
ooo&2952/&5 $3.00 + 0.w 
Pergamon Press Ltd. 

Biochemical Pharmacology, Vol. 35, No. 6, pp. 875-881, 1986. 

Printed in Great Britain. 

COMMENTARY 

CATECHOLAMINE SYNTHESIS: PHYSIOLOGICAL COUPLING TO 
PRECURSOR SUPPLY 

JILL D. MILNER and RICHARD J. WURTMAN* 

Laboratory of Neuroendocrine Regulation, Department of Applied Biological Sciences, Massachusetts 
Institute of Technology, Cambridge, MA 02139, U.S.A. 

A decade ago, Biochemical Pharmacology published 
a Commentary article on the “Control of Brain 
Neurotransmitter Synthesis by Precursor Avail- 
ability and Nutritional State” [l]. At that time, con- 
siderable evidence was available that low doses of 
exogenous tryptophan, which elevated brain tryp- 
tophan but kept its levels within their normal range, 
could increase brain serotonin concentrations and 
those of serotonin’s metabolite 5hydroxyindole- 
acetic acid [2]. Moreover, food consumption had 
already been shown to influence brain tryptophan, 
and thereby brain serotonin levels, with carbo- 
hydrate-rich meals increasing [3] and protein meals 
decreasing [4] production of indoles, and it had been 
proposed that this coupling of food composition to 
serotonin synthesis allows serotonin-dependent 
behaviors to be affected by eating [5,6]. 

It was also then known that consumption of sup- 
plemental tyrosine [7] or choline [8,9] could affect 
the syntheses of their neurotransmitter products, the 
catecholamines and acetylcholine. However, these 
responses were poorly characterized, and were 
observed to be considerably less consistent than that 
of serotonin to supplemental tryptophan: tyrosine 
administration only sometimes increased brain levels 
of catecholamine metabolites, and even then it failed 
to affect those of dopamine or norepinephrine; chol- 
ine administration only sometimes affected brain 
acetylcholine levels [lo], and there were no ace- 
tylcholine metabolites to measure as evidence that 
more acetylcholine molecules were turning over. 
Moreover, no direct evidence was available that 
administration of tyrosine or choline could enhance 
either the release of their neurotransmitter products 
or the postsynaptic responses to the transmitters. 

This article comments on information accumulated 
during the past decade on the relationship between 
tyrosine availability and catecholamine synthesis. It 
also compares this relationship with that of tryp- 
tophan to serotonin. (Interactions between ace- 
tylcholine, choline, and phosphatidylcholine have 
recently been reviewed elsewhere [lo]). 

EARLY STUDIES RELATING TYROSINE TO CATJXHOL- 
AMINE PRODUCTION 

The failure of tyrosine administration to increase 
brain levels of its neurotransmitter products had led 
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virtually all investigators to assume that tyrosine 
hydroxylase was fully saturated with its amino acid 
substrate in Go-this in spite of the fact that esti- 
mates of the enzyme’s K,,, for tyrosine in vitro [50- 
125 pM, depending upon whether tetrahydrobi- 
opterin or a synthetic alternate was used as the 
cofactor (e.g. Refs. 11 and 12)] were not very much 
lower than whole-brain tyrosine levels [which vary 
between 100 and 200 @I, depending on the protein 
content of the meal most recently consumed 
(Table l)] . Catecholamines, however, were known 
to be stored within multiple metabolic compart- 
ments, including some with slow turnover times; 
this raised the possibility that supplemental tyrosine 
might actually accelerate the synthesis of a particular 
“pool” of dopamine or norepinephrine, but that this 
pool constituted too small a fraction of the total 
catecholamine store to allow detection. Hence, 
experiments were performed to determine whether 
changes in tyrosine levels might affect rates of cat- 
echolamine synthesis, as estimated from the accumu- 
lation of dihydroxyphenylalanine (DOPA) in brains 
of animals pretreated with a decarboxylase inhibitor 
[7,15]. Under such conditions, DOPA accumulation 
was shown to be accelerated when brain tyrosine 
levels were increased (by giving rats tyrosine), and 
diminished when tyrosine was reduced (by giving 
rats other large neutral amino acids, like tryptophan, 
valine, or parachlorophenylalanine, which compete 
with tyrosine for passage across the blood-brain 
barrier [23]). Such observations provided estimates 
of the K,,, for the hydroxylation in vivo of tyrosine 
and showed that this process could indeed be affected 
when tyrosine levels varied within their normal 
range. However, the use of a decarboxylase inhibi- 
tor-which also diminishes catecholamine synthesis 
in nerve terminals--rendered problematic the extra- 
polation of these data to physiologic states, since the 
drug probably also reduced both the end-product 
inhibition of tyrosine hydroxylase and the release of 
newly-formed catecholamine into synapses. What 
was needed was an experimental approach that 
allowed catecholamine synthesis to be estimated, in 
the presence of varying brain tyrosine concentra- 
tions, without concurrently disturbing that synthesis. 
When one such approach was tried-that of meas- 
uring dopamine metabolites in striata of animals 
given tyrosine-no effect of tyrosine was observed 
[24]. (Tissue dopamine levels were subsequently 
shown to rise in striata and cortices of rats given 
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Table 1. Tyrosine levels in tissues and fluids 

