanolamine, including tranylcypromine and 
two related compounds: 2-cyclohexylcyclopropaneamine and 8-amino-l,2-
methanoindane HCl (112). The inhibition by tranylcypromine appears to be 
competitive with substrate. PNMT, unlike the metabolizing enzyme cate
chol-O-methyltransferase, does not require Mg++; 2-mercaptoethanol in
creases its activity while heavy metals such as Cd++, Hg++, and Cu++ are inhib
itory (113). 

PNMT is highly localized in the adrenal medulla (109). It is also pres
ent in small amounts in the heart and brain of mammals (114-115), in hen, 
turtle, snake, and frog adrenal (116-117) and in the parotid gland of Bufo 
marinus (118). In the adrenal gland PNMT is localized mainly in the solu
ble fraction of the cell (109). It is absent in the fetal adrenal gland, first 
appearing about 3 days before birth (119). Enzyme isolated from several 
species differs with regard to electrophoretic mobility on starch block, heat 
stability, and substrate specificity (120). 

Phenylethanolamine-N-methyltransferase is assayed by incubating either 
normetanephrine or phenylethanolamine with CH-S-adenosylmethionine. 
The radioactive N-methylphenylethanolamine or metanephrine is extracted 
into a mixture of toluene and isoamyl alcohol and the radioactivity deter
mined (109). 

The marked specificity of PNMT for phenylethanolamine derivatives has 
also been used in assays for octopamine (121), noradrenaline (122), and 
dopamine-,B-oxidase ( 96);  such assays are more sensitive than other exist
ing methods. Removal of the pituitary causes a marked fall in PNMT activ
ity in the rat adrenal (123). Administration of large amounts of glucucorti
coids or ACTH restores enzyme activity. 

Minor biosynthetic enzymes.-An enzyme that catalyzes the conversion 
of monophen�lic phenylethylamines to catecholamines is present in liver mi
crosomes (124). This enzyme requires TPNH and oxygen and is similar to 
the enzymes described for the metabolism of amphetamine and other drugs 
( 125). The normally occurring substrates, tyramine, octopamine, and syneph
rine, yield dopamine, noradrenaline, and adrenaline respectively (124; Fig
ure 1). The activity of this enzyme is measured by incubating monophenols, 
liver microsomes which contain the hydroxylating enzyme, and the soluble 
supernatant fraction which contains catechol-O-methyltransferase together 
with C14-methyl-S-adenosylmethionine. Any catecholamine formed is imme
diately O-methylated to form a metabolite with a radioactive methyl group. 
The formation of metanephrine from octopamine has been demonstrated in 
vivo (33), indicating that this reaction is operating in the metabolism of 
normally occurring physiologically active compounds. 

Nonspecific N-methyltransferase enzymes have been found in rabbit 
lung (35) and in parotid gland of B. marinus ( 118 ) . These enzymes are 
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BIOCHEMISTRY OF CATECHOLAMINES 475 
capable of N-methylating dopamine to epinine, noradrenaline to adrenaline, 

, 
serotonin to N-methyl�erotonin , and tryptamine to the psychotomimetic di
methyltryptamine. 

METABOLISM 

An important observation which led to our present knowledge of the re
actions involved in catecholamine metabolism was made by Armstrong, Mc
Millan & Shaw in 1957 (126 ) .  They reported that a 3-0-methylated {3-hy
droxylated catechol acid, 3-methoxy-4-hydroxymandelic acid ( vanilman

delic acid, VMA ) is a urinary metabolite of both adrenaline and noradrena
line. Soon thereafter the O-methylated amines normetanephrine and meta
nephrine were also found in urine ( 127, 128 ) .  

The metabolism o f  catecholamines involves primarily two enzymes: ca
techol-O-methyltransferase ( COMT) and monoamine oxidase (MAO ) (Fig
ure 2). Both act on a wide variety of amines and each is fully active on the 
product of the other. Thus an entire spectrum of metabolites of catecho
lamines can be identified in urine, some acted on by MAO, COMT, or both. 

In addition to these two major enzymes of catecholamine metabolism, 
two other enzymes-an aldehyde oxidase and an aldehydase reductase-are 
present and act on the products of MAO and COMT ( Figure 2). Aldehyde 
dehydrogenase has been demonstrated in a guinea pig kidney preparation 
containing N AD ( 129) .  In man vanilmandelic acid, an oxidized product, 
makes up about 40 percent of the total urinary metabolites ( 130 ) while in 
some other species 3-methoxy-4-hydroxyphenylglycol, a reduced metabolite, 
is predominant ( 13 1 ) .  

An analogous pathway to the one shown for noradrenaline metabolism 
in Figure 2 can be drawn for dopamine and for adrenaline. 

About one third of the total catechol metabolites in human urine come 
from dopamine ( 132, 221 ) .  Some of these come from the brain where dopa
mine is a putative neurotransmitter but probably most arise from dopamine 
which has been acted on by MAO before it could be protected by uptake into 
storage granules. The principal metabolite of dopamine is homovanilic acid 
( HVA) ,  a product of the action of MAO, COMT, and aldehyde dehydroge
nase. 

Monoamine oxidase.-Monoamine oxidase ( MAO ) (EC 1 .4.3.4) was 
first described in 1928 by Hare ( 133 ) who showed that tyramine was deami
nated to p-hydroxybenzaldehyde. MAO also deaminates catecholamines 
such as noradrenaline, adrenaline, and dopamine (134) .  The corresponding 
aldehyde is then, depending on the nature of the substrate, either oxidized 
to form an acid metabolite or reduced to an alcohol metabolite. MAO deam
inates compounds in which the amine group is attached to the terminal car
bon atom. N methylation and {3-hydroxylation decrease the susceptibility of 
phenylethylamines to MAO ( 135) .  Thus, tyramine and dopamine are metab
olized more readily than noradrenaline and adrenaline. Monoamine oxidase 
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FIGURE 2. Metabolism of noradrenaline (NA). NMN-normetanephrine; DOMA-dihydroxymandelic acid; DHPG-dihydroxy
phenylglycol; VMA-vanilmandelic acid; MAO-monoamine oxidase; COMT·-catechol-O-methyltransferase; MHPG-3-meth

oxy-4-hydroxypheny\g\ycol. 
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is widely distributed in tissues of many vertebrate species (135) where it is 
present mainly in the outer membrane of the mitochondria (136). Subcellu
lar fractionation studies indicate that in rat heart and salivary gland MAO 
is also associated with the microsomal fraction which also contains the 
noradrenaline storage vesicles (137-138 ) .  In tissues heavily innervated by 
sympathetic nerves, destruction of these nerves causes a marked reduction 
in MAO activity (139) which suggests that some MAO is present in these 
nerve terminals. 

Monoamine oxidase has been purified and found to have a molecular 
weight of about 290,000 and to contain a flavoprotein and copper ( 140-
141). The valence of copper does not change during the oxidative deamina
tion of  amines; thus it appears unlikely that it plays an active role in the 
reaction. Pharmacologic evidence that multiple forms of MAO exist (142-
143) has been confirmed by the electrophoretic separation of several species 
of MAO from rat liver and brain (144-145 ) .  

The several species of MAO differ with respect to substrate specificity, 
heat stability, and the effect of different inhibitors. The electrophoretic pat
tern of MAO isolated from embryonic brain is different from that of MAO 
isolated from the brain of newborn animals (146) .  

Monoamine oxidase can b e  measured fluorometricaIIy by deaminating 
kynuramine (147) or tryptamine (148) or radiometrically using tryptamine 
as substrate (149 ) .  

An increase i n  cardiac monoamine oxidase activity has been observed in 
rats made hypertensive by treatment with deoxycorticosterone and sodium 
chloride (150). Prolonged treatment of rats with isoproterenol also results 
in an increase in the activity of salivary gland MAO (151). This increase 
can be blocked by the prior administration of either the beta blocking agent, 
propranolol, or the inhibitor of protein synthesis, actinomycin D. 

Many types of MAO inhibitor have been used (152) since the introduc
tion of the hydrazine derivative iproniazid (153 ) .  Monoamine oxidase inhi
bition by blocking agents of the hydrazine type tends to be long lasting and 
irreversible. Other classes of MAO inhibitors are ami nes containing an acet
ylene group, cyclopropylamines, p-methylphenylethylamines (152 ) ,  and 
harmaline and related carbolines (154 ) .  Administration of MAO inhibitors 
results in an elevation of tissue levels of noradrenaline, octopamine (121 ) , 

dopamine, and serotonin (155) .  Inhibition of MAO in vivo decreases the ex
cretion of deaminated metabolites of catecholamines such as 3-methoxy-4-
hydroxymandelic acid, 3-methoxy-4-hydroxyphenylglycol, and homovanillic 
acid, while the excretion of normetanephrine, octopamine, and tyramine in
creases (156). 

Inhibition of MAO does not prolong the physiological effects of nora
drenaline (157) .  Monoamine oxidase has however been found to play an 
important role in the regulation of the intracellular level of this neurotrans
mitter. Any noradrenaline which leaks into the axoplasm from storage ves 
icles is metabolized to physiologically inactive metabolic products (158). 
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Catechol-O-methyltransferase.-The observation that noradrenaline and 
adrenaline are metabolized to the corresponding 3-0 methylamines normeta
nephrine and metanephrine prompted a search for an O-methylating en
zyme (127-128). Catechol-O-methyltransferase (EC 2.1.1.6), first de
scribed in rat liver (159), requires S-adenosylmethionine as a methyl donor, 
and also a divalent cation such as Mg++. Ions which can substitute for Mg++ 
include Co++, Ca++, Zn++, and Ni++. The enzyme can O-methylate catechols 
but not monohydroxy derivatives of phenylethylarnine. Normally occurring 
compounds O-methylated by the enzyme include noradrenaline, adrenaline, 
dopamine, dopa, 3,4-dihydroxymandelic acid, 3,4-dihydroxyphenylacetic acid 
(159), 3-hydroxyestradiol (160), and ascorbic acid (161). The enzyme can 
also O-methylate exogenously administered catechols such as 3,4-dihydroxy
ephedrine, 3,4-dihydroxyamphetamine (159), and a variety of substituted 
catechols (162) and po1yphenols (163). 

In vivo, 0 methylation occurs exclusively on the meta position (128). 
With purified COMT 0 methylation can occur on both meta and para posi
tions (164). The polarity of the aromatic substrate and the pH of the reac
tion mixture affect the ratio of para to meta O-methylated products formed 
in vitro (165). A novel type of interconversion of 4-0-methyl-3-hydroxy
acetophenone to 3-0-methyl-4-hydroxyacetophenone occurs in vivo (166). 
This results from the 0 demethylation of the 4-0-methylated compound to 
form a catechol which is subsequently O-methylated on the 3 position by 
COMT. 

Catechol-O-methyltransferase has been purified approximately 450-fold 
from rat liver (162, 167). When purified the enzyme is labile, requires di
thiothreitoi for stability, and has a molecular weight of about 24,000. With 
starch-block electrophoresis at least two separate forms of the enzyme have 
been found (120), which differ with respect to electrophoretic mobility, heat 
stability, and kinetic constants though both have the same substrate speci
ficity. Catechol-O-methyltransferases from a variety of mammalian species 
show different electrophoretic mobilities (120). Antibodies to the purified 
COMT have been prepared (168). 

Catcchol-O-methyltransferase activity is inhibited by dichloromercuri
benzoate, which suggests that the enzyme has a sulfhydryl group in the re
gion of its active site (159). Polyphenols such as pyrogallol inhibit COMT 
in vitro but are less effective in vivo (169). Dihydroxyphenyl acetamides 
inhibit this enzyme (170) competitively and are themselves O-methylated. 
A normally occurring compound that blocks 0 methylation in vitro and in 
vivo is 3-hydroxyestradiol (160). Another class of COMT inhibitors are 
substituted 3,S-dihydroxy-4-methoxybenzoic acids (171), which act noncom
petitively and are effective in vivo. Chelating agents such as tropolones can 
also inhibit COMT (172). Pyridoxal 5'-phosphate is also a competitive in
hibitor of COMT in vitro (Black and Axelrod, unpublished). 

