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1. Introduction

THIs review summarizes our knowledge of the ability
of certain neurons to synthesize more or less of their
particular neurotransmitters when plasma concentra-
tions of their precursors rise or fall. The transmitters for
which there is now the best evidence of precursor control
are serotonin, the catecholamines dopamine and norepi-
nephrine, and acetylcholine (227, 92, 86); their circulating
precursors are the amino acids tryptophan and tyrosine
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and the quaternary base choline. The xeview first de-
scribes factors that determine the amounts of these pre-
cursors available t(/)( the neurons and the intracellular
mechanisms that couple precursor availability to neuro-
transmitter synthesis. It next considers the circumstances
that must exist in order for changes in plasma composi-
tion to affect neurotransmitter synthesis, as well as the-
factors that determine whether an increase in the syn-
thesis of a neurotransmitter will, in fact, lead to an
increase in its release. Finally, it summarizes‘data pres-
ently available on the physiologic and behavioral effects
of neurotransmitter precursors and on their utility, pres-
ent or potential, in the treatment of neurologic and
psychiatric diseases.
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Neurotransmitter precursors tend to be much less po-
tent modifiers of neurotransmission than the true drugs
that interact with synaptic macromolecules. (As used
here, the term “drugs” excludes normal dietary constit-
uents like tyrosine, tryptophan, or choline, which also
are invariably present in the circulation.) In general, the
precursors are unable to combine directly with neuro-
transmitter receptors, having first to be converted to
agonists by one or more enzymes in the presynaptic
neuron. As discussed below (section III), the rate at
which this conversion occurs may vary considerably from
neuron to neuron and time to time, depending on the
neuron’s firing frequency, among other things. [One pos-
sible exception to the statement that the precursors lack
intrinsic synaptic activity may be choline, which has been
reported to have one-eighth the muscarinic activity of
acetylcholine when applied iontophoretically to neurons
in the cat’s sensorimotor cortex (120), and which also
exhibits very weak muscarinic activity in synaptosomal
binding studies (99).] Moreover, all of the neurotrans-
mitter precursors are rapidly metabolized [as demon-

strated by the constancy of their fasting plasma levels,

regardless of how much protein (64) or lecithin (101) was
consumed during the day before the fast] and their status
as ligands for ubiquitous transport systems keeps their
tissue levels from continuing to rise when they are ad-
ministered chronically. These disadvantages may be-
come advantages if the precursors are used clinically. For
example, precisely because they do not accumulate in
tissues after repeated administrations, their concentra-
tions in plasma remain excellent indices of tissue levels
at all times; precisely because their conversion to neu-
rotransmitter molecules is often coupled to neuronal
firing frequency, they can be kept from causing general-
ized cholinergic or adrenergic activation by local feed-
back modulations. The phenomenon of precursor control
may, in a sense, be viewed like the talking horse of circus
side shows: what is surprising is not its limited vocabu-
lary, but the fact that it talks at all. That the consumption
of particular nutrients can affect brain composition and
that administration of such nutrients can perhaps be
used to modify neuronal functions remains surprising,
but may also provide a basis for useful new therapeutic
and research strategies.

About 20 or 25 compounds are currently conceived to
be neurotransmitters in the mammalian central nervous
system (108). These compounds fall into three chemical
groups: amines (serotonin, dopamine, norepinephrine,
epinephrine, acetylcholine, histamine); certain peptides
(such as thyrotropin-releasing hormone, luteinizing hor-
mone-releasing hormone, somatostatin, endorphins, and
substance P); and some nonessential amino acids (glu-
tamine, aspartate, glycine) and their metabolites (GABA,
taurine, beta-alanine). Some evidence for susceptibility
to precursor control is available for all of the neurotrans-
mitter amines except epinephrine, which apparently has
yet to be examined; and for the amino acid glycine, whose
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levels in spinal cord synaptosomes are elevated in ratg
treated with the essential amino acid threonine (135). 1t
seems unlikely a priori that the synthesis of peptide
transmitters will be found to depend on plasma levels of
their precursor amino acids, since intraneuronal concen.-
trations of the immediate precursors in peptide forma-
tion, amino acid molecules coupled to their respective
tRNAs, normally depend not on amino acid levels but on
the extent to which the enzymes that bind the amino
acid to the tRNA are saturated. In the brain, these tend
to be high-affinity enzymes (13). The extent to which
circulating precursors control the production of trans-
mitters (other than glycine) that are nonessential amino
acids or their products awaits characterization. In some
cases, even the identities of these precursors have yet to
be established with certainty. Thus, the ability to be
affected by precursor availability and plasma composi-
tion may characterize only a very small proportion of
synapses, i.e. those using an amine or perhaps glycine as
their transmitter. However, these tend to be the same
synapses as those acted upon by most of the neurophar-
macologic agents whose actions are understood, and as
those known to be involved in particular diseases. This
raises hopes that additional clinical testing of the precur-
sors will point to useful new therapies.