Species Tissue or fluid [Tyrosine] Comments Ref 

Rat 
Ret 
Rat 
Rat 
Rat 
Dog 
Primate 
Human 
Human 
Human 

Brain 
Brain 
Plasma 
Plasma 
Plasma 
CSF 
CSF 
CSF 
CSF 
Plasma 

47-65 nmoles/g 
47-173 nmoles/g 
70-80 N 

188 + 21 ,&I 
233 + 2 ,uM 

16+3/&i 
4-5@f 
8-10 @f 

19-20 ,UM 
5fJ-6tJm 

Fasted 
Non-fasted 
Adult 
Neonatal 
Fetal 

Males, females 
Normal 
Parkinsonian 
Normal, fasting 

13, 14 
13-15 
16, 17 
18 
18 
18 
19 
18, 20, 21 
22 
20, 21 

large doses of tyrosine methyl-ester [25].) However, 
if the animals were concurrently given haloperidol, 
a dopamine receptor antagonist that accelerates 
nigrostriatal firing [26] and can lower tyrosine levels 
in striata [27], catecholamine production did exhibit 
precursor dependence: striatal levels of homovanillic 
acid (HVA) varied directly with those of brain tyro- 
sine, while dopamine levels themselves remained 
constant [24]. These observations were interpreted 
as indicating that a given catecholaminergic neuron 
might or might not be responsive to having more or 
less tyrosine, depending on its level of activity. 

The ability of tyrosine supplementation to enhance 
the synthesis of catecholamines in, and their release 
from, rapidly firing neurons (but not from relatively 
quiescent cells) has since been affirmed using a var- 
iety of experimental manipulations (Table 2). Thus, 
tyrosine administration increases brain levels of the 
norepinephrine metabolite methoxy-hydroxy-phe- 
nylethylgylcol sulfate (MHPG-SOJ in cold-stressed 
rats [30] and in brains and brainstems of spon- 
taneously hypertensive rats (SHRs) [31,32] but not 
in those of control, normotensive animals, nor in 
SHRs given both tyrosine and another large neutral 
amino acid, valine [31], which competes with tyrosine 
for uptake into the brain [23]. Increases in MHPG- 

SO4 after tyrosine treatment have also been observed 
in rats given yohimbine [34], an alpha* antagonist, 
or in animals stressed by tail-shock [36]. DOPA 
accumulation (after decarboxylase inhibition) is 
accelerated following tyrosine administration in stri- 
ata of rats given gamma-butyrolactone [29] (which 
blocks the release of dopamine and the consequent 
activation of presynaptic inhibitory autoreceptors), 
and in the median eminence of animals that receive 
exogenous prolactin [35] (which presumably acti- 
vates the tuberoinfundibular dopaminergic neurons 
via a short feedback loop). Following a lesion that 
destroys about 80% of the nigrostriatal tract uni- 
laterally (and thus accelerates the firing of the sur- 
viving neurons [38]), tyrosine administration 
increases dopamine release on the lesioned side, as 
estimated from the ratios of dihydroxyphenylacetic 
acid (DOPAC) or HVA to dopamine, or to tyrosine 
hydroxylase activity, but fails to affect either index 
on the intact side [28]. The tyrosine effect is, once 
again, blocked by valine, and is unassociated with 
changes in dopamine levels. Tyrosine administration 
also increases brain levels of dopamine metabolites 
in animals pretreated with reserpine [33], amfonelic 
acid, or spiperone [37], all of which, like haloperidol, 
are thought to accelerate nigrostriatal firing. In meso- 

Table 2. Tyrosine administration and catecholamine synthesis and release 

Tissue Treatment 
Biochemical 

index 

Tyrosine 
effect 
(“ro) Ref. 

