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Abstract. This paper reviews factors which influence 
the levels of aminergic transmitters in the brain. In 
particular precursor availability to the brain influ- 
ences the rates of synthesis of serotonin, the 
catecholamines, and acetylcholine by brain neurons. 
The diet readily influences brain neurotransmitter 
formation via this mechanism. At present, the 
importance of this relationship to body regulation is 
not well understood. Nonetheless, precursors (tryp- 
tophan, tyrosine, choline, and lecithin) have begun to 
find uses as therapeutic agents in the treatment of 
disease states involving diminished transmitter for- 
mation and release. Hopefully, these compounds will 
find a wide range of uses, as they lack many of the 
side effects that accompany the use of drugs. 
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The rates of synthesis of several brain neurotransmit- 
ters depend in part on the availability to neurons of 
the appropriate precursor molecules. Notably, the 
administration of tryptophan, tyrosine, or choline 
stimulates, under appropriate conditions, the forma- 
tion of serotonin, the catecholamines, or acetyl- 
choline, respectively. As a consequence, such treat- 
ments alter brain and body functions influenced by 
neurons utilizing these transmitters. In this article, 
the evidence supporting these precursor-product 
relationships will be reviewed, and several of the 
physiological-behavioral consequences will be dis- 
cussed. 

Serotonin 

Serotonin (5-hydroxytryptamine; 5HT) iis synth- 
esized from the essential amino acid L-tryptophan, 
by the two-step pathway outlined in Figure 1 (top 
panel). The first reaction, tryptophan hydroxylation, 
is rate-limiting [1]. Moreover, the rate of this reac- 
tion varies directly with brain tryptophan levels 
because the hydroxylase enzyme is not fully saturated 
with substrate at normal brain tryptophan concentra- 
tions [2]. Hence, acute (or chronic) increases in brain 
tryptophan elevate brain 5HT (and the levels of its 
principal metabolite, 5-hydroxyindoleacetic acid, 
5HIAA), and decreases in brain tryptophan reduce 
brain 5HT and 5HIAA [3, 4]. 

Because changes in brain tryptophan are soon 
reflected as alterations in serotonin synthesis, factors 
that influence tryptophan uptake into brain should be 
potentially important determinants of brain 5HT for- 
mation. In normal animals, the single most important 
factor influencing tryptophan access to brain is the 
large neutral amino acid transport (LNAA) system, 
located at the blood-brain barrier [5]. Tryptophan is 
taken up into brain by this carrier system, as are 
other large neutral amino acids such as tyrosine, 
phenylalanine, and the branched-chain amino acids. 
The transport system is competitive [5]; as a conse- 
quence, tryptophan uptake into brain (and serotonin 
formation) depends not simply on blood tryptophan 
levels, but also on the blood levels of these other 
LNAA competitors. Brain tryptophan can be raised 
either by raising blood tryptophan, or by lowering 
blood levels of the other LNAA; it can be lowered 
either by reducing blood tryptophan, or by raising 
blood LNAA levels [6]. 

While pharmacologic injections of tryptophan or 
other LNAA alter brain tryptophan (and 5HT), simi- 
lar effects also occur physiologically through the act 
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of eating [6]. The ingestion (by fasting animals) of a 
carbohydrate meal rapidly elevates brain tryptophan 
and serotonin; it does so by raising blood tryptophan, 
and lowering the blood levels of its competitors, the 
other LNAAs. Tryptophan thereby presumably gains 
a competitive advantage for brain uptake, and brain 
tryptophan and 5-hydroxyindole levels rise. These 
effects all depend on the secretion of insulin, which 
produces the changes in blood neutral amino acid 
pattern favorable to enhanced tryptophan uptake 
into brain. The competitive transport mechanism also 
explains why the ingestion of a protein containing 
meal usually does not elicit a rise in brain tryptophan. 
When protein is ingested, not only does blood tryp- 
tophan rise, but so do the levels of the other LNAA 
(unlike after the ingestion of carbohydrate alone). In 
fact, the relative increases in blood levels of tryp- 
tophan and the other L N A A  are approximately 
equal. Hence, the competition for uptake at brain 
transport sites is unchanged, and brain tryptophan 
and 5-hydroxyindole levels are unaltered [7]. A vari- 
ety of studies attest to the importance of the competi- 
tive uptake system in determining brain tryptophan 
and 5HT after the ingestion of any particular meal 
[8]. 