II. Precursor Availability

All neurotransmitters whose syntheses are now known
to be influenced by precursor availability are produced
from compounds that must be obtained, in whole or in
part, from the diet. Tryptophan (like threonine) cannot
be synthesized at all by mammalian cells, and is truly an
essential amino acid. Tyrosine is formed in the liver, and
to a limited extent in the brain (107), from phenylalanine;
however, phenylalanine itself is an essential amino acid
and its conversion to tyrosine is probably insufficient to:
satisfy the body’s need for tyrosine. Choline, like tyrosine,
can be formed in liver and in brain (18, 18a) by hydrolysis
of endogenously synthesized lecithin. However, the major
portion of the choline in the circulation (especially post-
prandially) derives from dietary lecithin (101). Small
amounts also come from the free choline in such foods as
cauliflower (223) or the sphingomyelin in milk (223). Like
other nutrients, the neurotransmitter precursors are
stored in the organism within very large metabolic pOleS,
in the form of tissue proteins and membrane lecithins;
thus failure to consume them for short periods causes
relatively small decreases in their plasma levels beyond
those observed after a normal overnight fast. )

As described below, consumption of a meal can In-
crease plasma tryptophan, choline, or tyrosine concen-
trations as much as severalfold for short periods of time
(the number of hours needed to digest and absorb the
meal) (fig. 1A), if the meal happens to include foods rich
in protein or lecithin (101, 64, 105). If the meal lack.s
lecithin, it will have no effect on plasma choline (101); if
it lacks protein, it will actually lower plasma levels of
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Fic. 1A. Relation between dietary protein content and plasma tryp-
tophan levels (or tryptophan ratios) in healthy male subjects consuming
0, 75, or 150 g of protein daily and having plasmas sampled at 4-hr
intervals. Vertical bars indicate standard deviations. Each point rep-
resents blood taken on the fourth and fifth days (data pooled) from
seVen subjects consuming the indicated diet for 5 consecutive days; all
subjects consumed all three diets. Plasma tryptophan levels (in humans
and experimental animals) vary directly with dietary tryptophan con-
tent, while the plasma tryptophan ratios vary inversely with dietary

tein (64).

Fic. 1B. Relationship between brain tryptophan levels and the
serum tryptophan ratio, or the calculated brain tryptophan influx, in
individual animals consuming (for 2 hr) single meals of different protein
content. ® = fasting controls; O = animals ingesting 0% protein; B =
rats consuming 18% protein; [} = rats consuming 40% protein. Data
were analyzed by linear regression; the values of the correlation coef-
ficient differed significantly from 0 (P < .01, ¢-test) (60).