Striatum 
Striatum, 

Limb. forb. 
Striatum 
Striatum 
Whole brain 
Whole brain 
Brainstem, 

forebrain 
Striatum, 

hypothalamus 
Whole brain 
Med. eminence 
Hippocampus, 

hypothalamus 

Whole brain 

Haloperidol DOPAC, HVA 
Haloperidol DOPA 

NS tract lesions 
y-butyrolactone 
Cold stress 
SHRs 
SHRs 

DOPAC, HVA 
DOPA 
MHPG-SOI 
MHPG-SO4 
MHPG-SO4 

Reserpine DOPAC, HVA 

Yohimbine 
Prolactin 
Tail shock 

MHPG-SO4 
DOPA 
MHPG-SO, 

Amfonelic acid, 
spiperone DOPAC +30 37 

+60 24 
+15 15, 27 

+60 28 
+25 29 
+70 30 
+40 31 
+15 32 

+40 33 

+35 34 
+30 35 
+40 36 
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prefrontal dopamine neurons which have been 
shown to have a high physiological firing rate and 
exhibit a lot of bursting activity, low doses of tyrosine 
are effective in increasing dopamine synthesis [39]. 
Tyrosine increases levels of dopamine metabolites in 
light-activated rat retinas in Go [40], but not when 
animals are in darkness. 

TYROSINE, MGROSTRIATAL FIRING, AND DOPAMINE 
RELEASE 

Direct evidence that physiologic variations in tyro- 
sine availability can affect dopamine release was 
obtained recently using an experimental system in 
which superfused slices of rat striatum were sub- 
jected to electrical pulses (20 Hz, 2 msec) of varying 
train length; the amount of endogenous dopamine 
released into the medium was correlated with its 
tyrosine concentration (Figs. 1 and 2). Tissues were 
subjected to two trains of 600 or 1800pulses, each 
lasting 30 or 90 set, respectively, and separated by 
30min; dopamine release during the second (Sz) 
period is expressed as a decimal fraction of the 
amount released during the initial (Sr) period. When 
slices were superfused with Krebs bicarbonate buffer 
(which lacks tyrosine or any other amino acid), the 
S&r ratio was 0.75-0.80, depending on the number 
of pulses (that is, dopamine release during S2 
declined by 2&25%). A tyrosine concentration in 

8.0 Tyrosine - free A 

6.0 c 2 

6.0 

Time (minutes) 
Fig. 1. Release of endogenous dopamine evoked by elec- 
trical stimulation from rat striatal slices, expressed as per- 
centage released of final tissue content: (A) tyrosine-free 
medium; (B) tyrosine-supplemented medium (50 PM). Sr 
and Sz were identical trains of 1800 pulses (60 mA, 2 msec, 
20 Hz) delivered 60 min apart. Superfusate was collected 
in 2-min fractions and assayed for dopamine by alumina 
extraction and high performance liquid chromatography 
electrochemical detection. Data were analyzed by paired 
Student’s t-tests, and values shown are mean + S.E.M. for 
four experiments. (*) P < 0.05 when compared to equiv- 

alent fraction from S,. (Data from Ref. 41.) 
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1 
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Fig. 2. Effect of tyrosine on the stimulus-evoked release of 
endogenous dopamine from superfused rat striatal slices. 
Trains of electrical pulses (6OmA, 2msec, 2OHz) were 
delivered for 30 (600 pulses) or 90 (1800 pulses) sec. Do 

P 
a- 

mine release during Sr averaged 3.92 ? 0.26pmoles mg 
(600 pulses) and 7.91 -t 0.59 pmoles/me, (1800 pulses), thus 
declining in the amount released ‘pe; pulse by aRproxi- 
matelv 33%. Total douamine released durine the first train 
(S,) \;as compared to that released by a seiond identical 
train applied 30min later (S&r). Tyrosine dose-depen- 
dently increased the release of dopamine during Sz, with 
SJS, approximating unity at tyrosine concentrations of 
20 @l(600 pulses) or 40 &I (1800 pulses). Comparison of 
S&r ratios for the two trains by Student’s t-tests showed 
significant differences (P < 0.05) in dopamine release evo- 
ked by Sz during superfusion with 20 and 30 @f tyrosine. 
Each point represents the mean -C S.E.M. of four to seven 

animals. (Data from Ref. 42.) 

the superfusate of at least 20 @vf was needed to 
maintain an S&r ratio of unity in slices stimulated 
for 30 set, while at least 40 @I was needed in tissues 
stimulated for 90 sec. Tissues that have been stimu- 
lated while superfused with the tyrosine-free buffer 
display major reductions in tyrosine content (up to 
50%), as well as in dopamine itself (25%) [41,42]. 