Although the protein and carbohydrate contents 
of a meal thus seem to be important factors in deter- 
mining post-prandial brain tryptophan levels, fat 
content is not. The ingestion of moderate to large 
amounts of fat in a meal causes serum levels of the 
nonesterified fatty acids (NEFA) to rise, leading to 
competitive displacement of tryptophan molecules 
from their weak binding sites on serum albumin [9]. 
Although some data have been provided suggesting 
such displacement of tryptophan from albumin to 
cause robust increments in brain tryptophan [10], no 
such increases are seen when animals consume a high 
fat, protein-containing meal (which causes a large 
rise in serum-free tryptophan) [9]. This result is not 
surprising in retrospect. The affinity and capacity of 
the brain transport carrier for tryptophan exceed 
those of albumin; almost all tryptophan molecules 
(bound and free) are thus readily accessible to the 
transport carrier as they pass through brain capil- 
laries [11]. Hence, the major determinant of tryp- 
tophan uptake is competition among the LNAA and 
tryptophan, not binding of tryptophan to serum albu- 
min. (Under certain pharmacologic conditions, 
where the bulk of the tryptophan molecules bound to 
albumin are displaced, brain tryptophan may be 
increased [10]. However, such pharmacologic 
curiosities do not predict normal physiology.) 

If competition among the LNAA for brain uptake 
is important physiologically in determining brain 
tryptophan levels, it also figures predominantly in 

certain pathologic conditions. For example, brain 
tryptophan and serotonin are reduced in experimen- 
tal phenylketonuria (PKU). These changes reflect 
the high circulating levels of phenylalanine, which 
undoubtedly diminish tryptophan uptake into brain 
[5]. Another disease state to receive recent attention 
is diabetes. In diabetes, blood levels of the branched- 
chain amino acids are very high [12]. Such abnormal 
elevations in the blood levels of these amino acids 
should and do diminish tryptophan uptake into brain, 
and brain tryptophan levels [13, 14]. In addition, 
because of the absence of insulin secretion, blood 
LNAA levels, and therefore brain indoles, do not 
change normally after carbohydrate ingestion. For 
example, Table 1 shows that glucose intubation of 
fasting normal rats elevated the blood ratio of tryp- 
tophan to the sum of its LNAA competitors (this 
ratio is a simple predictor of the state of the competi- 
tion for brain uptake between tryptophan and the 
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other LNAA in blood), and brain tryptophan and 5- 
hydroxyindoles [15]. In diabetic rats, no increments 
in the serum tryptophan ratio, brain tryptophan, or 
brain 5-hydroxyindoles occurred following glucose 
intubation. That insulin was central to such changes 
in the diabetic rats was strengthened by the observa- 

Table 1. Effects of glucose intubation of fasting normal and dia- 
betic rats on brain indole levels 

Indole Fasting Glucose 

Serum tryptophan ratio 
Normal rats 0.16+0.01 0.30• a 
Diabetic rats 0.09• b 0.13-+0.04 b 

Brain tryptophan (nmol/g) 
Normal rats 26.50•  36.30-+0.50 a 
Diabetic rats 13.70+1.50 b 15.70+2.00 b 

Brain serotonin (nmol/g) 
Normal rats 4.11 • 0.07 4.48-+0.05 a 
Diabetic rats 4,16• 4.30• 

Brain 5-HIAA (nmol/g) 
Normal rats 3.47• 4.38_+0.18 a 
Diabetic rats 2,95• b 3.25-+0.15 b 

Normal and diabetic rats were fasted overnight, and the following 
morning were intubated with a 2M glucose solution (1 ml/100 g). 
They were killed 2 h later. Control animals continued to fast du- 
ring the 2 h period. Data are presented as the means • standard 
errors 
a p <0.05 that value differs significantly from corresponding 
fasting value; 
b p <0.05 that value differs significantly from corresponding value 
in normal rats (adapted from [15]) 