Catechol-O-methyltransferase is measured by incubating a catechol sub
strate, usually noradrenaline, with Mg++ and CH-S-adenosylmethionine. The 
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O-methylated product is extracted into an organic solvent and the radioac
tivity measured ( 173). Catechol-O-methyltransferase has been used in a 
highly sensitive assay for catecholamines ( 174 ). 

Catechol-O-methyItransferase is  found in many different mammalian 
species ( 159 ) and has also been identified in plants ( 175-176) .  In most ani
mals the highest activity is found in the liver and kidney. There is an asym
metric distribution of COMT in the brain, activity being highest in the area 
postrema and lowest in the cerebellar cortex ( 177) .  Although most of the 
enzyme is found in the soluble fraction of the mammalian cell, there are 
also small amounts present in fat-cell membranes ( 178 ) and in microsomes 
( 179). Catechol-O-methyltransferase is present mainly outside the sympa
thetic neuron (180), in contrast to MAO which is present within the neu
ron (139) (Figure 3). However, a small amount of enzyme activity occurs 
in the sympathetic nerves of the nictitating membrane and the vas deferens 
(181). 

FIGURE 3. The formation and fate of noradrenaline (NA) at a varicosity of a 
sympathetic nerve tenninal. TH-tyrosine hydroxylase; AAD-aromatic amino 
acid decarboxylase; DBH-dopamine-�-hydroxylase; MAO-monoamine oxidase; 
COMT -catechol-O-methyltransferase. 
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Physiologically, COMT is involved in the metabolism of catecholamines 
released into the circulation (158, 180) and in the inactivation of noradren
aline in tissues lacking an abundant adrenergic innervation (182 ) .  Cate
chol-O-methyltransferase may also be associated with an extra neuronal up
take mechanism (183). 

UPTAKE AND INACTIVATION 

Catechol-O-methyltransferase and monoamine oxidase act all catechol
amines to produce physiologically inactive metabolic products, but neither of 
these enzymes plays an important role in terminating the physiological ac
tions of the neurotransmitter noradrenaline or of the hormone adrenaline. 
The rapid inactivation of catecholamines is due to uptake into the presynap
tic nerve endings. This uptake is studied by injection of a tracer amount of 
radioactive noradrenaline. Some of the catecholamine injected is taken up 
and retained unchanged in adrenergically innervated tissues ( 184-185 ) 
where it remains long after the physiological effects have disappeared. 
When the sympathetic nerves are destroyed surgically (186 ) ,  immunologi
cally (187 ) ,  or chemically (188 ) ,  the denervated tissues no longer can take 
up and retain noradrenaline. Histochemical and autoradiographic studies in
dicate that the uptake sites are located in the postganglionic nerve terminals 
( 189) where noradrenaline is stored in dense-core granules about 500 A in 
diameter (190-191) .  When both metabolizing enzymes for catecholamines 
are inhibited in vivo the actions of noradrenaline are only slightly pro
longed ( 192 ) .  However, blocking the uptake of noradrenaline by drugs 
(193 ) markedly enhances the response. Thus, uptake across the neuronal 
membrane and subsequent retention in the storage vesicles are important 
mechanisms for rapid termination of the physiological effects of noradrena
line. Radioactive noradrenaline taken up from the circulation can be liber
ated from the sympathetic nerve terminal by nerve stimulation ( 194--195). 

Reuptake is the major mechanism for inactivation particularly in tissues 
with rich adrenergic innervation. In sparsely innervated tissues (media of 
blood vessels, for example) COMT i s  also important in terminating the 
effects of noradrenaline (182 ) . Noradrenaline and adrenaline discharged 
into the bloodstream either from the adrenal gland or by overflow after 
neuronal release are primarily inactivated by liver and kidney COMT and 
MAO or by reuptake by sympathetically innervated organs. 

Figure 3 shows schematically the intraneuronal synthesis, storage, re
lease, and uptake of noradrenaline and its extraneuronal disposition. 

Experiments on the uptake of H3-noradrenaline by heart and brain slices 
have suggested that it obeys saturation kinetics of the Michaelis-Menten 
type and involves active transport ( 21, 196) .  Energy derived from either 
glycolysis or oxidation is required for the transport of noradrenaline across 
the neuronal membrane (197) and sodium ions must be present in the exter
nal medium (198-199 ) .  Noradrenaline uptake is a temperature-dependent 
process with a Ql0 of about 2 (200) .  From these observations it appears 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BIOCHEMISTRY OF CATECHOLAMINES 481 
that an active ion carrier mechanism is involved in the transport of nor
adrenaline across the neuronal membrane. A second Na+-dependent neuronal 
carrier mechanism has been described which requires low [Na+] and is opti. 
cally specific (201 ) .  It may function intraneuronally where [Na+] is low. 
Although both stereoisomers of noradrenaline and adrenaline are taken up 
by nerve terminals the naturally occurring leva forms are removed more 
rapidly (200 ) .  The process also shows molecular selectivity : the efficiency 
of uptake of noradrenaline is twice that of adrenaline while little if any 
isoproterenol is taken up by this mechanism. Many other amines structur
ally related to noradrenaline can be taken up and can accumulate in sympa
thetic nerves by a neuronal uptake process. These amines include tyramine 
(202) ,  a-methylnoradrenaline (203 ) ,  metaraminol (204 ) ,  adrenaline (205 ) ,  
and dopamine. These compounds or  their metabolites are then stored in 
nerve granules and can serve as false neurotransmitters (206 ) .  Cocaine and 
antidepressant drugs such as impramine and sympathiomimetic amines block 
the uptake of noradrenaline into the nerve (20-21, 193, 196, 207-209) .  Com
pounds that block uptake also prevent the inactivation of noradrenaline and 
thus prolong its physiologic actions. 

An extraneuronal uptake process for noradrenaline, called uptake 2, has 
been found (183, 210-213) which is blocked by normetanephrine (a me
tabolite of noradrenaline) and by adrenergic blocking agents (183, 212) 
like phenoxybenzamine. Uptake 2 operates at all concentrations of catechol
amines to transport the amines into nonneuronal tissues where they are sub
sequently metabolized (214) .  Compounds such as adrenaline and isoprotere
nol which have a relatively low affinity for intraneural uptake and a high 
affinity for uptake 2 may be inactivated, mainly by the latter process. 

STORAGE 
Catecholamines in sympathetic nerves or in the adrenal medulla are 

stored in membrane-bound granules. The ability to sequester noradrenaline 
and adrenaline in specific storage vesicles serves to inactivate the amines 
temporarily and to protect them from enzymatic destruction until they are 
released by an appropriate stimulus. Catecholamine storage vesicles were 
first isolated from the adrenal medulla by differential centrifugation tech
niques (215, 216) . These medullary storage granules have a high concentra
tion of ATP with a constant molar ratio of catecholamines to ATP of 4 :1 
(216) , which suggests that ATP might function to form a saIt complex 
with the amines (217) . Specific proteins in the chromaffin granule have 
been identified as dopamine-p-hydroxylase (218) and at least eight species 
of chromogranin (219) .  The principal chromogranin, making up about 40 
percent of the soluble protein, is called chromogranin A. It has a molecular 
weight of about 77,000, with an elevated content of glutamic acid (220) .  The 
chromaffin granule can be isolated in relatively pure form by discontinuous 
gradient-centrifugation techniques (222 ) .  Catecholamines are concentrated 
by isolated chromaffin granules via a temperature-dependent mechanism 
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482 MOLIN OFF & AXELROD 

which also requires Mgt+ and ATP (223-224) and which can be blocked by 
reserpine. In addition to noradrenaline, the chromaffin granule takes up ad
renaline, dopamine, and serotonin ( 224 ) .  

Storage granules for noradrenaline have been demonstrated in  sympa
thetic nerve terminals ( 16-17) .  High-speed centrifugation of splenic nerve 
(225) or heart ( 1 5 )  homogenates results in the sedimentation of noradren
aline-containing particles. These granules contain ATP as well as noradren

aline-forming dopamine-,8-hydroxylase (99) .  With radioautography and 
electronmicroscopy the peripheral storage granule was shown to have a 
dense core and a diameter of 400-600 A ( 16 ) ,  in contrast to the chromaffin 
granule which is about 1000 A in diameter. Using antibodies prepared 
against soluble components of the chromaffin granule of the adrenal me
dulla, two proteins, dopamine-,8-hydroxylase and chromagranin A, were 
shown to be present in the noradrenaline storage vesicle of sympathetic 
nerves ( 227) .  Monoamine oxidase is associated with these vesicles ( 137-
138 ) .  Some larger granules are seen in adrenergic nerve endings and these 
may also contain noradrenaline (228) .  

Granules isolated from splenic nerves have an  uptake mechanism similar 
to that of adrenal chromaffin granules. This process requires ATP and Mg++ 
(229 ) ,  is temperature dependent, and is blocked by reserpine, which also 
prevents the retention of noradrenaline in the storage granule by an as yet 
unexplained mechanism. Catecholamines released by reserpine are de ami
nated and made physiologically inactive by intraneuronal monoamine oxi
dase before they leave the nerve (230 ) .  In aqueous solution, biogenic 
amines, including catecholamines and 5-hydroxytryptamine, form aggre
gates with ATP (23 1 ) .  Low concentrations of divalent metal ions increase 
this aggregation while monovalent cations cause disaggregation. 

Noradrenaline is released from storage granules by many phenylethyI

amine derivatives, including tyramine and amphetamine (81,  232) .  In con
trast to reserpine, these sympathomimetic amines usually release noradrena
line from the neurolll in a physiologically active form (230 ) .  The noradre
naline storage vesicle can also retain other compounds, including adrenaline 
(205 ) ,  dopamine, a-methylnoradrenaline ( 202 ) ,  octopamine (233 ) ,  and 
metaraminol (204 ) .  All of these amines can displace noradrenaline from the 
sympathetic nerve granules ( 234) ,  and they or their metabolites are then 
released from the nerve terminal on nerve stimulation as false neurotrans
mitters (25, 205, 235 ) .  The neurotransmitters noradrenaline and serotonin in 
the pineal are located in the same storage granule ( 236 ) .  Octopamine is also 
present normally in sympathetic nerve terminals of several tissues (233) 
and is presumably stored in vesicles. This amine is released on stimulating 
splenic nerves in normal and monoamine oxidase-inhibited cats ( Gewirtz, 
Molinoff and Kopin, unpublished observations) .  

5-Hydroxydopamine and 6-hydroxydopamine have been recently intro
duced as important experimental tools in studying the sympathetic nervous 
system. 5-Hydroxydopamine has a very high affinity for noradrenaline stor-
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BIOCHEMISTRY OF CATECHOLAMINES 483 
age granules and has proved useful as a marker for adrenergic nerve end
ings (237) .  6-Hydroxydopamine causes a rapid degeneration of adrenergic 
nerve endings but leaves the cell body and axons unaffected (238) .  The 
effects of 6-hydroxydopamine are long lasting though not irreversible. Thus, 
some recovery of noradrenaline content is noted after about 4 weeks with 
full recovery as a result of neural regeneration taking about 3 months 
(.1239 ) .  6-Hydroxydopamine does not cross the blood-brain barrier when 
given systemically, and thus has no effect on brain amines. When it is intro
duced directly into the brain by intraventricular or intracisternal injection it 
produces a rapid and long-lasting depletion of brain catecholamines (240 ) 
without affecting serotonin content (241 ) .  Unlike its effects in the periph
ery, the depletion of catecholamines in the brain appears to be irreversible. 
Chemical sympathectomy by 6-hydroxydopamine causes the disappearance 
of tyrosine hydroxylase and dopamine-,8-hydroxylase (242-243 ) as well as 
noradrenaline from rat heart. The concentration of catecholamines in the 
adrenal gland is not affected by 6-hydroxydopamine (244) ,  but the activities 
of tyrosine hydroxylase (243 ) ,  phenylethanolamine-N-methyltransferase 
(243 ) ,  and dopamine-f3-hydroxylase (242 ) are all increased in this tissue. 