Since dopaminergic terminals comprise only a 
small percentage of the total cellular mass of the 
striatum, this major depletion of striatal tyrosine 
suggests either that the amino acid becomes depleted 
within non-catecholaminergic cells, as well as within 
these terminals, or that most of the tyrosine normally 
present in the striatum is confined within dopa- 
mine@ terminals. In experiments designed to 
examine the latter possibility, these terminals were 
destroyed unilaterally by injecting the neurotoxin 6- 
hydroxydopamine into the substantia nigra. Even 
though the dopamine content of the ipsilateral stri- 
atum was depleted by more than 95%, its tyrosine 
levels were unchanged, indicating that striatal tyro- 
sine is not preferentially localized within the dopa- 
minergic terminals, and suggesting that the tyrosine 
depletion that occurred when the superfused slices 
were stimulated reflected mobilization of the amino 
acid from non-dopaminergic as well as from dopa- 
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minergic cells (J. D. Milner, D. K. Reinstein and R. 
J. Wurtman, unpublished data). in vI’vo, dopa- 
minergic nerve terminals are, of course, perfused 
not with a tyrosine-free solution but with tyrosine- 
containing blood; moreover, as discussed below, cir- 
culating tyrosine is able to enter the brain, its entry 
catalyzed by a facilitated diffusion system that it 
shares with other large, neutral amino acids [23]. 
Hence it would not be expected that even the pro- 
longed conversion of tyrosine to dopamine would 
cause its depletion, at least to the extent seen in 
vitro. However, the rate at which tyrosine diffuses 
from the plasma into dopa~nergic nerve terminals 
is retarded by both the limited water-solubili~ of the 
amino acid and the competition between it and other 
circulating amino acids for attachment to the blood- 
brain barrier transport site [23] and to neuronal 
membranes [43]. Hence, the possibility remains that 
tyrosine in nerve terminals may fall, after prolonged 
neuronal firing, to levels sufficient to slow cat- 
echolamine synthesis. In that circumstance the ability 
of supplemental tyrosine to enhance catecholamine 
synthesis would be explained not so much by its 
ability to increase the substrate-saturation of tyrosine 
hydroxylase but by Mocking the decrease that would 
otherwise occur. The inabihty of striatal dopa- 
minergic terminals to sustain transmitter output with- 
out exogenous tyrosine contrasts with the abiiity of 
choline& neurons in the same tissue to continue 
making their neurotransmitter even when exogenous 
choline is lacking. Cholinergic terminals continue to 
release unchanged amounts of acetylcholine, even 
after 30 min of continuous stimulation, when super- 
fused with the Krebs solution (which also, of course, 
lacks choline) [44]. The source of choline for this 
acetylcholine synthesis is probably a “reservoir” in 
the form of membrane phosphatidylcholine (PC) 
[45]; the PC is hydrolyzed to free choline, which is 
then released into the extracellular space and then 
taken back up into the cholinergic terminal for acety- 
lation. Apparently the protein in nerve terminals is 
unable to serve in an analogous manner as a reservoir 
for tyrosine. 

TYROSINE AND SYMPATHO-ADRENAL CELLS 

Tyrosine availability has also been shown to affect 
catecholamine synthesis in peripheral tissues. Its 
acute or chronic (8 days) administration to cold- 
exposed rats caused dose-related increases in urinary 
norepinephrine and epinephrine [46]; valine or leu- 
tine failed to elicit similar responses, and, when 
administered with tyrosine, blocked the increases 
[47]. The increase in urinary epinephrine was also 
blocked by bilateral adrenalectomy 1481. In contrast, 
the rise in urinary norepineph~ne was amplified in 
rats whose sympathetic terminals had been partially 
destroyed by prior administration of 6-hydroxy- 
dopamine [48], suggesting that an increase in their 
firing rates had occurred, rendering them more 
responsive to the amino acid. Tyrosine adminis- 
tration also caused increases in urinary dopamine; 
these were unaffected by adrenalectomy or 6- 
hydroxydopamine. Administration of oral tyrosine 
(33 mg/kg prior to each meal) to human subjects also 
increased urinary levels of the three catecholamines 

1491. After a single dose of the amino acid (100 or 
150 mgfkg), urinary levels of the catecholamines and 
their principal metabolites all increased, with time- 
courses that paralleled the rise in blood tyrosine 
levels [50]. These observations were interpreted as 
suggesting that, in humans, both central and sym- 
pathoadrenal catecholamine synthesis are precursor- 
responsive. 

Enhancement of sympathoadrenal catecholamine 
synthesis underlies the ability of tyrosine to restore 
blood pressure in rats in hemorrhagic shock [51]. 
This response is blocked by bilateral adrenalectomy, 
performed immediately prior to testing [Sl], or by 
pre~eatment with carbidopa or phentola~e 1521, 
and is not simulated by other large neutral amino 
acids (like valine or leucine) [52]. (Tyrosine adminis- 
tration to hypotensive rats also elevates levels of 
epinephrine in the adrenal medulla, and of norepine- 
phrine in the spleen [52].) That the pressor effect of 
tyrosine is not mediated by its conversion to the 
sympathomimetic amine tyramine was demonstrated 
by its lack of effect (unlike tyramine) in rats receiving 
a ganglionic blocker (hexamethonium), its persistent 
pressor activity (again unlike tyramine) in reser- 
pinized hypotensive rats, and its failure to elevate 
plasma tyramine levels when raising blood pressure 