most of the amino acids because of the insulin secretion
it elicits (64, 226). In order for a circulating precursor to
affect brain neurotransmitter synthesis, it is a prerequi-
site that such increases (or decreases) in its plasma
concentration be allowed to occur. That is, there must
not be feedback mechanisms that keep plasma precursor
levels from changing after consumption of meals or after
ingestion of the precursors themselves. Were such feed-
back mechanisms to operate for plasma choline and
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amino acids (as they do, for example, for plasma glucose,
temperature, and osmolarity), maintaining their concen-
trations within narrow ranges regardless of the amounts
consumed, then neurotransmitter synthesis would be in-
dependent of plasma composition. In the absence of
feedback mechanisms, diseases that disrupt a metabolic
“sink” for an amino acid or choline, like phenylketonuria
(72) or hepatic failure (172), can cause very major
changes in their plasma levels, and may thereby alter
neurotransmitter synthesis (160, 67, 137) and cause im-
portant neurologic sequelae. A normal condition, that of
the newborn, also is associated with major elevations in
plasma levels of a neurotransmitter precursor: plasma
choline levels in human infants and late fetal and neo-
natal choline levels in experimental animals are more
than 3-fold those of adults (235) and are even higher than
levels induced in adult subjects given lecithin or choline
to treat neurologic diseases. This elevation probably re-
flects the delayed development of choline-metabolizing
enzymes in the liver; its effect on cholinergic function
awaits examination.

A second phenomenon that must exist in order for
plasma precursor levels to affect neurotransmitter syn-
thesis is the presence of mechanisms within the blood-
brain barrier that allow precursor molecules in the cir-
culation to equilibrate with those in brain extracellular
fluid (fig. 2) (166, 60, 168). If the blood-brain barrier for
tryptophan or choline, for example, really were an abso-
lute barrier, then brain levels of these transmitter pre-
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FIG. 2. Schematic diagram illustrating the blood-brain barrier
mechanisms mediating the transport of neurotransmitter precursors
into the brain’s extracellular space, the uptake of these compounds into
neurons, and their conversion to the neurotransmitters. Choline (Ch)
apparently is taken up by a noncompetitive system and is converted to
acetylcholine (ACh) by the enzyme choline acetyltransferase (CAT).
The uptakes of tryptophan (TRP) and tyrosine (TYR) at both the
blood-brain barrier and the neuronal membrane are competitive with
each other and with other large neutral amino acids (LNAA). The rate
at which tryptophan is converted to 5-hydroxytryptophan (5-HTP) and
thence to serotonin (5-HT) is controlled by the enzyme tryptophan
hydroxylase. Similarly, the syntheses of the catecholamine transmit-
ters, dopamine (DA) and norepinephrine (NE), from tyrosine via
DOPA, can depend on the concentration of intraneuronal tyrosine
available to tyrosine hydroxylase. (Any particular neuron produces
only ACh, 5-HT, or a catecholamine.)
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cursors would be unaffected by their consumption or
administration. In fact, the capillary endothelia that com-
prise the blood-brain barrier contain two specific trans-
port systems for neurotransmitter precursors: one for
choline (168, 38) and another for such large neutral amino
acids (LNAA) as tryptophan, tyrosine, threonine, the
branched-chain amino acids (leucine, isoleucine, and va-
line), phenylalanine, and methionine (fig. 3) (166, 168).
Neither transport system is energy-requiring, nor can
either maintain a concentration gradient: rather, both
serve to facilitate the diffusions of their substrates from
blood into brain (influx) or in the opposite direction
(efflux). At steady-state, brain choline levels probably
are higher than those in arterial plasma (4b, 35), probably
reflecting the de novo synthesis of choline in brain or its
liberation from circulating phospholipids (4b, 18, 18a);
hence, the prevailing direction of choline flux is from
brain to blood (52). Consumption of a choline-rich meal
or a therapeutic dose of lecithin raises blood choline
levels; this both accelerates the influx of choline into the
brain and, by diminishing its concentration gradient from

Dietary
Carbohydrate
(Insulin Secretion)

Dietary
Protein
(Amino Acids)

++ \}
Plasma Plasma
(T+P+L+1+V) |~( | Tryptophan

Plasma Ratio N
T
(T+P+L+I1+V) /-

, Y
Brain
Tryptophan

!