RELEASE 

In the adrenal medulla adrenaline and noradrenaline are present almost 
exclusively in the chromaffin granules while the noradrenaline found in the 
peripheral sympathetic nervous system is largely localized in the granular 
vesicles. There are many similarities between the processes described for 
the relase of catecholamine from the adrenal medulla and from peripheral 
nerve terminals, but it is not yet certain that the , same mechanisms are in
volved. Douglas & Rubin (245 ) using the adrenal gland perfused in a retro
grade fashion found that the addition of acetylcholine to the perfusion me
dia resulted in a marked increase in the output of catecholamines. Acetyl
choline could release catecholamines in the absence of sodium but not in the 
absence of calcium. Excess potassium increases calcium uptake, probably as 
a result of a depolarizing action, and thus leads to an increased release 
( 246) .  

The adrenal chromaffin granules are membrane-limited organelles rang
ing in size from 500 to 2000 A. It now appears likely that catecholamines 
are released directly from these granules by a process called exocytosis. 
Vlhenever catecholamine secretion is induced, ATP and its metabolites are 
also released. The ratio of catecholamine to nucleotide in the pedusate is 
the same as in the intact granules (247 ) .  Moreover, under appropriate ex
perimental conditions A TP can escape unhydrolyzed even though the cell 
and its organelles are rich in ATPases, which suggests that the nucleotide is 
extruded directly to the cell exterior. Another constituent of the chromaffin 
granules is the protein chromagranin. This substance would not be expected 
to pass through intact membranes but it also is found in the effluent of stim
ulated adrenal glands (248-249) .  On the other hand, stimulation produces 
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484 MOLINOFF & AXELROD 

no significant increase in the efflux of phospholipid or cholesterol, the prin
cipal lipids of the chromaffin granule membrane ( 250 ) .  Electronmicro
graphs show the membrane of the chromaffin granule fused with that of the 
cell (251 ) .  

Using starch-gel electrophoresis it was found that chromagranin A is 
only one of eight soluble proteins of bovine chromaffin granules and that all 
eight are secreted on stimulation ( 252 ) .  On stimulation of the adrenal, do
pamine-,8-hydroxylase, which is found within and bound to chromaffin gran
ules (253 ) ,  is released together with catecholamines in the same proportion 
as they are found in the soluble fraction of lysed vesicles (218) .  Not only 
are all of the soluble contents of the chromaffin granule released, but this 
release occurs as an all-or-none phenomenon with respect to any single 
granule (218) .  

Dopamine-,8-hydroxylase (99 )  and chromogranin A (255 ) are also pres
ent in the noradrenaline-containing vesicles of bovine splenic nerve. Stimu
lation of the calf splenic nerve leads to the simultaneous release of noradren
aline, chromogranin A, and dopamine-,8-hydroxylase (256) .  Release of the 
latter has also been reported on stimulation of the splenic nerve of several 
other species (257-258) .  Omission of calcium from the perfusion fluid 
strongly inhibits the release of these three substances, which indicates an
other similarity to release from the adrenal medulla (256) .  Dopamine-,8-hy
droxylase is also found in circulating blood. Preliminary evidence indicates 
that this enzyme arises mainly from the sympathetic nerve terminals 
(Weinshilboum and Axelrod, unpublished ) . 

TURNOVER 
The tissue concentration of catecholamines remains constant in the face 

of major changes in sympathet ic nerve activity. For example, exposure of 
animals to either high or low temperatures increases the rate of utilization 
of catecholamines without changing tissue levels (264) . 

Several experimental approaches have been used to �easure the turn
over and thus the rate of synthesis of catecholamines. In the most com
monly used approach H3-noradrenaline is administered to the animal, and 
the rate of disappearance of the labeled catecholamine is followed (259) .  It 
is assumed that the noradrenaline taken up (185 ) equilibrates uniformly 
with the endogenous catecholamine. Another approach involves administer
ing labeled precursors such as tyrosine or dopa and then measuring the rate 
of formation of noradrenaline. The actual rate of synthesis of catechol
amines is difficult to calculate, however, because the specific activity of the 
precursor is rapidly and continuously changing during the course of the ex
periment. The radioactive precursor can be infused at a constant rate 
which, assuming steady-state kinetics, allows for a more rigorous mathe
matical treatment (260) .  These methods assume that the noradrenaline 
formed from exogenous tyrosine (or dopa ) is turning over at a rate identi
cal to that of the endogenous stores. A third approach is to inhibit noradren-
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BIOCHEMISTRY OF CATECHOLAMINES 485 
aline synthesis with a-methyl-p-tyrosine (42) and to then foIlow the de
cline in endogenous amine content. In this approach it is assumed that nei
ther the blockade in noradrenaline synthesis nor the changing level of  
amine affects the normal rate of  turnover of  the endogenous catecholamine 
(261) . However, it is l ikely that catecholamine synthesis rates are in fact 
inversely related to catecholamine levels (268) . 

Turnover measurements are useful if the aim is to compare different 
pharmacological or physiological manipulations. However, it is doubtful i f  
any o f  these methods will provide absolute values. The main difficulty i s  
that these procedures assume that all o f  the tissue noradrenaline is in the 
same physiologic and anatomical pool, but there is considerable evidence 
that this is not the case. Thus, Kopin and his co-workers ( 262) have shown 
that newly synthesized noradrenaline is preferentially released from cat 
spleen on stimulation of the sympathetic nerves. A number of investigators 
have provided pharmacologic evidence that several pools of tissue catechol
amines exist, ( 232, 263) which may be in identical storage particles and 
differ only in their distance from the nerve terminal membrane (232) . 

When sympathetic nerve tone is increased there is a concomitant in
crease in the rate of loss of catecholamines and in the rate of synthesis. 
Thus, exposure of animals to either increased or decreased environmental 
temperature results in an increase in the turnover rate o f  noradrenaline 
both in heart and brain (264) . Similarly, electrical stimulation of sympa
thetic nerves also enhances the rate of synthesis of CH-noradrenaline from 
C14-tyrosine ( 265) .  The opposite result is seen in studies where sympathetic 
activity is inhibited. Thus, ganglionic blocking agents reduce the turnover 
rate of  heart noradrenaline (266-267) . 

Administration o f  monoamine oxidase inhibitors increases the levels of  
noradrenaline i n  both brain and heart (268) and significantly decreases the 
turnover rates of these amines, while reserpine administration decreases the 
levels of noradrenaline and increases turnover rate. 

Cardiac noradrenaline turnover is increased in thyroid-deficient rats 
and, to a lesser extent, in adrenalectomized rats ( 269) . A generalized in
crease in turnover occurs in rats made hypertensive by steroid-induced salt 
loading (270) .  This increase is associated with a decrease in the noradrena
line content of the heart, spleen, and intestine. 

AXOPLASMIC TRANSPORT 
The large distance frequently separating ncrve endings from their cell 

bodies is one o f  the unique features o f  the neuron. The axon which connects 
the cell body to the nerve ending is not only the part of the nt�uron which 
conducts nerve impulses ; it also provides a system in which a continuous 
flow of intraneuronal material can take place. Most constituents of both ax
ons and nerve terminals are believed to be synthesized in the cell body and 
then transported in a proximodistal direction by axoplasmic flow ( 28, 271-
272) . Materials must be transported for both the maintenance and (during 
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486 MOLINOFF & AXELROD 

development) growth of the neuron, and to replace those constituents of  the 
nerve cell lost during nerve firing. That axoplasmic flow does occur is 
shown by the accumulation above a constriction produced by a ligature 
around the nerve of mitochondria (273 ) ,  neurosecretory granules ( 274-
275 ) ,  and enzymes such as dopamine-,B-hydroxylase (276 ) .  Other studies 
have shown an accumulation of phospholipids (277) and radioactive pro
teins ( 278) proximal to a constriction. Axon transport is a highly special
ized process and different constituents are transported at their own charac
teristic rates. Thus after H3-leucine has been injected into the region of the 
seventh lumbar and first sacral horn, radioactive proteins are formed and 
transported down the axons (279) in two distinct waves of radioactivity : a 
fast phase with a rate of some 900 mm/day and a slow phase with a rate of 
1 to 30 mm/day, depending on the method of  calculation. 

There is an accumulation of noradrenaline above but not below a liga
ture placed around a sympathetic nerve (274, 280, 281 ) .  When two constric
tions are placed on the same nerve no accumulation is observed above the 
second, more distal, constriction (282) .  Geffen and his co-workers (283) 
labeled transmitter stores by the infusion of CH-noradrenaline into a branch 
of the splenic artery. They found no evidence for a bidirectional transport 
of noradrenaline. The transport process is not dependent on nerve impulse 
traffic as the accumulation above a constriction is not affected by surgical 
separation from the central nervous system ( decentralization ) (284) .  The 
amount of noradrenaline which accumulates in 24 hr above a constriction 
placed around the splenic nerve of the cat is only 1 percent of that con
tained in the splenic nerve terminals. Since the half-life of noradrenaline in 
most axon terminals is less than 1 day this suggests that processes such as 
local synthesis and uptake are of greater importance in the economy of the 
sympathetic transmitter than is axonal transport. Assuming that the nora
drenaline which accumulates above a constriction is stored within storage 
granules and that granules do not increase their content of noradrenaline 
during the accumulation period, it has been calculated that the rate of trans
port of the granules is 5 and 6 mm per hr in the rat and cat respectively and 
that their average life-span is 35 and 70 days (285 ) .  This value greatly ex
ceeds the time required for renewal of the noradrenaline in the terminals 
( 286 ) ,  which suggests that much of the catecholamine in the terminals i s  
made locally and that granules are reused many times during their life
�.pan. 

It has been proposed that neurotubules are involved in the rapid proxi
modistal transport system of nerves ( 287 ) .  These microtubules are com
posed of subunits of molecular weight of 60,000 (288 ) ,  which bind and are 
precipitable by colchicine (289 ) and vinblastine ( 290 ) .  The rapid transport 
of amine storage vesicles (29 1 )  and of acetylcholinesterase ( 292) is pre
vented by the injection of colchicine under the epineurium of the sciatic 
nerve. Transport of diphosphopyridine nucleotide diaphorase is relatively 
less affected than that of acetylcholinesterase ( 292 ) which suggests that 
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BIOCHEMISTRY OF CATECHOLAMINES 487 
rapid transport is based on neurotubules and that this high-speed flow is 
superimposed on a slow movement of the entire axonal contents. 

It has been assumed that the noradrenaline which accumulates above a 
constriction is contained within granules which appear proximal to a con
striction (293 ) .  Evidence has been presented suggesting that the vesicles 
formed proximal to a ligature arise from the disintegration of neurotubules 
(294 ) .  On the other hand, Geffen & Ostberg (295 ) have presented sugges
tive evidence that large dense-core vesicles such as are seen proximal to a 
constriction are transformed into smaller dense-core synaptic vesicles as 
they migrate down the axon. 

With immunological techniques it has been demonstrated that antibodies 
prepared against adrenal catecholamine binding proteins and against adre· 
nal dopamine-/3-hydroxylase are immunologically cross-reactive with pro
teins involved in the synthesis and storage of noradrenaline in sympathetic 
nerves (296).  By use of these antibodies it was shown that dopamine-/3-hy
droxylase and catecholamine binding proteins accumulate proximal to an 
axonal constriction. The activity of dopa decarboxylase is increased both 
above and below a constriction (297) while tyrosine hydroxylase activity 
decreases slightly proximal to a constriction (298 ) .  

REGULATION 
The catecholamine content of the adrenergic neuron remains constant 

despite marked fluctuations in the level of activity in the sympathetic ner
vous system (299 ) .  This results both from the presence of an efficient reup
take system ( 194) ,  allowing for repeated reuse of the same molecules, and 
from close regulation of catecholamine synthesis (27 ) .  The efficiency of reup
take is not sufficient to maintain the concentration of catecholamines indefi
nitely without the aid of ongoing synthesis. Thus, if synthesis of noradrena
line is blocked by the administration of an inhibitor of either tyrosine hy
droxylase (42) or of dopamine-/3-hydroxylase ( 102) the concentration of 
noradrenaline falls rapidly. The precise control of  catecholamine levels 
means that it is difficult to assess the level of activity in the adrenergic neu
ron accurately by measuring levels of catecholamines. More meaningful pa
rameters are the rate of conversion of radioactive precursors into specific 
catecholamines and the rate of catecholamine turnover, whether assessed by 
the blockade of synthesis or by the disappearance of radioactive tracers. 