[53]* 
The fact that a given dose of tyrosine can raise 

blood pressure in hypotensive animals, lower it in 
spontaneously-hypertensive rats, and have little or 
no effect in normotensive animals (or people) has 
been interpreted as resulting from the ability of 
tyrosine to enhance catecholamine synthesis only in 
neurons (or chromaffin cells) undergoing prolonged 
physiological activity: in hypotensive rats, the sym- 
pathoadrenal cells are active, and thus tyrosine- 
responsive, hence giving the amino acid potentiates 
their release of catecholamines, restoring blood 
pressure. In SHR, these peripheral neurons may be 
negatively quiescent, suppressed by the now-active 
brain-stem noradrenergic neurons that control sym- 
pathetic outflow [54]; hence, tyrosine ad~nistration, 
by enhancing norepinephrine synthesis within the 
brain stem, further reduces sympathetic activity, 
causing blood pressure to fall. The possible utility of 
oral tyrosine in treating hypertension is currently 
under investigation [55]; its use in treating shock 
(which would require parenteral administration) is 
hampered by its very poor water-solubility. 

PLASMA AND TISSUE TYROSINE 

Published data on the levels of tyrosine in various 
tissues and body &ids are summa~zed in Table 1 
[l&22]. Tyrosine recently taken up from the extra- 
cellular space may be used preferentia~y for dopa- 
mine synthesis [56] (i.e. in contrast to tyrosine 
already present in the cytoplasm). This would allow 
acute changes in the plasma amino acid pattern to 
have relatively more of an effect on the synthesis and 
release of this neurotransmitter. The constituents of 
the plasma that affect brain tyrosine are not only the 
amino acid itself, but also the other large, neutral 
amino acids (LNAA) (primarily tryptophan, phenyl- 
alanine, valine, isoleucine, and leucine) that compete 
with tyrosine for entry into the brain 117,231. Brain 
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tyrosine levels sometimes correlate only poorly with 
plasma tyrosine concentrations (e.g. after a protein- 
rich meal) but apparently are always well-correlated 
with the “plasma tyrosine ratio” (to other LNAA) 
[13]. Hence, an increase in plasma levels of the 
branched-chain amino acids-such as would result 
from insulin deficiency or insensiti~ty~ould 
decrease both the transport of tyrosine across the 
blood-brain barrier, and its subsequent conversion 
to catecholamines. Both dietary [13,14] and phar- 
macological [57] manipulations of plasma LNAA 
levels have been shown to cause the predicted 
changes in brain tyrosine levels. Probably the most 
effective way to increase brain tyrosine is to admin- 
ister the amino acid orally, along with sufficient 
carbohydrate to elicit insulin secretion and, thereby, 
to lower plasma levels of the other LNAA [58]. 

Recent studies have obtained evidence that a var- 
iety of severe stresses (e.g. immobilization [59], hem- 
orrhage 1601) can selectively increase the plasma 
tyrosine ratio. This may reflect a shunting of blood 
away from the liver, where tyrosine is metabolized, 
and could serve to increase the availability of the 
amino acid. 

FIRING FREQUENCY, TYROSKNE-DEPENDRNCE, AND ALLO- 
STERIC CHANGES IN TYROSINR HYDROXYLASE 

An additional mechanism by which increased 
activity can cause catecholaminergic neurons to 
become tyrosine sensitive involves kinetic changes 
in tyrosine hydroxylase that result from its phos- 
phorylation. This process is accelerated when 
neuronal activity increases. Phospho~lation of tyro- 
sine hydroxylase can be catalyzed by any of several 
protein kinases, each of which acts selectively on 
particular amino acids in the enzyme protein [61,62]. 

The enzyme activation occurring when neuronal 
activity increases (i.e. after in vitro depolarization of 
rat striatum) is dependent on calcium and calmodulin 
[63]. It increases the activity of the enzyme, without 
changing its affinity for tyrosine or the tetra- 
hydrobiopterin cofactor, nor its susceptibility to end- 
product inhibition. A different, CAMP-dependent, 
protein kinase can also phosphorylate tyrosine 
hydroxylase, increasing its affinity for its cofactor 

(but not tyrosine), and also perhaps decreasing its 
susceptibility to end-product inhibition [64,65]. 
Recent evidence suggests that, in striatal dopa- 
minergic nerve terminals, the dopamine released 
following depolarization acts via presynaptic auto- 
receptors to decrease local CAMP levels; this slows 
the phospho~l?tion of the tyrosine hydroxylase and 
decreases its activity [66]. Hence, the physiologic 
role of the CAMP-dependent protein kinase in stri- 
atum may be to suppress the hydroxylation of tyro- 
sine in response to prolonged dopamine release. In- 
contrast, the calcium-calmodulin-dependent protein 
kinase is activated when voltage-gated calcium chan- 
nels open during membrane depola~ation; cat- 
echolamine formation thereupon depends on the 
extent to which the tyrosine hydroxylase happens to 
be saturated with tyrosine. This, in turn, will depend 
on the K,,, of the enzyme for tyrosine (which appar- 
ently does not change with phosphorylation), and on 
tyrosine levels within the nerve terminals. The latter 
have not been measured, but presumably they bear 
a relationship to whole-brain tyrosine levels (which, 
in turn, vary with the plasma tyrosine ratio, as dis- 
cussed above). 