Brain
Serotonin

A

Brain
5-HIAA

Fic. 3. Schematic diagram illustrating relationships between food
consumption, plasma amino acid levels, and brain serotonin synthesis
and release. Carbohydrate consumption elicits insulin secretion, which

markedly lowers plasma levels of LNAA other than tryptophan (e.g. -

tyrosine, phenylalanine, leucine, isoleucine, and valine). This increases
the plasma tryptophan ratio, which facilitates the transport of trypto-
phan into the brain. The resulting increase in the saturation of tryp-
tophan hydroxylase enhances the synthesis and release of the neuro-
transmitter serotonin. The addition of protein to a meal tends to
diminish the plasma tryptophan ratio because all dietary proteins
contain proportionately much less tryptophan than other LNAA; thus
they tend to lower brain tryptophan levels and diminish serotonin
synthesis and release (61).
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brain to blood, slows its efflux. The blood-brain barrier
transport of choline constitutes a locus at which drugs
can act to influence cholinergic functions. Thus, deanol
(dimethyl-aminoethanol) competes with choline (149) for
influx, an observation that may explain why high doses
(that temporarily exceed the capacity of the liver to
convert them to choline) may actually impair cholinergic
functions. Lithium salts apparently suppress the efflux of
choline more than its influx (150, 54); this potentiates the
increases in brain choline levels and acetylcholine syn-
thesis caused by a given dose of choline or lecithin.

The kinetics of LNAA transport across the blood-brain*
barrier are such that transport is competitive between
the individual amino acids. This reflects the fact that a
single mechanism mediates the brain uptake of all the
LNAA, and that its Kn, for them is about equal to their
total plasma concentration (167, 230). Hence, the entry
of circulating tryptophan (or tyrosine) into the brain can
be accelerated either by raising plasma tryptophan (or
tyrosine) levels or by lowering plasma levels of other
LNAA (166, 60, 63). Insulin enhances brain serotonin
synthesis primarily by reducing the denominator of this
ratio (fig. 3). Insulin administration (or its secretion after
carbohydrate consumption) has little effect on plasma
tryptophan levels but markedly lowers plasma levels of
the other LNAA (63); this increases the plasma trypto-
phan ratio (the ratio of the tryptophan concentration to
the sum of the other competing LNAA concentrations),
thereby facilitating the flux of tryptophan into the brain.
Brain tryptophan levels are raised, thus increasing the
saturation of the enzyme (tryptophan hydroxylase) that
controls the rate at which neurons synthesize serotonin
(130). The reason that plasma tryptophan levels do not
fall after insulin is secreted has to do with that property
of tryptophan, unique among natural amino acids, of
traveling in the circulation largely bound to albumin
(142) by a low-affinity, high-capacity mechanism (133,
118, 196). Ordinarily, as much as 75% to 80% of the total
amount of nonpeptide tryptophan in the blood stream is
albumin-bound. When insulin is secreted, plasma levels
of nonesterified fatty acids (NEFA) fall, because insulin
facilitates the uptake of NEFA into fat-producing cells.
As these NEFA molecules are stripped off the circulating
albumin (to which almost all are bound normally), the
affinity of albumin for tryptophan increases substantially
(167, 133, 118, 127); hence, plasma levels of albumin-
bound tryptophan rise. This rise in bound tryptophan
makes up for the fall in plasma “free” tryptophan (which
is proportionate to the declines in the other aromatic
LNAA). Apparently, the total amount of tryptophan in
the plasma (i.e. albumin-bound plus free) determines the
amount of the amino acid that is potentially accessible
to the brain; this is because the affinity for tryptophan of
the blood-brain barriet transport mechanism, estimated
from its Vimax/Km ratio (167, 230), is considerably greater
than the affinity for tryptophan of albumin. When an
albumin-bound tryptophan molecule passes through
brain capillaries, the likelihood that it will dissociate from
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the albumin and be taken up into the brain is only about
99% less than that of a corresponding “free” tryptophan
molecule (234).