Catecholamine levels or their physiological actions may be regulated at 
many sites. These include the sensiuvity of the receptor, the ease of release 
of the transmitter, the avidity of the reuptake system, and the relative rates 
of synthesis and degradation of the four enzymes involved in catecholamine 
biosynthesis. Each enzyme has specific cofactor requirements, and they 
differ in their subcellular localization within the cell. Transport of these 
enzymes from their site of synthesis in the cell body to their site of action 
in the nerve endings may also be a regulated phenomenon. The availability 
of required cofactors such as tetrahydropteridine, pyridoxal phosphate, as-
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488 MOLIN OFF & AXELROD 

corbic acid, and S-adenosylmethionine may also contribute to the regulation 
of catecholamine synthesis. Finally, the sympathetic neuron is itself under 
the influence of preganglionic neurons and thus transsynaptic influences are 
possible. 

Several of thcsc potential regulatory mechanisms are utilized. The rate 

of catecholamine synthesis varies from minute to minute with the level of 
activity in the sympathetic nervous system. Stimuli which lead to prolonged 
changes in the level of activity lead in addition to changes in the amounts of 
several of the enzymes involved in catecholamine biosynthesis. Further, the 
sympathetic nervous system is influenced by hormonal factors, and these 

regulate the activity of several of the enzymes involved. Bydgeman & von 
Euler (300 ) found that prolonged stimulation of the splanchnic nerve leads 
to the release of catecholamines into the adrenal vein. The sum of the 
amount released plus the amount remaining in the gland is greater than the 
amount initially present in the gland. This rapid increase in the rate of syn
thesis of catecholamines on nerve stimulation results from a decrease in the 
degree of inhibition of tyrosine hydroxylase. Tyrosine hydroxylase is inhib
ited by catecholamines such as dopamine and noradrenaline (53 ) ,  appar
ently because of competition between the catechols and the pteridine cofac
tor required by the enzyme (44). Most of the noradrenaline in the sympa
thetic nerve endings is contained within vesicles and therefore would be ex
pected to have only limited access to tyrosine hydroxylase which is outside 
the vesicles in the axoplasm. A small fraction of the noradrenaline outside 
the vesicles in the axoplasm may be the critical compound for the regulation 
of tyrosine hydroxylase. Alternatively, dopamine, normally found outside of 
the vesicle, may be responsible for regulating tyrosine hydroxylase activity. 

Increases in adrenergic nervous activity whether due to physiological 
stress or electrical stimulation lead to increased synthesis of noradrenaline 
from tyrosine but not from DOPA (301-302) .  Working with the isolated 
hypogastric nerve-vas deferens preparation of the guinea pig, Weiner and 

his co-workers showed that the increased rate of synthesis of C14-noradren
aline from C14-tyrosine associated with nerve stimulation could be blocked 
by adding noradrenaline to the bath (303-304) .  Neither the total amount of 
noradrenaline nor the tyrosine hydroxylase activity measured in vitro was 
different in the stimulated preparation from the control. At the tyrosine hy
droxylase step, noradrenaline synthesis might be controlled by tyrosine 
transport, by endogenous inhibitors or availability of co factors, or by feed
back inhibition of this enzyme. The fact that catecholamines inhibit tyrosine 
hydroxylase in vitro makes the last the most likely possibility. Support for 
this concept comes from other experiments in which the concentration of 
noradrenaline has been elevated by administering monoamine oxidase inhib
itors or by injecting large amounts of noradrenaline. The increased concen
tration of noradrenaline leads to a decrease in the formation of noradrena
line from tyrosine but not from dopa (305 ) .  

The increased conversion of tyrosine t o  noradrenaline observed with 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BIOCHEMISTRY OF CATECHOLAMINE5 489 
nerve stimulation occurs coincident with nerve activity. However, Weiner 
and co-workers have described an enhanced rate of noradrenaline synthesis 
occurring in the period immediately following a 1 hr period of stimulation 
(306) .  This increase, unlike that which occurs during nerve stimulation, is 
not abolished by noradrenaline but i s  inhibited by puromycin. No increase in 
the amount of tyrosine hydroxylase has been demonstrated in this period 
immediately after stimulation (Kopin, Weiner and Thoa, unpublished ) .  

The changes in catecholamine synthesis which occur consequent to alter
ations in the feedback inhibition of tyrosine hydroxylase by catecholamines 
take place on a time scale of minutes. There are, in addition, long-term reg
ulatory mechanisms, some of which are mediated by hormones and some by 
nerve impulses. Hypophysectomy leads to a marked decrease in the activity 
of phenylethanolamine-N-methyltransferase ( 123 ) ,  a fall in the content 
of adrenaline in the adrenal medulla, and secretion of this catecholamine 
following induction of hypoglycemia by insulin (307) .  The activity of 
PNMT can be restored by ACTH or by administering very large doses of 
glucocorticoids ( 123) .  The amount of glucocorticoid required is far in ex
cess of the normal replacement dose but may be consistent with the steroid 
concentrations normally delivered to the adrenal medulla from the cortex 
via the adrenal portal circulation (308) .  Inhibition of protein synthesis with 
puromycin or actinomycin D prevents the restoration of PNMT activity, 
which suggests that the steroid hormones may act by inducing the forma
tion of additional enzyme protein ( 123) .  When fetal rats are hypophysec
tomized by decapitation neither adrenaline nor PNMT is present in the 
newborn rat adrenal (309) .  The administration of either corticoids or of 
ACTH to the mother of  the decapitated rat fetuses results in normal levels 
of PNMT in the newborns. Fetal extrachromaffin tissue, mainly in the or
gan of Zuckerkandl, contains negligible amounts of PNMT but the enzyme 
can be induced in this tissue with ACTH ( 1 19 ) .  

Tyrosine hydroxylase (310) and dopamine-,B-hydroxylase activity (311 )  
also decline following hypophysectomy. The decrease in  tyrosine hydroxyl
ase activity is restored to normal by ACTH administration but not by 
amounts of glucocorticoids sufficient to completely restore PNMT activity 
( 123 ) ,  which raises the possibility of direct action by ACTH. Adrenocorti
cotropic hormone restores only about half of the decrease in dopamine-,B
hydroxylase activity and again even very large amounts of glucocorticoids 
are without effect. 

The administration of drugs such as reserpine which deplete catechol
amines causes a fall in blood pressure and a reflex increase in activity in the 
sympathetic nervous system. After administration of reserpine, tyrosine 
hydroxylase and dopamine-,B-hydroxylase activities increase in sympathetic 
ganglia (96, 312) ,  the adrenal gland (313-3 1 5 ) ,  and sympathetically inner
vated organs such as the heart (96 )  and salivary glands. In sympathetic 
ganglia such increases are usually apparent within 24 hr, but in the heart the 
increase in tyrosine hydroxylase activity occurs only after a 3 to 4 day lag 
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(314) .  T�e delayed increase can be blocked by administering cyclohexi
mide on <lay 3, at the end of the lag period. This finding is consistent with 
the , local synthesis of induced tyrosine hydroxylase in the nerve terminals 
rather than the peripherat movement of completed enzyme. The increase in 
dopamine-fi-hydroxylase activity from sympathetic nerves in the heart (96)  
and the, adrenal .gland (31 5 )" is preceded by  a fall, which most likely repre
sents neuronal release of dopamine-fi-hydroxylase contained in the adrener
gic storage vesicles. 

The drug-induced elevation of these enzymes is probably a function of 
increased neural activity since the increase in the' activity of both tyrosine 
hydroxylase (3�2)  and dopamine-fi-hydroxylase (96 )  in the superior cervi
cal ganglia is prevented by decentralizing this ganglion or by administering 
ganglionic blocking agents. Similarly, the increase in adrenal tyrosine hy
droxylase can be prevented by adrenal' denervation (244) .  Stimulation of 

the rat hypothalamus 'causes an increase in adrenal gland tyrosine hydroxyl
ase and PNMT and this is blocked by denervation of the gland (316 ) .  
Phenoxybenzamine, like reserpine, i s  thought to, :produce a reflex increase 
in activity in the sympathetic nervous system. Administering this drug 
leads to an increase in tyrosine hydroxylase activity as measured in vitro 
(244) .  This increase in synthetic , capacity is : reflected physiologically by 
an increase in the conversion of CH-tyrosine, to C14-noradrenaline (317) . 
In other experiments the catecholamine-synthesizing enzymes have been 
studied in rat sympathetic ganglia maintained in organ culture ( Silberstein, 
Lemberger and Molinoff, unpublished) .  When the tissues are incubated in 
media with increased external potassium there is an increase in the activity 
of tyrosine hydroxylase and dopamine fi-hydroxylase. These increases are 
blocked by the protein-synthesis inhibitor cycloheximide. These experiments 
strengthen the conclusion that the effects of drugs and of stress are due to 
transsynaptic neural regulation of catecholamine synthesis. 

Phenylethanolamine-N-methyltransferase is also subject to neuronal 
regulation. Its activity increases following catecholamine depletion with 
reserpine (96 )  and after chemical sympathectomy with 6-hydroxydopamine 
(318) or stimulation of the hypothalamus (316) .  The increase after sympa
thectomy is blocked by adrenal denervation but is still demonstrable in hy
pophysectomized rats (318 ) .  

The increase in tyrosine hydroxylase ( 3 19) and dopamine-fi-hydroxyI
ase activities (Molinoff, Brimijoin and Axelrod, unpublished) following 
reserpine administration can be prevented by cycloheximide. Further, as 
measured by immunoabsorption, the rate of synthesis of dopamine-fi-hy
droxylase is 3-4 times faster in the adrenals of reserpine-treated rats than 
in control glands (320 ) .  This suggests that the increased activity in vitro 
represents the synthesis of new enzyme molecules as apposed to the activa
tion of preexisting enzyme. 

Repeated daily immobilization stress in rats leads to an increase in the 
activity of tyrosine hydroxylase (321) ,  dopamine-fi-hydroxylase (322 ) ,  and 
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PNMT. If the animals are hypophysectomized before the first immobiliza
tion, the activity of all three enzymes is decreased. Immobilization then re
sults in an increase in tyrosine hydroxylase activity but has no effect on the 
activity of PNMT ( 323 ) .  The increased activity of tyrosine hydroxylase 
and dopamine-�-hydroxylase in both hypophysectomized ( 323 ) and intact 
rats is abolished by adrenal denervation ( 322 ) .  It appears that the levels of 
these three synthetic enzymes are influenced by both neuronal and hormonal 
factors. The neuronal influence is predominant with tyrosine hydroxylase 
and the hormonal with phenylethanolamine-N-methyltransferase. Dopa
mine-�-hydroxylase seems to be intermediate between the two. Increased 
psychosocial stimulation of mice leads to a marked increase in the catechol
amine content of the adrenal gland and in the activity of PNMT, MAO, and 
tyrosine hydroxylase ( 324) . Mice raised in isolation had decreased PNMT 
and tyrosine hydroxylase activities though the concentration of catechol
amines was not significantly decreased. 