If tyrosine availability does indeed affect brain 
catecholamine synthesis and release, it should be 
expected that it will also influence various behaviors 
and physiological processes that involve catechol- 
amine@ neurotransmission. Some publications 
demonstrating such effects are described in Table 3 
167-723. One such ~atechola~ne-dependent process 
is the control of blood pressure, which is elevated by 
the release of norepinephrine or epinephrine from 
sympathoadrenal cells, and either decreased or 
increased by norepinephrine release within the cen- 
tral nervous system, depending on the locus of this 
release 1541. In SHRs, tyrosine injection causes a 
marked fall in blood pressure, which is blocked by 
coadministration of other LNAAs [31]. Under 
these conditions, brainstem levels of the major 
norepinephrine metabolite MHPG-SO4 are 
elevated. Similar findings are obtained when tyrosine 

Table 3. Effects of tyrosine on catecho~am~e-mediated phenomena 

Animal model 
Physiological 

parameter Tyrosine effect Ref. 

Rat Open field behavior 

SIRS 
Rat 

(hemorrhaged) 
Dog 

Rat 
Aged, anestrous 

female rats 
Aged mice 
Mice 
Mice 

Blood pressure 
Blood pressure 

Ventricular 
arrhythmia 

Renal hypertension 
Estrous cycling 

Motor activity 
Swim test immobility 
Open field behavior 

Reversal of stress- 
induced inhibition 

67 

Hypotensive 31, 32, 55 
Hypertensive 51 

Preventative 68 

Hypotensive 69 
Restored 70 

Increased 
Ameliorated 
Increased 

activity 

71 
72 
72 
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is injected into the lateral ventricles of these animals 
[32]. These observations indicate a central mech- 
anism for the antihypertensive effect of tyrosine 
(consistent, for example, with enhanced norepi- 
nephrine release from locus coeruleus neurons). 
Tyrosine administration to stressed rats also causes 
behavioral effects: when given via yhe diet prior to 
stress or by injection thereafter, it blocks the stress- 
induced fall in regional brain norepinephrine levels 
and amplifies the increases in MHPG-S04; it also 
blocks such post-stress behavioral changes as dim- 
inished locomotor activity and a diminished tendency 
of the animal to manifest its “curiosity” by standing 
on its hind legs or poking its nose into a hole [36,67]. 
Attempts to determine whether tyrosine may also 
affect behavior in healthy humans or in those with 
psychiatric disease are in their infancy. 

COMPARISON OF THE EFFECTS OF TYROSINE AND TRYP- 
TOPIfAN ON THE SYNTHESES OF THEIR NEUROTRANS- 

MITl’ER PRODUCTS 

Although the syntheses of the catecholamine 
neurotransmitters and of serotonin are both depen- 
dent on available concentrations of their amino acid 
precursors (tyrosine and tryptophan), and although 
both biosynthetic pathways are catalyzed by specific, 
low-affinity hydroxylase enzymes that use tetra- 
hydrobiopterin as their cofactor, the mechanisms 
that actually couple physiologic changes in tyrosine 
or tryptophan levels to formation of their transmitter 
products differ in important ways. The consumption 
of traditional foods (i.e. those not designed spe- 
cifically to affect brain amino acids) can cause major 
changes in brain tryptophan levels, and thus in sero- 
tonin synthesis; in contrast, it is necessary to consume 
pure tyrosine, separate from the other amino acids 
in dietary proteins, in order to obtain major increases 
in brain tyrosine levels, or to administer the other 
LNAA in order to reduce brain tyrosine. (This is 
because tryptophan is scarce in dietary proteins and 
relatively unaffected by the insulin secreted by diet- 
ary carbohydrates, while tyrosine, like the other 
LNAA, is both more abundant in proteins and more 
affected by insulin.) Another major difference con- 
cerns the extent, discussed above, to which neurons 
must undergo sustained physiological activity in 
order for them to respond to supplemental tyrosine 
or tryptophan. Serotonin-releasing neurons will vir- 
tually always produce more or less of their trans- 
mitter when they are provided with more or less of its 
precursor; catecholamingeric neurons are responsive 
to tyrosine when they have been very active, but, in 
general, unresponsive in other circumstances. These 
differences allow serotoninergic neurons to functions 
as “sensors” of the nutrient content of the diet, 
whereas the effects of tyrosine presently appear to 
be more in the realm of pharmacology, sustaining 
and even amplifying transmitter release in response 
to increased activity of catecholaminergic cells. 