"~ Fig. 1. Precursor dependence of neurotransmitter  synthesis in the 
mammalian brain. Top Panel." Relationship of tryptophan availa- 
bility to serotonin (5-HT) synthesis. Tryptophan (TRP) levels in 
brain directly influence the rate at which the amino acid is convert- 
ed to 5-HT. The uptake of tryptophan into brain is via a competi- 
tive transport mechanism shared with other  large neutral amino 
acids (LNAA).  See text for details. 5-HTP = 5-hydroxytrypto- 
phan; 5 - H I A A  = 5-hydroxyindoleacetic acid; * indicates rate- 
limiting step in 5-HT formation, tryptophan hydroxylation. Middle 
Panel: Relationship of tyrosine (TYR) availability to norepine- 
phrine (NE) synthesis. TYR levels in brain influence directly the 
rate at which the amino acid is converted to NE. The uptake of 
TYR into brain is, as for TRP, via a competitive uptake mecha- 
nism shared with other  LNAA. See text for details. DOPA = 
dihydroxyphenylalanine; D A  = dopamine; M O P E G - S O  4 = me- 
thoxyhydroxyphenethylglycol-sulfate, a principal NE metabolite 
in brain; * indicates rate-limiting step in NE formation, tyrosine 
hydroxylation. Bottom Panel: Relationship of choline availability 
to acetylcholine (ACh) synthesis. Choline levels in brain neurons 
influence directly the rate at which the choline is converted to 
ACh. The uptake of choline into brain is via a mechanism that 
appears to be specific for choline. Choline in blood derives princi- 
pally from two sources, choline synthesized in the liver, and cho- 
line liberated during digestion and absorption of dietary lecithin. 
�9 indicates rate-limiting step in ACh formation, choline acetyla- 
tion. See text for details 

tion that the administration of insulin to diabetic rats 
ingesting carbohydrates was associated with increases 
in the serum tryptophan ratio, brain tryptophan, and 
brain 5-hydroxyindoles. Hence, the diabetic brain, 
because of the lack of insulin secretion by the pan- 
creas, is deprived of a change in composition that 
occurs each time a normal  animal consumes carbohy- 
drate. Perhaps this alteration in diabetes ultimately 
contributes to the observed changes in brain func- 
tions associated with this disease. 

What purpose might be served in the body's 
economy by having the formation of a brain neuro- 
transmitter tied to variations in blood LNAA levels, 
especially when blood LNAA levels can be altered by 
so common an activity as eating? At present, this 
question is answered mainly by speculation: perhaps, 
by this mechanism, the brain receives information 
about peripheral metabolic state, or composition of 
the diet (i. e., the rise in brain serotonin level, and 
thus presumably release, may be a signal to the brain 
that carbohydrates have been consumed [6, 16]). 
Data are available suggesting that serotonin neurons 
participate in the regulation of food intake, and that 
diet-induced changes in brain serotonin can influence 
directly protein selection in the diet by animals over a 
several week period [17]. However, much further 
work is needed to establish the robustness of such a 
relationship. 

On the other hand, the evidence is becoming very 
convincing that pharmacologic alterations of brain 
tryptophan levels, and thus of brain 5HT levels, 
influence brain functions controlled in part by 
serotonergic neurons. This type of finding implies 
that when the diet does alter brain serotonin by 
influencing brain tryptophan, it probably also alters 
serotonin neurotransmission. Examples of the effects 
of tryptophan administration include alterations in 
the sleep of rats and humans [18], in blood pressure 
in rats [19], and in blood growth hormone levels in 
both rats [20] and man [21]. An example of the effect 
of tryptophan on serum growth hormone is shown in 
Table 2. Injection of the amino acid at 0800 led to 
approximately a two-fold enhancement of blood GH 
levels over the succeeding 10-hour period. Tlhis effect 
could be blunted by co-administration of valine 
(another LNAA), which blocked tryptophan uptake 
into brain following its injection. These data are con- 
sistent with other pharmacologic evidence showing 
serotonin neurons to facilitate GH secretion [22]. 
Thus, as also indicated in Table 2, the injection of a 
5HT receptor antagonist reduces serum GH levels. 
Moreover, 5HT agonists have been shown to raise 
blood GH, and the administration of p-chlorophenyl- 
alanine, an inhibitor of serotonin synthesis, depresses 
blood GH levels [23, 24]. 
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Table 2. Effect of tryptophan or metergoline on plasma growth 
hormone levels in the rat 