It has been suggested that hydroxylation of tyrosine is the rate-limiting 
step in catecholamine biosynthesis (325 ) .  This hypothesis is based on the 
relative rates of conversion of tyrosine, dopa, and dopamine to noradrena
line in vitro in the guinea pig heart, and on the fact that the concentration 
of tyrosine is well above the Km of tryosine hydroxylase for tyrosine (44).  
It is probably true that the maximum rate o f  catecholamine synthesis i s  lim
ited by the capacity of tyrosine hydroxylase to convert tyrosine to dopa, but 
it is still an oversimplification to consider tyrosine hydroxylase as the only 
controlling step in catecholamine synthesis. Not all of the steps in the con
version of tyrosine to adrenaline take place in the same compartment but 
rather some of the enzymes are found in the axoplasm of the neuron while 
� hydroxylation takes place in the granules. Further, the pathway of  cate
cholamine synthesis is branched with a large fraction of the dopamine pro
duced in the neuron being rapidly metabolized by monoamine oxidase, pres
ent in large amounts in the neuron. Dopamine and its metabolites in rats 
and in humans constitute about one third of the total catecholamine excre
tion ( 1 32, 221 ) .  A competition exists in which dopamine either can be deami
nated or can be taken up into the granule and converted into noradrenaline. 
Either uptake into the granule or � hydroxylation must therefore be a sec
ond site at which control of catecholamine synthesis occurs ( 326 ) .  Finally, 
pharmacologically induced increases in nerve activity (96, 313-314 ) ,  various 
types of stress ( 321-322 ) ,  and psychosocial stimulation (324 ) al1 lead to an 
increase in the activity of several of the enzymes involved in catecholamine 
synthesis. This supports the hypothesis that several sites are involved in the 
regulation of catecholamine synthesis. 

Cyclic adenosine 3',S'-monophosphate has been implicated in many of the 
effects of catecholamines, whether acting as hormones or as neurotransmit
ters ( 18, 254 ) .  This is so in adipose tissue where catecholamines lead to in
creased lipolysis (327),  and in several tissues where glycogenolysis is regu
lated by a mechanism which involves catecholamine stimulation of adenylcy-
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cIase (328) .  A similar mechanism leads as well to increased secretion of amy
lase from the parotid gland (329 ) and insulin from the pancreas (330) .  Ex
periments with the phrenic nerve-rat diaphragm preparation have suggested 
that the effect of adrenaline in promoting neuromuscular transmission is also 
mediated by cyclic adenosine 3',5'-monophosphate ( 331 ) .  For recent reviews 
of this subj ect see ( 18, 254 ) .  

Many effects o f  catecholamines, whether o r  not exerted through adenyl
cyclase, involve the activation of specific enzymes. Most of these effects are 
examples of hormone action on enzyme activation, but several systems are 
now being described in which neurally released noradrenaline functions to 
increase enzyme activity. In the case of the control of lipolysis in adipose 
tissue it appears that neurally released noradrenaline can lead to the activa
tion of triglyceride lipase by activating adenyl cyclase (332 ) .  Another ex
ample of a neural regulation exerted through catecholamines comes from 
work with tyrosine transaminase of liver, which is subject to regulation by 
a number of hormones and amino acids ( 333 ) .  Noradrenaline released from 
adrenergic neurons suppresses the synthesis of this enzyme, apparently by 
forming a complex with the pyridoxal 5' -phosphate cofactor ( 334 ) .  In addi
tion to suppressing the daily rhythm of tyrosine transaminase it may lead 
under appropriate conditions to an induction of the enzyme ( 335 ) .  

Another example of neural regulation by noradrenaline stems from stud
ies on melatonin synthesis in thc pineal. Under normal lighting conditions 
the rat pineal gland exhibits a diurnal variation in its content of the amines 
serotonin and noradrenaline and the enzyme hydroxyindole-O-methyltrans
ferase (336 ) .  The response of this enzyme to environmental light is ini
tiated in the retina and is transmitted to the pineal by way of the central 
nervous system and the cervical sympathetic nerves (337 ) .  

Studies using pineal glands maintained i n  organ culture show that norad
renaline causes a marked increase in the conversion of tryptophan to mel
atonin ( 338 ) .  This stimulation depends on synthesis of new protein. One of 
the enzymes in the biosynthetic pathway leading to melatonin is N-acetyl
transferase (339) .  The addition of noradrenaline or dibutyryladenosine 3',5'
cyclic phosphate to pineal organ culture causes a tenfold increase in the 
activity of N-acetyltransferase ( 340) .  This increase is blocked by inhibitors 
of protein synthesis. 

ACKNOWLEDGMENT 
The authors thank Drs. Ira Black, Lesley Iversen, and Irwin Kopin for 

their careful reading of the manuscript. 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BIOCHEMISTRY OF CATECHOLAMINES 493 

LITERATURE CITED 

1. von Euler, U. S. 1946. Acta Physiol. 
Scand. 12 :73-97 

2. von Euier, U. S. 1 9 5 6. Noradren
aline, ed. R. F. Pitts. Springfield : 
Thomas. 382 pp. 

3. Vogt, M. 1954. 1. Physiol. London 
123 :451-81 

4. Norberg, K. A., Hamberger, B. 1964. 
Acta Physiol. Scand. 63 : Suppi. 
238, 1-42 

5. von Euler, U. S., Purkhold, A. 195 1 .  
Acta Physiol. Scand. 2 4  :212-17 

6. Goodall, McC. 1951.  Acta Physiol. 
Scand. 24 : SuppI. 85, 1-51 

7. BertIer, A., Rosengren, E. 1959 . 
Acta Physiol. Scand. 47 :350-61 

8. Glowinski, J., Iversen, L. L. 1966. 
I. Neltrochem. 13 :65 5-69 

9. Elliott, T. R. 1905. I. Physiol. Lon
don 32 :401-67 

10. Loewi, O. 192 1 . Arch. Ges. Physiol. 
189 :239-42 

1 1 .  Barger, G., Dale, H. H. 1910. 1. 
Physiol. London 41 :19-59 

12. von Euler, U. S. 1948. Acta Physiol. 
Scand. 16 :63-74 

13. Peart, W. S. 1949. 1. Physiol. Lon
don 108 :491-501 

14. Carlsson, A.. Falck, B., Hillarp. 
N.-A. 1962. Acta Physiol. Scand. 
5 6 : Suppl. 196, 1-27 

15. Potter, L. T., Axelrod, J. 1963. 1. 
Pharmacol. Exp. Ther. 142 :291-98 

16. Wolfe, D. E., Potter, L. TOo Richard
son, K. C., Axelrod, J. 1962. Sci
ence 138 :440-42 

17. Richardson, K. C. 1964. Am. J. Anat. 
1 14 : 1 73-207 

18. Robison, G. A., Butcher, R. W., 
Sutherland, E. W. 1968. Ann. Rev. 
Biochem. 37 : 149-74 

19. Sandler, M .. Ruthven, C. R J. 1969. 
Progr. Med. Chem. 6 :200-65 

20. Axelrod, J. 19 68. Physiologist 11 :63-
73 

21.  Iversen, L. L. 1967. The Uptake and 
Storage of Noradrenaline in Sym
pathetic Neroes. Cambridge : Uni
versity Press. 253 pp. 

22. Laduron, P. 1969. Biosynthese, Lo
calisation I ntracellulaire et Trans
port des Catecholam ines, ed. 
Vander. Belgium : Louvain. 1 66 

pp. 
23. Douglas, W. W. 1968. Brit. J. Phar

macol. 34 :45 1-74 
24. Bloom. F. E. 1970. Int. Rev. Neuro

bioi. 13 :27-66 

25. Kopin, I. J. 1968. Ann. Rev. Phar
macal. 8 :377-94 

26. Anden, N.-E., Carlsson, A., Hiig
gendal, J. 1969. Ann. Ref}. Phar
macol. 9 :1 19-34 

27. Weiner, N. 1970. Ann. Rev. Phar
macol. 10 :273-290 

28. Barondes, S. H., Samson, F. E. 19 67. 
Neurosci. Res. Progr. Bull. 5 : 307-
419 

29. Hiikfelt, T. 1968. Z. Zellforsch. 
Mikrosk. Anat. 9I :1-74 

30. Acheson, G. H. 1966. Pharmacol. 
Rev. 18 : 1-803 

3 1 .  Blaschko, H. 1939. J. Physiol. Lon
don 96 :50P 

32. Nagatsu, T., Levitt, M., Udenfriend. 
S. 1964. J. BioI. Chem. 239 :29 10-
1 7  

33. Creveling, C .  R., Levitt, M., Uden
friend. S. 1962. Life Sci. 10 :523-
26 

34. Axelrod, J. 1963. Sciellce 140 :499-
500 

35. Axelrod, J. 1962. J. Pharmacol. Exp. 
Ther. 138 :28-33 

36. Bridgers, W. F., Kaufman, S. 1962. 
1. BioI. Chem. 237 :526-28 

37. Halle. W. L. 1906. Beitr. Chem. Phys
iol. Pathol. 8 :276-80 

38. Udenfriend, S., Cooper, J. R., Clark, 
C. T., Baer, J. E. 1953 .  Science 
1 1 7  :663-65 

39. Udenfriend, S., Wyngaarden, J. B. 
1 956. Biochim. Biophys. Acta 
20 :48-52 

40. Brenneman, A. R, Kaufman, S. 
1964. Biochem. Biophys. Res. 
Commun. 1 7  : 1 77-83 

41. Ellenbogen, L., Taylor, R J. Jr., 
Brundage, G. B. 1965. Biochem. 
Biophys. Res. Commun. 19 :708 

42. Spector, S., Sjoerdsma. A., Uden
friend, S. 1965. J. Pharmacal. 
Exp. Ther. 147 :86-95 

43. Anden, N.-E., Corrodi, H., Dahl
strom, A., Fuxe, K., Hokfelt, T. 
1966. Life Sci. 5 :56 1-68 

44. Ikeda, M., Fahien, L. A., Udenfriend, 
S. 1966. J. Bioi. Chem. 241 :4452-
56 

45. Joh, T. H., Kapit, R, Goldstein, M. 
1969. Biochim. Biophys. Acta 171 : 
378-80 

46. Petrack, B., Sheppy, F., Fetzer, V. 
1968. J. Bioi. Chem. 243 :743-
48 

47. Wurzburger, R. J., D'Angelo, G. L., 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



494 MOLIN OFF & AXELROD 

Musacchio, J. M. 1970. Fed. Proc. 
29 :277 (Abstr.) 

48. Stjarne, L., Lishajko, F. 1967. Bio
chem. Pharmacol. 16 : 1719-28 

49. Laduron, P., Belpaire, F. 1968. Bio
chem. Pharmacol. 17 :1 127-40 

50. Musacchio, J. M .. Wurzburger, R 
1969. Fed. Proc. 28 :287 

5 1 .  Musacchio, J. M. 1968. Biochem. 
Pharmacol. 17 : 1470-73 

52. Petrack, B:; Fetzer, V., Sheppy, F., 
Manning, T. 1970. Fed. Proc. 29 : 
277 (Abstr.) 

53. Udenfriend, S., Zaltzman-Nirenberg, 
P., Nagatsu, T. 1965. Biochem. 
Pharmacol. 14 :837-45 

54. Goldstein, M., Weiss, Z. 1965. Life 
Sci. 4 :261-64 

55. Goldstein, M., Anagnoste, B., Naka
jima, K. 1965. Biochem. Pharma
col. 14 : 1914-16 

56. Weinhold, P. A., Rethy, V. B.  1969. 
Biochem. Pharmacol. 18  :677-80 

57. Goldstein, M., Gang, H., Anagnoste, 
B. 1967. Life Sci. 6 :1457-61 

58. Carlsson, A., Corrodi, H., Waldeck, 
B. 1963. Helv. Chim. Acta 46 : 
2271-84 

59. Taylor. R J. Jr., Stubbs, C. S. Jr., . 
Ellenbogen, L. 1969. Biochem. 
Pharmacol. 18 :587-94 

60. Zhelyaskov, D. K., Levitt, M., Uden
friend, S. 1968. Mol. Pharmacol. 
4 :445-51 

61 .  McGeer, E. G., McGeer, P. L., 
Peters, D. A. 1967. Life Sci . .  6 :  
2221-32 