Acknowledgements-Studies described in this report that 
were performed in the authors’ laboratories were supported 
in part by grants from the National Aeronautics and Space 
Administration, the U.S. Air Force, and the Center for 
Brain Sciences and Metabolism Charitable Trust. 

REFERENCES 

1. R. J. Wurtman and J. D. Fernstrom, Biochem. 
Pharmac. 25, 1691 (1976). 

2. J. D. Fernstrom and R. J. Wurtman, Science 173, 149 
(1971). 

3. J. D. Fernstrom and R. J. Wurtman, Science 174,1023 
(1971). 

4. J. D. Femstrom and R. J. Wurtman, Science 178,414 
(1972). 

5. J. D. Fernstrom and R. J. Wurtman, Scient. Am. 230, 
84 (1974). 

6. S. Young, in Handbook of Neurochemistry (Ed. A. 
Lajtha), Vol. 3, p. 559. Plenum Publishing, New York 
(1983). 

7. R. J. Wurtman, F. Larin, S. Mostafapour and J. D. 
Fernstrom, Science 185, 183 (1974). 

8. E. L. Cohen and R. J. Wurtman, Life Sci. 16, 1095 
(1975). 

9. D. R. Haubrich, P. F. Wang, R. L. Herman and D. E. 
Clody, Life Sci. 17, 975 (1975). 

10. J. K. Blusztajn and R. J. Wurtman, Science 221, 614 
(1983). 

11. V. H. Morgenroth, M. C. Beadle-Biber and R. H. 
Roth, Molec. Pharmac. 11, 27 (1975). 

12. H. Joh, D. H. Park and D. J. Reis, Proc. natn. Acad. 
Sci. U.S.A. 75, 4744 (1978). 

13. J. D. Fernstrom and D. V. Faller, J. Neurochem. 30, 
1531 (1978). 

14. B. S. Glaeser, T. J. Maher and R. J. Wurtman, J. 
Neurochem. 41, 1016 (1983). 

15. A. Carlsson and M. Lindqvist, Naunyn-Schmiedeberg’s 
Archs Pharmac. 303, 157 (1978). 

16. J. T. Brosnan, R. G. Forsey and M. E. Brosnan, Am. 
J. Physiol. 247, ~450 (1984). 

17. M. Chiriess, P. Greengard and S. Udenfriend, J. biol. 
Chem. 25, 2075 (1965). 

18. M. H. Femstrom and J. D. Fernstrom, Life Sci. 29, - 
2119 (1981). 

19. S. N. Young and F. R. Ervin, J. Neurochem. 42, 1570 
(1984). 

20. L. Hagenfeldt, L. Bjerkenstedt, G. Edman, G. Sedvall 
and F. A. Weisel, J. Neurochem. 42, 833 (1984). 

21. T. L. Perrv. S. Hansen and J. Kennedy, J. Neurochem. 
24, 587 (l-$75). 

_ 

22. J. H. Growdon, E. Melamed, M. Logue, F. Hefti and 
R. J. Wurtman, Life Sci. 30, 827 (1982). 

23. W. M. Pardridge, Am. J. Physiol. 221, 1629 (1971). 
24. M. C. Scallv. I. H. Ulus and R. J. Wurtman. J. neural. 

Transm. 4j,‘103 (1977). 
25. T. Oishi and S. Siabo; .I. Neurochem. 42, 894 (1984). 
26. B. S. Bunnev. J. R. Walters, R. H. Roth and G. K. 

Aghajanian,*j. Pharmac. exi. Ther. 185, 560 (1973). 
27. B. H. C. Westerink and E. J. Wirix, Neurochemistry 

40. 758 (1983). 
28, E.‘Mela&ed, P. Hefti and R. J. Wurtman, Proc. natn. 

Acad. Sci. U.S.A. 77. 4305 (1980). 
29. A. F. Sved and J. fi. Fe&Strom, Life Sci. 29, 743 

(1981). 
30. G. J. Gibson and R. J. Wurtman. Life Sci. 22, 1399 

(1978). 
31. A. F. Sved, J. D. Fernstrom and R. J. Wurtman, Proc. 

natn. Acad. Sci. U.S.A. 76, 3511 (1979). 
32. Y. Yamori, M. Fujiwara, R. Horie and W. Lovenberg, 

Eur. J. Pharmac. 68. 201 (1980). 
33. A. Sved, J. D. Fernstrom a‘nd R: J. Wurtman, Life Sci. 