Treatment Mean plasma 
GH levels 

(ng/ml) 

Saline 77.44- 9.3 
Tryptophan (100 mg/kg) 143.3 4-13. I a 
Metergoline (2 mg/kg) 44.14- 8.7 a 

Groups of 5 male rats received saline, tryptophan, or metergoline 
at 0800 h, following which blood samples were drawn at 15 minute 
intervals throughout the day until 1800 h 
Data are presented as the means + s. e. m., of the integrated 
values of plasma GH during the 0800-1800 period 
a p <0.01 compared to saline values (from [42]) 

Thus, in summary, diet does influence brain 
serotonin formation, by modifying tryptophan 
uptake into brain, and brain tryptophan levels. Tryp- 
tophan-induced increases in brain serotonin do appa- 
rently increase 5HT release, as selected brain outputs 
under the influence of 5HT neurons are predictably 
altered by this treatment. The ultimate importance of 
these relationships awaits further clarification, 
although some data indicate food-induced changes in 
brain serotonin may function to regulate dietary 
selection of protein and/or carbohydrates. 

Norepinephrine and Dopamine 

The catecholamine neurotransmitters, dopamine and 
norepinephrine, are synthesized from tyrosine. The 
pathway outlined in Figure 1 (middle panel) is for 
neurons that utilize norepinephrine (NE); for 
dopamine neurons, the only differences are in the 
absence from neurons of dopamine-beta-hydroxy- 
lase, the enzyme which catalyzes the conversion of 
dopamine (DA) to NE, and in the metabolites pro- 
duced from the transmitter. In noradrenergic 
neurons, methoxyhydroxyphenethylene-glycol-sul- 
fate (MOPEG-SO4) is a major metabolite, while in 
dopaminergic neurons, homovanillic acid (HVA) and 
dihydroxyphenylacetic acid (DOPAC) are the major 
metabolites [25]. 

In both types of catecholamine neurons, the ini- 
tial step in transmitter synthesis, the hydroxylation of 
tyrosine to dopa, is rate-limiting. A sizeable body of 
pharmacologic data suggests that the rate of tyrosine 
hydroxylation is controlled by end-product inhibition 
[25]. However, this is not the only mechanism that 
influences catecholamine synthesis. The hydroxyla- 
tion rate is also influenced by precursor levels in 
brain, since tyrosine hydroxylase, like tryptophan 
hydroxylase, is not fully saturated with substrate at 

normal brain tyrosine concentrations [26]. It is thus 
possible, for example, to accelerate tyrosine hydroxy- 
lation in vivo by injecting tyrosine, and to reduce it 
by injecting another LNAA, like valine, which lowers 
brain tyrosine levels. (This latter effect follows from 
the fact that tyrosine is also an LNAA, and thus sub- 
ject to the same competitive uptake system for brain 
as that described above for tryptophan.) 

It has also been possible to demonstrate that, 
under certain circumstances, changes in brain 
tyrosine levels also affect the overall rates of DA and 
NE synthesis, as evidenced by the ability of tyrosine 
injection rapidly to raise brain MOPEG-SO4 levels 
[27], while not changing brain NE, and to increase 
regional brain DOPAC and HVA levels, while not 
altering dopamine concentrations [28]. For NE (DA 
has not yet been carefully studied), the ingestion of 
single meals also rapidly alters brain MOPEG-SO4 
accumulation [29]. The particular effect of a meal on 
brain MOPEG-SO4 depends on how its ingestion 
modifies the blood levels of tyrosine relative to those 
of the LNAA competitors, and thus brain tyrosine 
levels [30]. It is again remarkable to find that the 
synthesis of yet another brain transmitter is readily 
influenced by precursor availability, as modulated by 
the diet. The potential physiological significance of 
this relationship is only now beginning to be 
explored. 