62. Holtz, P., Heise, R, Ludtke, K. 
1938. Arch. Exp. Pathol. Phar
makol. 191  :87-1 1 8  

63. Holtz, P .  1939. Naturwissenschaften 
27 :724-25 

64. Weissbach, R., Lovenberg, W., Uden
'
friend, S. 1960. Bio'chem. Bio
phys. Res. Commun. ·3 :225-27 

65. Lovenberg, W., Barchas, J., Weiss
bach, H., Udenfriend, S. 1963. 

, Arch. Biochem. Biophys. 1 03 :9-14 
66. Lovenberg, W., Weissbach, H., Uden

friend, S. 1962. 1. Bioi. Chem. 
237 :89-93 

67. Holtz, P., Credner, K., Koepp, W. 
1942. Arch. Exp. Pathol. Phar
makol. 200 :356-88 

68. Christenson, J. G., Dairman, W., 
Udenfriend, S. 19

·
70. Arch. Bio

chem. Biophys. 141 :350-67 
69. Blaschko, H., Hagen, P., Welch, 

A. D. 1955. 1. Physiol. London 
129 :27-49 

70. Awapara, r., Sandman, R P., Hanly, 

C. 1962. Arch. Biochem. Biophys. 
98 :520-25 

71 .  Hagen, P. 1962. Brit. 1. Pharmacal. 
18 : 175-82 

72. Holtz, P., Westermann, E. 1956. 
Arch. Exp. Pathol. Pharmakol. 
227 :538-46 

73. Jarrot, B., Iversen, L. L. 1. Neuro
chern. In press 

74. Stjarne. L. 1966. Pharmacal. Rev. 
1 8 :425-32 

75. Kuntzman. R, Shore, P. A., Bog
danski, D., Brodie, B. B. 1961 .  
1.  Neurochem. 6 :226-32 

76. Blaschko, R. 1942. J. Physiol. Lon
don 101 :337-49 

77. Laduron, P., Belpaire, F. 1968. Anal. 
Biochem. 26 :210-18 

78. Sourkes, T. L. 1954. Arch. Biochem. 
Biophys. 51 :444-56 

79. Hess, S. M., Connamacher, R H., 
Ozaki, M., Udenfricnd, S. 1961.  
1. Pharmacol. Exp. Ther. 134 : 
129-38 

80. Sjoerdsma, A. 1961.  Circ. Res. 9 :  
734-43 

81 .  Carlsson, A., Lindqvist, M. 1962. 
Acta Physiol. Scand. S4 :87-94 

82. Porter, C. C., Watson, L. S., Titus, 
D. C., Totaro, J. A., Byer, S. S. 
1962. Biochem. Pharmacol. 1 1 : 
1067-77 

83. Reid, J. D., Shepherd, D. M. 1963. 
Life Sci. 1 :5-8 

84. Burkard, W. P., Gey, K. F., Plet
scher, A. 1964. Arch. Biochem. 
Biophys. 107 :187-96 

85. Merritt, J. H., Sulkowski, T. S. 
1967. Biochem. Pharmacol. 1 6 : 
369-73 

86. Ernzerhoff, C., Holtz, P., Palm, D. 
1966. Biochem. Pharmacol. 1 5 : 
1880-83 

87. Leeper, L. c., Udenfriend, S. 1956. 
Fed. Proc. 15  :298 

88. Neri, R., Hayano, M., Stone, D., 
Dorfman, R. I., Elmadjian, F. 
1956. Arch. Biochem. Biophys. 
60 :297-300 

89. Levin, E. Y., Levenberg, B., Kauf
man, S. 1960. J. BioI. Chern. 235 : 
2080-86 

90. Levin, E. Y., Kaufman, S. 1961. 
1. BioI. Chem. 236 :2043-49 

9 1 .  Friedman, S., Kaufman, S. 1965. 
!. Bioi. Chem. 240 :PC5S2-54 

92. Friedman, S., Kaufman, S. 1965. 
!. BioI. Chem. 240 :4763-73 

93. Goldstein, M., Joh, T. R., Garvey, 
T. Q. 1968. Biochemistry 7 :2724-
30 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BIOCHEMISTRY OF . CATECHOLAMINES 495 
94. Goodall, McC., Kirshner, N. 1957. 

J. BioI. Chem. 226 :21 3-21 
95. Goldstein, M., Prochoroff, N., Sir- : 

lin, S. 1965. Experientia 21 :592-
93 

96. Molinoff, P. B., Brimijoin, W. S., 
Weinshilboum, R. M., Axelrod, J, '  
1970.  Proc. Nat. Acad. Sci. USA 
66 :453-58 

97. Kirshner. N. 1957. J. Bioi. Chem. 
226 :821-25 

98. Viveros, O. R .• Arqueros, L., Kirsh- . 
ner, N. 1968. Ufe Sci. 7 :609-18 

99. Potter, L. T., Axelrod, J. 1963. J. 
Pharmacal Exp. Ther. 142 ;299-
305 

100. Laduron, P., Belpaire, F. 1968. Ufe 
Sci. 7 : 1-7 

101.  Chubb, 1. W., Preston, B. N., Aus
tin, L. 1969. Biochem. J. 1 1  :243- . 
44 

1 02. Goldstein, M., Lauber, E.. McKere
ghan, M. R. 1964, Biochem. Phar
macal. 1 3  : 1 1 03-6 

103. Musacchio, J., Kopin, · 1. r., · Snyder, 
S. 1964. Life Sci. 3 :769-75 

104, Goldstein, M., Lauber, E., McKere
ghan, M. R. 1964. Biachem. 
Pharmacal. 13 : 1 103"-6 

105. Johnson, G. A., Boukma, S. J., Kim, 
E. G. 1970. J. Pharmacol. Exp. 
Ther. 1 7 1  :80-87 

106. Nagatsu, T. et al 1970. Biochem. 
Pharmacol. 19 ;35-44 

107. Keller, E. B., Boissonnas, R. A., du 
Vigneaud, V. 1950. J. Bioi. Chem. 
183 : 627-32 

108. Kirshner, N., Goodall, McC. 1957. 
Biachim. Biophys. Acta 24 :658-59 

109. Axelrod, J. 1962. J. Bioi. Chem. 
237 : 1 657-60 

1 10. Connett, R. J., Kirshner, N. 1970. 
J. Bioi. Chem. 245 :329-34 

1 1 1 . Fuller, R. W., Hunt, J, M. 1967. 
Ufe Sci. 6 ; 1 107-12 

1 12: Krakoff, L. R, Axelrod, J. ' 1967. 
Biachem. Pharmacal. 1 6  : 1 3 84-86 

1 1 3 .  Kitabchi, A. E.; Williams, R. H. 
1969. Biachim. Biophys. Acta 1 78 : 
18'1-84 

1 14. Pohorecky, L. A., Zigmond, M. J., 
Karten, R. J., Wurtman, R. J. 
1 9 69. J. Pharmacol. Exp. Ther. 
1 6 5  : 190-95 

115 .  Ciaranello, R. D., Barchas, R. E., 
Byers, G. S., Stemmle, D. W., 
Barchas, J. D; 1969. Nature 221 ; 
368-69 

. 

1 1 6. Wurtman, R. J., Axelrod, J., Vesell, 
E. S., Ross, G. T. 1968. Endocri
nology 82 ;584-90 

1 1 7. Wurtman, R. J., Axelrod, J., Tramez- ' 
zani, J. 1967. Nature 2 1 5  :879-80 

1 18. Marki, F., . Axelrod, J., Witkop, B. 
1962. Biochim. Biophys. Acta 58 : 

, 367-69 . 

1 19; Roffi, J. 1968. J. Physiol. Paris 60 : 
45 5-94 

120:'Axelrod, J., VeseIl, E. S. 1970. Mol. . 
Pharmacol. 6 :78:"'84 

121 . Molinoff, P. B., Landsberg, L., Axel
rod, J. 1969. J. Pharmacal. E:rp. 
Ther. 1 70 :253-61 

122. Iversen, L. L., Jarrott, B. 1970. '13io
chem. Pharmacol. 19 ; 1 84 1-43 

123 Wurtman, R. J., Axelrod, J. 1966. , J. Bioi. Chem. 24 1 :2301-5 
124. Axelrod, J., Inscoe, J. K., Daly, J. 

1965. J. Pharmacol. Exp. Ther. 
149 ; 1 6'-22 

125� Axelrod, J. 1955. J. BioI. Chem. 
21 4 : 753-63 

126. Armstrong, M. D., McMillan, A., 
. Shaw, K. N. 1957. 'Biochim. 

'
Bio

phys. Acta 25 :422-23 
127. Axelrod, J. 1957. Science 126 ;400-1 
128. Axelrod, J., Senoh, S" Witkop, B. 

1 958. J. BioI. Chem. 233 :697-701 
129. Leeper, L. C., Weissbach', H., Uden

friend, S. 1958. Arch. Biochem. 
BioP/IYS. 77 :41 7-27 

130. Armstrong, M. D., 'McMillan, A., 
1959. Pha,·macol. Rev. 1 1  :394-401 

13 1 . Axelrod. J., Kopi'n, I. J" Mann, 
J. D. 1959. Biochim. Biophys. 
Acfa 36 :5 76-77 

132. Ceasar, P. M., Ruthven, C. R. J., 
Sandler, M. 1969. Brit. J. Phar
macal. 36 :70-78 

133. Hare, M. L. 1928. Biochem. J. 22 : 
968-79 

134. Blaschko, H., Richter, D.. Schloss
mann, H. 1937. J. Physial. London 
90 :1-17 

135. Blaschko, H. 1952. Pharmacol. Rev. ' 
4 ;41-5-58 

136. Schriaitman, c., Erwin, V. G., Green
awalt, J. W. 1967. J. Cell. Bioi. 
32 : 719-35 

137. Roth, R. H .. Stjarne, L. 1966: Acta 
Physial. Scand. 68 ;342-46 

138. de Champlain, J., Mueller, R. A., 
Axelrod, J. 1969. J. Pharmacal. 
Exp. Ther. 1 66 :3 39-45 

139. Snyder, S. H., Fischer, J. E.; Axel- ' 
rod, J. 1965. Bia,hem. Pharmacol. 
14 ;3 63-65 

140. Nara, S., Gomes, B., Yasunobu, K. T. 
1966. J. BioI. Chern. 241 :2774-

\, 80 
. 

141. Gabay, S., Valcourt, A. J. 1968. Bio
chim. Biophys. Acta 159 ;440-50 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



496 MOLIN OFF & AXELROD 

142. Gorkin, V. Z. 1966. Pharmacol. Rev. 
18 : 1 1 5-20 

143. Squires, R. F. 1968. Biochem. Phar- · 
macol. 17 :1401-9 

144. Youdim, M. B. H., Collins, G. G. S., 
Sandler, M. 1969. Nature 223 : 
626-28 

145. Collins, G. G. S., Sandler, M., Wil
liams, E. D., Youdim, M. B. H. 
1970. Nature 225 :817-20 

146. Shih, J. H. C., Eiduson, S. 1969. 
Nature 224 : 1309-10 

147. Krajl, M. 1965. Biochem. Pharmacol. 
14 : 1 683-85 

148. Lovenberg, W., Levine, R. J., 
Sjoerdsma, A. 1962. I. Pharmacol. 
Exp. Ther. 1 3 5  :7-10 

149. Wurtman, R. J., Axelrod, J. 1963. 
Biochem. Pharmacol. 12 : 1 439-40 

150. de Champlain, J., Krakoff, L. R., 
Axelrod, J. 1968. Circ. Res. 23 : 
479-91 

1 5 1. Mueller, R. A., de Champlain, J., 
Axelrod, J. 1968. Biochem. Phar
macol. 1 7  :2455-61 

1 52. Pletscher, A. 1966. Pharmacol. Rev. 
18 : 121-29 

153.  Zeller, E. A., Barsky, J. 1952. Proc. 
Soc. Exp. Bioi. Med. 81 :459-
61  

154. Udenfriend, S., Witkop, B . .  Red
field, B. G., Weissbach, H. 1958. 
Biochem. Pharmacol. 1 :160-65 

155.  Spector, S. 1963. Ann. NY Acad. 
Sci. 107 :856-64 

1 56. Sjoerdsma, A. 1966. Pharmacol. Rev. 
1 8 :673-83 

157. Griesemer, E. C., Barsky, J" Drag
stedt, C. A., Wells, J. A., Zeller, 
E. A. 1953. Proc. Soc. Exp. Bioi. 
M ed. 84 :699-701 