25, 1293 (1979). 
34. C. J. Gibson, Ph.D. Thesis, Massachusetts Institute of 

Technology (1977). 
35. A. F. Sved, Ph.D. Thesis, Massachusetts Institute of 

Technology (1980). 
36. D. K. Reinstein. H. Lehnert and R. J. Wurtman. Life 

Sci. 34, 2225 (1484). 
I 



Tyrosine and catechoiamine synthesis 881 

37. R. W. Fuller and H. D. Snoddy, Neuroendocrinology 56. G. Kapatos and M. Zigmond, J. Neurochem. 28,1109 
31, 96 (1980). (1977). 

38. Y..Agid, F. javoy and J. Glowinski, Nature New Biol. 
245, 150 (1973). 

39. S. Y. Tam and R. H. Roth. Neurosci. Abstr. 10. 881 
(1984). 

40. C.-J. Gibson, C. J. Watkins and R. J. Wurtman, .I. 
neural. Transm. 56. 153 (1983). 

41. J. D. Milner and R: J. &rtm&, Bruin Res. 301, 139 
(1984). 

42. J. D. Milner and R. J. Wurtman, Neurosci. Lett., in 
press. 

43. G. Guroff, W. King and S. Udenfriend, J. biol. Gem. 
236, 1773 (1961). 

44. J-C. Maire and R. J. Wurtman, J. Physiol., Paris, in 
press. 

45. R. J. Wurtman, J. K. Blusztajn and J-C. Maire, 
Neurochem. Znt. 7, 369 (1985). 

46. R. Alonso, J. C. Agharnaya and R. J. Wurtman, J. 
neural Transm. 49, 31 (1980). 

47. J. C. Agharanya and R. J. Wurtman, Life Sci. 30,739 
(1982). 

48. 3. C. Agharanya and R. J. Wu~man, Biochem. Phar- 
mat. 31, 3577 (1982). 

49. J. C. Agharanya, R. Alonso and R. J. Wurtman, Am. 
J. c&n. Nutr. 34, 82 (1981). 

50. R. Alonso, C. J. Gibson, R. J. Wurtman, J. C. Agh- 
aranya and L. Prieto, Biol. Psych& 17, 781 (1982). 

51. L. A. Conlay, T. J. Maher and R. J. Wurtman, Science 
212, 559 (1981). 

52. L. A. Conlay, T. J. Maher and R. J. Wur~an, Brain 
Res. 333,81 (1985). 

53. L. A. Conlay, T. J. Maher and R. J. Wurtman, Life 
Sci. 35, 1207 (1984). 

54. A. Philippu, H. Diet1 and J. N. Sinha, Nuunyn-Schmie- 
deberg’s Archs Pharmac. 310, 237 (1980). 

55. J. Bossy, R. Guidoux, H. Milan and H. P. Wurzner, 
Z. E~~hrW~s. 22,45 (1983). 

57. R. F. Ablett, M. MacMillan, M. J. Sole, C. B. Toal 
and G. H. Anderson, J. Nutr. 114, 835 (1984). 

58. C. Mauron and R. J. Wurtman, J. neural. Transm. 55, 
317 (1982). 

59. L. MiI~ofsky, T. A. Hare, J. M. Miller and W. H. 
Vogel, Life Sci. 36, 753 (1985). 

60. L. Conlay, T. J. Maher and R. J. Wurtman, Fedn. 
Proc. 44, 1577 (1985). 

61. V. Niggli, D. E‘. Knight, P. F. Baker, A. Vigny and 

62. M. M. A&es, P. Lerner and k. &vender& J. biol. 
J-P. Henrv. .I. Neurochem. 43. 646 (1984). 

Chem. 253,27 (1978). 
63. S. El Mestikaway, J. Glowinski and M. Hamon, Nature, 

Lend. 302, 830 (1983). 
64. W. Lovenberg, E. A. Bruckwick and I. Hanbauer, 

Proc. natn. Acad. Sci. U.S.A. 72, 2955 (1975). 
65. J. E. Harris, R. J. Baldessarin, V. H. Morgenroth and 

R. H. Roth, Proc. natn. Acad. Sci. U.S.A. 72, 789 
(1972). 

66. S. El Mestikaway and M. Hamon, J, Neurochem. 44, 
(Suppl.), SIID (1985). 

67. H. R. Lehnert, D. K. Reinstein, B. Strowbridge and 
R. J. Wurtman, Brain Res. 303, 215 (1984). 

68. N. A. Scott, R. A. DeSilva, B. Lown and R. J. 
Wurtman, Science 211, 727 (1981). 

69. M. R. Breshnahan, P. Hatzinikolaou, H. R. Brunner 
and H. Gauras, Am. J. Physiol. 239, H201 (1980). 

70. M. Linnoila and R. L. Cooper, J. Phu~c, exp. Ther. 
199,477 (1976). 

71. J. B. Thuhurmond and J. W. Brown, Brain Res. 296,93 
(1984). 

72. C. J. Gibson, S. M. Deikel, S. N. Young and Y. M. 
Binik, Psychopharmacology 76, 118 (1982). 