Setting aside dietary effects, the administration of 
L-tyrosine alone produces a number of interesting 
effects in mammals. For example, its administration 
to spontaneously-hypertensive (SHR) rats elicits a 
sizeable drop in blood pressure (Fig. 2), an effect that 
is blunted by the co-administration of valine [27]. 
The tyrosine-induced fall in blood pressure is accom- 
panied by an increase in brain MOPEG-SO4 level, 
largely confined to the brainstem. This result suggests 
that the antihypertensive effect of tyrosine is related 
to enhanced NE synthesis and release, and thus fits 
with other observations suggesting that the stimula- 
tion of central noradrenergic receptors reduces blood 
pressure [31]. 

Tyrosine administration can also lower serum 
prolactin levels under appropriate circumstances by a 
mechanism most likely involving dopaminergic 
neurons. Blood prolactin levels are elevated in ani- 
mals treated chronically with reserpine (Table 3). 
The administration to such animals of tyrosine leads 
to a sizeable reduction in serum prolactin. This effect 
is accompanied by increases in DOPAC and HVA 
levels in several brain regions, including the 
hypothalamus (DA levels themselves do not change), 
suggesting increased DA synthesis and release [28]. 
These results are all consistent with other published 
data suggesting dopamine to function as a physiologic 
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Fig. 2, Effect of tyrosine and valine on blood pressure in hyperten- 
sive rats. Tyrosine (100mg/kg; 0.55mmol/kg) [o], valine 
(0.55 mmol/kg) liD], tyrosine plus valine (0.55 mmol/kg each) [O], 
or vehicle [0] was administered to groups of four spontaneously- 
hypertensive rats. Blood pressures were measured just before 
treatment and then at one-hour intervals afterwards. Data are 
expressed as the changes in blood pressure from baseline 
values (mean -+ SEM). Tyrosine injection significantly reduced 
blood pressure (P <0.01); coadministration of valine with tyrosine 
blunted sizeably the tyrosine-induced fall in pressure. Valine in- 
jection alone was without effect on blood pressure. (From [27]) 

Table 3. Effect of tyrosine injection on serum levels of prolactin 
and hypothalamic levels of dopamine metabolites in reserpinized 
rats 

Treatment Serum Hypo- Hypo- 
prolactin thalamic thalamic 

DOPAC HVA 

(ng/ml) (ng/g) (rig/g) 
No reserpine 

Vehicle 52_+13 56_+ 18 187_+ 20 
Tyrosine 49_+ 9 85_+ 21 243_+ 35 

Chronic reserpine 
Vehicle 156_+14 7 8 -  + 8 386+ 29 
Tyrosin e 80_ + 8 a 336• a 595_+109 a 

Groups of 5 rats received vehicle or tyrosine (200 mg/kg, ip), and 
were killed 1-hour later. Animals had been pretreated with either 
nothing (No Reserpine) or reserpine (Chronic Reserpine), 2.5 mg/ 
kg twice daily for 4 days; on the morning of the fifth day, the last 
injection of reserpine was given 2 hours before tyrosine adminis- 
tration. All injections were intraperitoneal. Data are presented as 
the means _+ SEM 
a p <0.05 compared to vehicle values in the Chronic Reserpine 
group (adapted from [28]) 

prolactin release-inhibiting factor. (For example, 
drugs that enhance dopaminergic transmission [like 
L-dopa, which like tyrosine, is converted to DA] sup- 
press prolactin secretion; drugs that block DA trans- 
mission enhance release of the hormone [32].) 

Tyrosine has also been employed with some suc- 
cess to ameliorate depression [33]. This usage is 
based on the premise that some forms of this disease 
may be caused by diminished functioning of norad- 
renergic neurons, and thus be treatable by agents that 
increase transmission at NE synapses. The amino 
acid has also been applied with limited success to the 
treatment of Parkinson's disease, with the hope that 
it would act similarly to L-dopa by increasing DA 
synthesis and release in the corpus striatum [34]. 