1 58. Kopin, 1. J. 1964. Pharmacol. Rev. 
1 6  :179-91 

159. Axelrod, J., Tomcbick, R. 1968. I. 
Bioi. Chem. 233 :702-5 

1 60. Knuppen. V. R., Holler, M., Tilmann, 
D .. Breuer, H. 1969. Z. Physiol. 
Chern. 350 : 1 301-9 

161 .  Blaschko, H., Hertting, H. 1970. 
Arch. Exp. Pathol. Pharmakol. 
266 :296 

1 62. Anderson, P. J., D'Iorio, A. 1968. 
Biochem. Pharmacol. 17 :1943-49 

1 63. Bakke, O. M. 1970. Acta Pharmacol. 
Toxicol. 28 :28-38 

1 64. Senoh, S., Daly, J., Axelrod, J.,  
Witkop. B. 1959. I. Am. Chem. 
Soc. 81 :6240-45 

165. Creveling, C. R., Dalgard, M., 
Shimizu, H., Daly, J. W. 1970. ' 
Mol. Pharmacol. 6 :691-96 

1 66. Daly, J. W., Axelrod, J., Witkop, B. 
1960. I. Bioi. Chem. 235 : 1 1 55-59 

1 67. Assicot, M., Bohuon, C. 1970. Eur. 
I. Biochem. 1 2  :490-95 

168. Assicot, M., Bohuon, C. 1969. Bio
chem. Pharmacol. 18 :1893-98 

169. Axelrod, J., Laroche, M. J. 1959. 
Science 130 :800 

1 70. Ross, S. B., Haljasmaa, O. 1964. 
Acta Pharmacol. Toxicol. Scand. 
21 :215-25 

1 7 1 .  Nikodijevic, B., Senoh, S., Daly, 
J. W., Creveling, C. R. 1970. 
I. Pharmacol. Exp. Ther. 1 74 : 
83-93 

1 72. Belleau, B., Burba, J. 1963. I. Med. 
Chem. 6 :755-59 

173. Axelrod, J. 1962. Methods Enzymol. 
5 :748-51 

174. Engelman. K., Portnoy, B., Loven
berg, W. 1968. Am. I. Med. Sci. 
255 :259-68 

175. Mann, J. D., Fales, H. M., Mudd, 
S. H. 1963. 1. BioI. Chem. 238 : 
3820-23 

176. Finkle, B. J., Nelson. R. F. 1963. 
Biochim. Biophys. Acta 78 :747-49 

177. Axelrod, J., Albers, W., Clemente, 
C. D. 1959. I. Neurochem. 5 :68-
72 

178. Traiger, G. J., Calvert, D. N. 1969. 
Biochem. Pharmacol. 1 8  :109-17 

179. Inscoe, J. K., Daly, J., Axelrod, J. 
1965 . Biochem. Pharmacal. 1 4 : 
1 257-63 

180. Axelrod, J. 1966. Pharmacol. Rev. 
18 :95-1 13 

181 .  Jarrott, B.,  Iversen, L. I. Neuro
chern. In press 

182. Levin, J. A., Furchgott, R. F. 1970. 
I. Pharmacal. Exp. Ther. 1 72 : 
320-33 1  

1 83. Eisenfeld, A .  J., Landsberg, L.. Axel
rod, J. 1967. I. Pharmacol. Exp. 
Ther. 158 :378-85 

184. Axelrod, J., Weil-Malherbe, H., 
Tomchick, R. 1959. I. Pharmacol. 
Exp. Ther. 127 :251-56 

185. Whitby, L. G., Axelrod, J., We i1-
Malherbe, H. 1961. 1. Pharmacal. 
132 :193-201 

186. Hertting, G., Axelrod, J., Kopin, 
1. J., Whitby, L. G. 1961. Nature 
189 :66 

187. Iversen, L. L., Glowinski, J., Axel
rod, J. 1965. Nature 206 : 1 222-23 

188. Thoenen, H., Tranzer, J. P. 1968. 
Arch. Pharmakol. E:r:p. Palhol. 
261 :271-88 

189. Malmfors, T. 1965. Acta Physiol. 
Scand. 64 : Supp1. 248 : 1-93 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BIOCHEMISTRY OF CATECHOLAMINES 497 
190. Wolfe, D. E., Axelrod, J., Potter, 

L. T., Richardson, K. C. 1962. 
In Proc Int. Congr. Electron 
Microsc., 5th, ed. S. S. Breese 
Jr., 2 :L-12. New York : Academic 

191.  Taxi, J. 1969. Progy. Brain Res. 31 : 
5-20 

192. Crout, J. R. 1961. Proc. Soc. Esp. 
Bioi. Med. 1 08 :482-84 

193. Hertting, G., Axelrod, J., Whitby, 
L. G. 1961. J. Pharmacol. Exp. 
Ther. 134 :146-53 

194. Hertting, G .• Axelrod, J. 1961. Na
ture 192 : 172-73 

195. Rosell, S., Kopin, I. J., Axelrod, J. 
1963. Am. J. Physiol. 205 :317-
2 1  

196. Dengler, H. J.. Michaelson, I. A., 
Spiegel, H. E., Titus. E. 1962. 
Int. J. Neuropharmacol. 1 :23-38 

197. Wakede. A. R., Furchgott, R. F. 
1968. J. Pharmacol. Exp. Ther. 
163 :123-35 

198. Iversen, L. L., Kravitz, E. A. 1966. 
Mol. Pharmacol. 2 :360-62 

199. Bogdanski, D.  F., Brodie, B .  B. 1966. 
Life Sci. 5 :1563-69 

200. Iversen, L. L. 1963. Brit. J. Phar
macol. 21 :523-37 

201. Sugrue, M. F., Shore, P. A. 1969. 
J. Pharmacol. Exp. Ther. 170 : 
239-45 

202. Carlsson, A., Waldeck, B. 1963. Acta 
Pharmacol. Toxicol. 20 :371-74 

203. Muscholl, E., Weber, E. 1965. Arch. 
Exp. Pathol. Pharmakol. 252 : 134-
43 

204. Shore, P. A., Busfield, D., Alpers, 
H. S. 1964. J. Pharmacol. Exp. 
Ther. 146 : 194-99 

205. Rosell, S., Axelrod, J., Kopin, I. J. 
1964. Nature 201 :301 

206. Musacchio, J. M., Fischer, J. E., 
Kopin, I. J. 1966. J. Pharmacol. 
Exp. Ther. 152 :51-55 

207. Axelrod, J .• Whitby. L. G., Hertting, 
G. 1961. Science 133 :383-84 

208. Whitby, L. G., Hertting, G., Axelrod, 
J. 1960. Nature 187 :604-5 

209. Iversen, L. L. 1964. 1. Pharm. Phar
macol. 1 6  :435-37 

210. Iversen, L. L. 1965. Brit. J. Phar
macol. 25 : 1 8-33 

211.  Eisenfeld, A. J., Axelrod, J., Krakoff, 
L. R. 1967. 1. Pharmacol. Exp. 
Ther. 156 : 1 07-13 

212. Gillespie, J. 5., Hamilton, D. N. H .• 
Hosie, R. J. A. 1970. 1. Physiol. 
London 206 :563-90 

213.  Gillespie, J. S .• Hamilton, D. N. H. 
1966. Nature 2 1 2  :524-25 

214. Lightman, S. L., Iversen, L. L. 1969. 
Brit. 1. Pharmacol. 37 :638-49 

215. Blaschko, H., Welch, A. D. 1953. 
Arch. Exp. Pathol. Pharmacol. 
219 : 1 7-22 

216. Hillarp, N.-A., Lagerstedt, 5., Nil
son, B. 1953. Acta Physiol. Scand. 
29 :251-63 

2 1 7. Hillarp, N.-A. 1959. Acta Physiol. 
Scand. 47 :271-79 

218. Viveros, O. H., Arqueros, L., Kirsh
ner, N. 1969. Science 165 :9 1 1-
13 

219.  Blaschko, H. ,  Comline, R.  S., 
Schneider, F. H.. Silver, M .• 
Smith, A. D. 1967. Nature 215 : 
58-59 

220. Smith, W. J., Kirshner. N. 1967. 
Mol. Pharmacol. 3 :52-62 

221 .  Karoum, F., Anah, C. 0 .• Ruthven, 
C. R. J., Sandler, M. 1969. Clin. 
Chim. Acta 24 :341-48 

222. Smith, A. D., Winkler, H. 1967. 
Biochem. J. 103 :483-92 

223. Kirshner, N. 1962. J. Bioi. Chem. 
237 :23 1 1-17 

224. Carlsson. A., Hillarp, N.-A.. Wal
deck, B. 1962. Med. Exp. 6 :47-53 

225. von Euler, U. S., Hillarp, N.-A. 
1956. Nature 177 :44-45 

226. Potter, L. T., Axelrod, J. 1963. 1. 
Pharmacol. Exp. Ther. 142 :299-
305 

227. Geffen, L. B., Livett, B. G., Rush, 
R. A. 1969. J. Physiol. London 
204 :593-605 

228. Roth, R. H., Stjiirne, L., Bloom, F. 
E., Giarman, N. J. 1968. I. Phar
macol. Exp. Ther. 162 :203-12 

229. von Euler, U. S., Lishajko, F. 1963. 
Acta Physiol. Scand. 59 :454-61 

230. Kopin, I. J., Gordon, E. K., 1962. 
1. Pharmacal. Exp. Ther. 138 : 
351-59 

231.  Berneis, K. H., Pletscher, A., Da 
Prada, M. 1969. Nature 224 :281-
82 

232. Potter, L. T., Axelrod. J. 1963. 1. 
Pharmacol. Exp. Ther. 140 : 199-
206 

233. Molinoff, P. B., Axelrod, J. 1969. 
Science 164 :428-29 

234. Musacchio, J. M., Weise, V. K., 
Kopin, I. J. 1965. Nature 205 : 
606-7 

235. Lindmar, R., Muscholl, E. 1964. 
Arch. Exp. Pathol. Pharmakol. 
247 :469-92 

236. Jaim-Etcheverry. G., Zieher, L. M. 
1969. 1.  Pharmacol. Exp. Ther. 
1 66 :264-71 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



498 MOLINOFF & AXELROD 

237. Tranzer, J. P., Thoenen, H. 1967. 
Experientia 23 :743-45 

238. Tranzer, J. P., Thoenen, H. 1968. 
Experientia 24 :155-56 

239. Haeusler, G., Haefely, W., Thoenen, 
H. 1969. J. Pharmacal. Exp. Ther. 
170 :50-61 

240. Uretsky, N. J., Iversen, L. L. 1970. 
J. Neurochem. 1 7 :269-78 

241. Bloom, F. E., Algeri, S., Groppetti, 
A., Revuelta, A., Costa, E. 1969. 
Science 1 66 : 1284-86 

242. Molinoff, P. B., Weinshilboum, R., 
Axelrod, J. 1970. Fed. Proc. 29 :  
177 

243. Mueller, R. A., Thoenen, H., Axel
rod, J. 1969. Science 158 :468-69 

244. Thoenen, H., Mueller, R. A., Axel
rod, J. 1969. J. Pharmacal. Exp. 
Ther. 169 :249-54 

245. Douglas, W. W., Rubin, R. P. 1963. 
J. Physiol. London 1 67 :288-3 10 

246. Douglas, W. W., Rubin, R. p. 1961. 
J. Physiol. London 159 :40-57 

247. Douglas, W. W., Poisner, A. M. 
1966. I. Physiol. London 183 : 
236-48 

248. Banks, P., Helle, K. 1965. Biochem. 
I. 97 :40-41C 

249. Kirshner, N., Sage, H. J., Smith, 
W. J., Kirshner, A. G. 1966. Sci
ence 1 54 :529-3 1 

250. Trifar6, J. M., Po isner, A. M., Doug
glas, W. W. 1967. Biochem. Phar
macal. 16 :2095-2100 

251.  Diner, O. 1967. C. R. Acad. Sci. 265 : 
6 1 6-19 

252. Schneider, F. H., Smith, A. D., Win
kler, H. 1967. Brit. J. Pharmacol. 
3 1 :94-104 

253. Oka, M., Kajikawa, K., Ohuchi, T., 
Yoshida, H., Imaizumi, R. 1967. 
Life Sci. 6 :461-65 

254. Robison, G. A., Butcher, R. W., 
Sutherland, E. W. 1970. In 
Fundamental Concepts in Drug 
Receptor Interactions, ed. J. F. 
Danielli, D. J. Triggle, J. F. 
Moran. New York : Academic 