It is thus possible that tyrosine may ultimately be 
used in the treatment of a number of diseases involv- 
ing reduced transmission at catecholaminergic 
synapses. As a naturally-occurring compound (and a 
normal part of the diet), its use seems more', likely to 
be associated with fewer side effects than occurs with 
the use of drugs. 

Acetylcholine 

Acetylcholine is synthesized from choline in a single- 
step reaction catalyzed by choline acetyltransferase 
(CAT) (Fig. 1, bottom panel). This enzyme shares 
with the aromatic amino acid hydroxylases the prop- 
erty that, at normal brain substrate levels, the 
enzyme is not fully saturated. Hence, increases in 
brain choline levels readily stimulate brain acetyl- 
choline formation (Fig. 3) [35]. (This relationship not 
only holds for brain neurons, but also for autonomic 
nerves. For example, the administration of choline 
increases acetylcholine [ACh] levels in preganglionic 
neurons innervating the adrenal medulla [36].) 
Choline gains access to the brain by a transport car- 
rier that, to date, does not appear to be shared with 
other, naturally-occurring compounds. Hence, the 
blood choline level seems to be the important deter- 
minant of brain choline uptake (see [37]). 

Choline levels in blood derive principally from 
two sources - choline synthesized in the liver, and 
choline cleaved from dietary lecithin (phosphatidyl- 
choline) in the course of digestion and absorption of 
fats. The dietary source of choline is quite important 
(about 40-50% of the choline added to tlhe body 
each day derives from the diet, the rest coming from 
liver synthesis [38]), and consequently, it was not 
surprising to find that blood choline, brain choline, 
and brain acetylcholine levels all rise following the 
ingestion of a lecithin (phosphatidylcholine)-contain- 
ing meal [39]. 

Choline- or lecithin-induced increases in 
neuronal acetylcholine levels lead to enhanced 
release of transmitter, when cholinergic neurons 
depolarize. Using the isolated, phrenic nerve-dia- 
phragrn preparation, Bierkamper and Goldberg [40] 
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Fig. 3. Time-course of the response of serum choline, brain cho- 
line, and brain acetylcholine to choline administered by injection. 
Groups of 5-9  male rats received choline chloride (60 mg/kg, ip) 
or diluent, At various intervals thereafter, they were killed by 
microwave irradiation of the head, and whole brain choline and 
acetylcholine levels determined. Blood choline levels were meas- 
ured in rats treated identically, but killed by decapitation. Bars 
indicate standard errors; open circles indicate the range of values 
for serum choline. *P <0.01, and **P 0.001 compared to values in 
rats injected with diluent. (From [43]) 

found the amount of acetylcholine released into the 
medium following electrical stimulation to be dose- 
related to the choline content of the medium; and, 
the release of epinephrine and norepinephrine by the 
adrenal medulla in animals subjected to insulin- 
induced hypoglycemia, cold, or other stresses has 
been found to be enhanced in animals pretreated 
with choline [41]. 

At present, the underlying physiologic reasons for 
the tying of acetylcholine synthesis by neurons to 
choline (lecithin) availability in the diet is not under- 
stood. Notwithstanding, this has not stalled the appli- 
cation of choline and lecithin as therapeutic agents 
for the treatment of disease states thought to involve 
hypofunctioning of cholinergic neurons. The most 
impressive results have been obtained with the treat- 
ment of tardive dyskinesia, a neurological disorder 
that often responds to the administration of physos- 
tigmine, an inhibitor of acetylcholinesterase (see 
[37] ). Other neurological diseases have been treated 
with choline or lecithin, with less impressive results to 
date; these include Huntington's disease, Friedrich's 

ataxia, and Parkinson's disease. One promising use 
for choline/lecithin may be in the treatment of mem- 
ory disorders, which have been reported to respond 
to physostigmine (see [37]). Some preliminary 
results suggest this to be the case. 
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Discussion after Fernstrom's Presentation 

Goldman: In the experiment you described where hyper- 
tensive rats were given tyrosine and their blood pressure 
was lowered, why didn't  the rest of the brain have altered 
levels of NE and its metabolites? Wouldn ' t  the TYR have 
access to all catecholaminergic neurons of the brain instead 
of only the blood pressure controlling ones in the brain 
stem? 