255. Banks, P., Helle, K. B., Mayor, D. 
1969. Mol. Pharmacal. 5 :210-12 

256. De Potter, W. P., De Schaepdryver, 
A. F., Moerman, E. J., Smith, 
A. D. 1969. J. Physiol. London 
204 : 102-4P 

257. Gewirtz, G., Kopin, 1. J. 1970. Na
ture 227 :406-7 

258. Geffen, L. B., Livett, B. G., Rush, 
R. A. 1969. J. Physiol. London 
204 :593-606 

259. Brodie, B. B.. Costa, E., D1abac, A., 
Neff, N. H., Smookler. H. H. 
1966. I. Pharmacal. Exp. Ther. 
154 :493-98 

260. Neff, N. H., Ngai, S. H., Wing, C. 
T .• Costa, E. 1969. Mol. Pharma
cal. 5 :90-99 

261. Neff. N. H., Costa, E. 1968. I. 
Pharmacal. Exp. Ther. 1 60 :40-47 

262. Kopin, 1. J., Breese, G. R.. Kraus, 
K. R., Weise, V. K. 1968. J. 
Pharmacal. Exp. Ther. 1 6 1  :271-
78 

263. Trcndelenburg, U. 1961. I. Pharma
cal. Exp. Ther. 1 34 :8-17 

264. Reid, W. D., Vo1icer, L.. Smookler. 
H., Beaven, M. A . •  Brodie. B. B. 
1968. Pharmacology 1 :329-44 

265. Sedvall, G. C., Weise, V. K.. Kopin, 
1. J. 1968. I. Pharmacal. Exp. 
Ther. 1 59 : 274-82 

266. Hertting. G .• Potter, L. T . •  Axelrod. 
J. 1962. I. Pharmacal. Exp. Ther. 
136 :289-92 

267. Volicer, L., Reid, W. D. 1968. Int. 
I. Neuropharmacol. 8 :1-8 

268. Costa, E., Neff. N. H. 1968. In Im
portance of Fundamental Prin
ciples in Drug Evaluation, ed. 
D. Tedeschi. R. E. Tedeschi, 185-
202. New York : Raven. 493 pp. 

269. Landsberg, L., Axelrod. J. 1968. Circ. 
Res. 22 :559-71 

270. de Champlain, J., Mueller, R. A., 
Axelrod, J. 1969. Circ. Res. 25 : 
285-91 

271. Weiss, P., Hiscoe, H. B. 1948. J. 
Exp. Zool. 107 : 3 15-95 

272. Weiss, P. 1961.  In Regional Neuro
chemistry, ed. S. S. Kety, J. 
Elkes, 220-24. London : Perga
mon. 540 pp. 

273. Weiss. P., Taylor, A. C .. Pillai. P. A. 
1962. Science 136 : 330 

274. Dahlstrom. A. 1965. I. Anat. 99 : 
677-89 

275. Kapeller. K.. Mayor. D. 1969. Proc. 
Roy. Soc. London 1 72 :53-63 

276. Laduron, P. 1968. Arch. Int. Phar
macodyn. Ther. 1 7 1  :233-35 

277. Miani. N. 1964. Progy. Brain Res. 
13 : 1 15-26 

278. Koenig, H. 1958. Trans. Am. Neural. 
Soc. 83 : 162-64 

279. Ochs. S., Johnson, J. 1969. I. Neuro
chem. 1 6  :845-53 

280. Kapeller, K . •  Mayor, D. 1967. Proc. 
Roy. Soc. London 167 :282-92 

281. Dahlstrom, A., Haggendal, J. 1967. 
Acta Physiol. Scand. 69 :1 53-57 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



BIOCHEMISTRY OF CATECHOLAMINES 499 
282. Livett, B. G., Geffen, L. B., Austin, 

L. 1968. J. Neurochem. 1 5  :93 1-
39 

283. Geffen, L. B., Hunter, C., Rush, R. A. 
1969. J. Neurochem. 16 :469-74 

284. Geffen, L. B., Rush, R. A. 1968. 
J. Neurochem. 15 :925-930 

285. Dahlstrom, A., Haggendal, J. 1966. 
Acta Physiol. Scand. 67 :278-88 

286. Bjorling, M., Waldeck, B. 1965. 
Life Sci. 4 :2239-42 

287. Schmitt, F. O. 1 9 68. Proc. Nat. 
Acad. Sci. USA 60 : 1092-1 101 

288. Weisenherg, R. C., Borisy, G. G., 
Taylor, E. W. 1968. Biochemistry 
7 :4466-78 

289. Shelanski, M. L., Taylor, E. W. 
1 967. J. Cell BioI. 34 :549-54 

290. Marantz, R., Ventilla, M., Shelanski, 
M. 1969. Science 1 65 :498-99 

29 1 .  Dahlstrom, A. 1969. Acta Physiol. 
Scand. 76 :33A-34A 

292. Kreutzberg, G. W. 1969. Proc. Nat. 
Acad. Sci. USA 62 :722-28 

293. Kapeller, K., Mayor, D. 1969. Proc. 
Roy. Soc. London 172 :39-51 

294. Pellegrino de Iraldi, A., De Robertis, 
E. 1968. Z. Zellforsch. M,:krosk. 
Anat. 87 :330-44 

295.  Geffen, L. B., Ostberg, A. 1969. J. 
Physiol. London 204 :583-92 

296. Livett, B. G., Geffen, L. B., Rush, 
R. A. 1969. Biochem. Pharmacal. 
1 8 :923-24 

297. Dahlstrom, A., Jonason, J. 1968. 
Eur. J. Pharmacal. 4 :377-83 

298. Laduron, P., Belpaire, F. 1968. Na
ture 217 : 1 1 55-56 

299. Costa, E., Boullin, D. J., Hammer, 
W., Vogel, W., Brodie, B. B. 
1966. Pharmacal. Rev. 18 :577-97 

300. Bygdeman, S., von Euler, U. S. 
1958. Acta Physiol. 5cand. 44 : 
375-83 

301.  Oliverio, A., Stjiirne, L. 1965. Life 
Sci. 4 :2339-43 

302. Gordon, R., Reid, J. V. 0., Sjoerd
sma, A., Udenfriend, S. 1966. 
Mol. Pharmacal. 2 :606-13 

303. Alousi, A., Weiner, N. 1966. Proc. 
Nat. Acad. Sci. USA 56 : 149 1-96 

304. Weiner, N., Rabadj ija, M. 1968. J. 
Pharmacol. Exp. Ther. 1 60 :61-71 

305. Spector, S., Gordon, R., Sjoerdsma, 
A., Udenfriend, S. 1967. Mol. 
Pharmacal. 3 :549-55 

306. Weiner, N., Rabadjija, M. 1968. J. 
Pharmacal. Exp. Ther. 164 : 103-
14  

307. Wurtman, R .  J., Casper, A., Axel-

rod, J., Bartter, F. 1967. J. Clin. 
Invest. 46 : 1 1 3 5  

308. Wurtman, R .  J. 1966. Endocrinology 
79 :608-14 

309. Margolis, F. L., Roffi, J., Jost, A. 
1966. Science 154 :275-76 

3 10. Mueller, R. A., Thoenen, H., Axel
rod, J. 1970. Endocrinology 86 : 
75 1-55 

3 1 1 .  Weinshilboum, R., Axelrod, J. 1970. 
Endocrinology 87 :894-99 

3 12. Thoenen, H., Mueller, R. A., Axel
rod, J. 1969. Nature 221 : 1264 

3 13 .  Mueller, R. A., Thoenen, H., Axel
rod, J. 1969. J. Pharmacol. Exp. 
Ther. 1 69 :74-79 

314. Thoenen, H., Mueller, R. A., Axel
rod, J. 1 970. Proc. Nat. Acad. 
Sci. USA 65 :58-62 

315 .  Viveros, O. H., Arqueros, L., Con
nett, R. J., Kirshner, N. 1969. 
Mol. Pharmacal. 5 :69-82 

3 1 6. Reis, D. L Moorehead, D. T., Rif
kin, M., Joh, T., Goldstein, M. 
Nature. In press 

317. Dairman, W., Udenfriend, S. 1970. 
Mol. Pharmacal. 6 :350-56 

318. Thoenen, H., Mueller, R. A., Axel
rod, J. 1970. Biochern. Pharmacal. 
19 :669-73 

3 19. Mueller, R. A., Thoenen, H., Axel
rod, J. 1969. Mol. Pharmacal. 5 :  
463-69 

320. Hartman, B. K., Molinoff, P. B., 
Udenfriend, S. 1970. Pharmacolo
gist 12 :470 

321. Kvetnansky, R., Weise, V. K., Kopin, 
I. J. 1970. Endocrinology 87 : 
744-49 

322. Kvetnansky, R., Gewirtz, G. P., 
Weise, V. K., Kopin, I. J. 1970. 
Mol. Pharmacal. 7 :87-96 

323. Kvetnansky, R., Gewirtz, G. P., 
Weise, V. K., Kopin, I. J. En
docrinology. In press 

324. Axelrod, J., Mueller, R. A., Henry, 
J. P., Stephens, P. M. 1970. Na
ture 225 : 1059-60 

325. Levitt, M., Spector, S., Sjoerdsma, 
A., Udenfriend, S. 1965. J. Phar
macal. Exp. Ther. 1 48 : 1-8 

326. Kopin, I. J., Weise, V. K. 1968. Bio
chem. Pharmacal. 1 7  : 1461-63 

327. Wenke, M. 1966. Advan. Lipid Res. 
4 :69-105 

328. Murad, F., Chi, Y. M., Rail, T. W., 
Sutherland, E. W. 1962. I. Bioi. 
Chern. 237 :1233-38 

329. Schramm, M. 1967. Ann. Rev. Bio
chem. 36 :307-20 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.



500 MOLIN OFF & AXELROD 

330. Porte, D. Jr. 1967. Diabetes 16 : 1 5 0-
55 

331 .  Goldberg, A. L., Singer, J. J. 1969. 
Proc. Nat. Acad. Sci. USA 64 : 
134-41 

332. Weiss, B., Maicke1, R. P. 1968. !. 
Neuropharlllacol. 7 :393-403 

333. Lin, E. C. C., Knox, W. E. 1957. 
Biochim. Biophys. Acta 26 :85-
88 

334. Black, 1. B., Axelrod, J. 1969. J. 
Bioi. Chem. 244 :6124-29 

335. Black, 1. B., Axelrod, J. 1970. Arch. 
Biochem. Biophys. 138 :614-19 

336. Wurtman, R. J., Axelrod, J., Kelly, 
D. E. 1968. The Pineal. New 
York : Academic. 199 pp. 

337. Moore, R. Y., Heller, A., \Vurtman, 
R. J., Axelrod, J. 1967. Science 
155 :220-23 

338. Axelrod, ]., Shein, H. M., Wurtman, 
R. J. 1969. Proc. Nat. Acad. Sci. 
USA 62 :544-49 

339. Weissbach, H., Redfield, B. G., Axel
rod, J. 1961 .  Biochim. Biophys. 
Acta 54 :190-92 

340. Klein, D. c., Weller, J. 1970. Fed. 
Proc. 29 :615 

A
nn

u.
 R

ev
. B

io
ch

em
. 1

97
1.

40
:4

65
-5

00
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

lo
ri

da
 S

ta
te

 U
ni

ve
rs

ity
 o

n 
09

/2
1/

12
. F

or
 p

er
so

na
l u

se
 o

nl
y.


	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Biochemistry Online
	Most Downloaded Biochemistry Reviews
	Most Cited Biochemistry Reviews
	Annual Review of Biochemistry Errata
	View Current Editorial Committee


	ar: 
	logo: 