Fernstrom: It did get into all of the neurons. Catechol- 
aminergic neurons are more precursor dependent the more 
active they are. If drugs like a methyl dopa and clonidine 
act at selectively the brain stem to stimulate NE receptors 
(although they have free access to all NE receptors) and 
somehow lower blood pressure, then these noradrenergic 
neurons of the brain stem could ultimately be influencing 
the activity of on other, descending noradrenergic neurons. 
It 's pretty well known that these descending noradrenergic 
neurons stimulate sympathetic outflow and can cause 
increased blood pressure. If these other hypothetical brain- 
stem neurons which are noradrenergic function to lower 
blood pressure, they might be extremely active in the 
hypertensive animal in attempting to reduce the blood 
pressure. If you now provide them with excess tyrosine, 
they may make considerably more NE and thereby cause a 
greater reduction of activity in the descending noradrener-  
gic neurons and ultimately cause a reduction of blood 
pressure. Therefore, in this particular model, the brainstem 
catecholaminergic neurons which act to lower blood 
pressure are more prepared to synthesize and retense more 
NE in response to an increase of available tyrosine. 

It 's  even easier to see the dependency of a tyrosine 
effect upon activity in dopaminergic neurons. Dopaminer-  
gic neurons which are not particularly active are not pre- 
cursor dependent.  That 's  why we treated animals with 
reserpine. It depletes the stores of D A  and thereby stimu- 
lates new synthesis of DA. The neurons become maximally 
precursor dependent and our other manipulations with 
tyrosine to raise D A  become effective. 

Powley: According to what you say, tyrosine administra- 
tion should have no effect in normotensive animals. 

Fernstrom: It does have have an effect, but it is very small 
in comparison. Normotensive rats have around 110 mm of 
Hg. A 200 mg/kg dose of tyrosine will lower it by only 
around 10mm of Hg, and our method of obtaining 
pressure estimates, via a tail cuff, is only accurate to 5 or 
10 mm of Hg. 

Nicolaidis: As you know, it is difficult to increase sleeping 
time of animals. We have recently shown that when we 
administer glucose plus insulin to animals, they sleep more. 
If the animals have been previously deprived, there is an 
even larger increase of sleep time, up to 47% over normal. 
This is therefore consistent with your hypothesis since this 
manipulation should have caused increased brain 5HT and 
it is associated with increased sleep. 

Fernstrom: Your results are very interesting. For  years, 
we've tried to get sleep researchers here in the U.S.  
interested in studying metabolic effects like you describe, 
but so far such projects have had low priority. Perhaps your 
studies will stimulate more research here. 

Novin: There are large quantities of 5HT in the gastroin- 
testinal system. Are  there parallel changes in gut 5HT as in 
the brain? Does gut 5HT change with diet, or are there 
other functional changes in that pool? 

Fernstrom: Dick Wurtman had a graduate student who 
worked on that problem and found that urinary 5 - H I A A  
could be increased by tryptophan administration. Since 
most urinary 5 - H I A A  is gut derived, this suggests that gut 
5HT synthesis might be sensitive to changes in precursor 
level. Urinary 5 - H I A A  level also appeared to vary directly 
with the protein content of a meal (Metabolism (1979) 28: 
820; J Neurochem (1977) 29: 267). 

Pardridge: Anderson (J. Nutrition (1975) 105: 1412-  
1421) showed an inverse relationship between protein 
drive and plasma tryptophan levels. Can you comment 
upon this? 

Fernstrom: Yes, his observations are rather interesting. The 
Wurtmans are also working on appetite and 5HT, but from 
a different point of view. The two groups have reached 
different conclusions, so it's worth pointing out both of 
them here. Anderson gave weanling rats access to a selec- 
tion of proteins. The idea is that selection is much more 
natural than the present laboratory practice of providing all 
the animal's nutritional needs in a small block of food. Such 
experiments can show only how much the animal eats. The 
selection experiment allows a finer degree of regulation to 
be manifest. Anderson used a number of different proteins, 
some of which were not deficient in any amino acids, like 
casein, and some of which were deficient in specific amino 
acids, like gluten. He added some amino acids to some and 
not to others so that there was considerable variability of 
specific ratios among the various amino acids consumed. A 
given rat had a choice between two such diets which con- 
tained different contents of the same protein. He found an 
inverse relationship between the amount of protein 
selected in the diet (actually the ratio of protein to total 
dietary calories) and the tryptophan to L N A A  ratio; i. e., 
the higher the ratio, the less protein was selected in the 
diet. He has found a comparable relationship when com- 
paring the intakes of various subgroups of humans. Ander-  
son, has also examined the food intakes of Canadians over 
the past 80 years. Canada keeps detailed records of what is 
purchased in the stores, and from these, Anderson calcu- 
lated that the average per capita protein intake has 
remained remarkably constant over the years. He has pos- 
tulated that lean body mass is very tightly regulated and 
that variations of protein intake may be the means for 
keeping it constant. He apparently worked out the Cana- 
dian protein consumption data first, and the relationship 
led him to do the studies where he varied the diets of the 



J. D. Fernstrom: Precursors and Brain Transmitters 289 

rats. He's  also looked at other models, such as diabetic rats, 
and all show predictable results. 

The Wurtmans (Science (1977) 198: 1178) do their 
experiments very differently. The rats are deprived of food 
for 16 hours each day. Food is available only for the 8 
hours of darkness. After  weight stabilizes, they give the rats 
a choice between two diets with varying protein or car- 
bohydrate content. The main focus of the experiments is to 
ascertain the effects of drugs on selection. When they 
administer amphetamine, a drug with mainly catechol- 
aminergic effects, it causes a decrease of chow intake over 
the 8 hours, and when the rats have a choice, it reduces 
protein and carbohydrate intake comparably. In other 
words, the selection data were comparable to the intake of 
chow alone. Fenfluramine is another anorectic agent, but it 
is thought to effect serotonergic neurons more than 
catecholaminergic neurons. Like amphetamine, it caused a 
reduction of chow intake, but it also caused a selective 
decrease of carbohydrate intake. Over the 8-hour feeding 
period, the animal kept its protein intake constant but 
reduced its carbohydrate intake by one half to two thirds. 
So in the Wurtmans '  experiments, it seems to be carbohy- 
drate which is variable or expendable in the diet, not pro- 
tein. Anderson,  on the other hand, claims that dietary pro- 
tein is what is actually regulated. It all seems to depend on 
how the experiments are done. From the Wurtmans '  data, 
one can hypothesize a model regulatory loop where an ani- 
mal consumes excess carbohydrate, its plasma amino acids 
shift to favor brain tryptophan uptake, and more 5HT is 
made in the brain. The result is analogous to what happens 
when a 5HT agonist is given. The animal eats less carbohy- 

drate. So there are two possible regulatory feedback loops 
hypothesized here. Which is more important is not pres- 
ently known. 

Havrankova: How does insulin increase blood tryptophan? 

Fernstrom: It 's not really known. One guess is that the 
insulin somehow acts at the muscle to cause a selective 
release of tryptophan. The rat has 5 ml of blood for each 
100 g of weight, so if blood tryptophan is normally 20 ~tg/ 
ml, a 200 g rat has 200 ~tg of tryptophan in the blood. When 
insulin goes up, that can double. Because the muscle has 
such a large pool of available amino acids, such a change 
would be hard to detect. We tried to do the experiments 
using various labelled compounds, but we were never able 
to find much given the noise in the muscle amino '.acid pods. 

Oomura: What happens to brain 5HT when you administer 
insulin but do not let the animal eat? 

Fernstrom: It goes up. We actually did those experiments 
before we did the feeding studies (Metabolism (1972) 21: 
337). 

Pardridge." Have you tried varying other sugars, like fruc- 
tose? 

Fernstrom: Yes, we've given several. Most didn't  do much, 
including sorbitol and mannose. Fructose actually 
increased brain 5HT, but I suspect that most of it was con- 
verted to glucose in the liver. In general, those that led to 
an increase of plasma glucose, like sucrose, induced insulin 
secretion and led to an increase of brain 5HT. 