Tryptophan tends to be very scarce in most dietary
proteins (about 1% of the total amino acid content) (226);
moreover, unlike the branched-chain LNAA, portal ve-
pous tryptophan is extensively metabolized in the liver
(177a). Hence, when a given amount of protein is con-
sumed in a meal, its direct contribution of tryptophan
molecules to the systemic circulation is proportionately
much less than its contribution of the other LNAA. The
net effect of any meal on the plasma tryptophan ratio
will be the resultant of two processes, i.e. the postprandial
secretions of insulin (which markedly lowers blood levels
of the branched-chain LNAA, but not of tryptophan) and
the passage into the circulation of some of the amino
acids in the dietary protein (which contributes many
more molecules of the other LNAA than of tryptophan).
If a given meal contains about 10% protein (18% for the
rat), the net increase in plasma tryptophan will be ap-
proximately proportionate to that in the other plasma
LNAA; the plasma tryptophan ratio will thus remain
unchanged, as will brain tryptophan and serotonin levels
(figs. 1 and 3) (60, 63). Below this level of protein, the
insulin-mediated postprandial fall in plasma LNAA will
not be sufficiently compensated by the direct contribu-
tion of LNAA from dietary protein; hence, the plasma
tryptophan ratio will rise. Conversely, if the protein
content of the meal is increased beyond this proportion,
then the marked increase in other plasma LNAA will
cause the plasma tryptophan ratio to fall below initial
levels, suppressing brain serotonin synthesis (63) (fig. 1).
Serotonin-releasing brain neurons can thus function as
variable ratio sensors, making and probably releasing
more or less of their transmitter in inverse proportion to
the protein content of the most recently eaten meal. As
discussed below, the brain may utilize this property in
decisions about food choices (224).

Unlike tryptophan, tyrosine is fairly abundant in die-
tary proteins. Moreover, at least half of the phenylalanine
in protein is converted to tyrosine in each passage
through the hepatic circulation (55). Plasma tyrosine
levels are lowered by insulin, which stimulates the uptake
of tyrosine into skeletal muscle (226), but not proportion-
ately as much as levels of the branched-chain LNAA,
leucine, isoleucine, and valine (which, unlike the aromatic
LNAA, are metabolized primarily in muscle). These fac-
tors cause the effects of particular diets on plasma factors
affecting brain tyrosine uptake to differ considerably
from those affecting tryptophan. A protein-free meal will
cause no change or a small increase in the plasma tyro-
sine ratio (the ratio of the tyrosine concentration to the
sum of the other competing LNAA concentrations), while
the addition of protein will increase this ratio (80) and
potentially accelerate catecholamine synthesis (80, 81)
(fig. 2). A large dose of tyrosine will raise brain tyrosine
levels, but will lower those of tryptophan and other
LNAA. Similarly, a large tryptophan dose can lower
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brain tyrosine and may thereby compromise central
catecholaminergic transmission (229). It can be antici-
pated that a variety of synthetic amino acid mixtures will
be developed by investigators and clinicians who wish to
cause an increase, decrease, or no change in one mono-
amine neurotransmitter, while primarily altering an-
other. If the mix also contains sufficient carbohydrate,
the effect of its amino acid content on brain tyrosine or
tryptophan will be amplified by the resulting insulin-
mediated fall in other plasma LNAA.

A third factor that must operate in order for plasma
composition to affect neurotransmitter synthesis relates
to the kinetics of the participating blood-brain barrier
transport system. It must be of the low-affinity type, and
must not be saturated with its substrate (i.e. the precur-
sor of the neurotransmitter) at physiologic plasma con-
centrations. For example, if the affinity of the choline
transport carrier (reflected in its Kq or Ky, for its ligand)
were such that, at normal plasma choline levels, the
carrier was fully saturated, then further increases in
plasma choline caused by lecithin administration would
have no effect on the flux of choline across the blood-
brain barrier or its steady state levels in the brain. Both
the choline and LNAA tr ort systems exhibit low-
affinity kinetics (fig. 1B); hence, brain levels of choline,
tryptophan, and tyrosine vary with the plasma choline
level and with the plasma tryptophan or tyrosine ratios
(166, 60, 34). The predictability of this relationship is
important clinically: it is not necessary actually to obtain
samples of brain tissue, or even cerebrospinal fluid, in
order to estimate the changes in brain choline, tyrosine,
or tryptophan that occur after a given meal or treatment;
one need measure only plasma choline or LNAA concen-
trations (101, 64). Very little information is available
about the capillary macromolecules that underlie the
blood-brain barrier transport systems or the factors that
influence their concentrations in endothelial cells (168).
There is evidence that in at least one disease state, acute
hepatic failure, the transport V., for some LNAA into
the brain is increased (137); the associated rise in brain
tryptophan may contribute to the development of he-
patic coma (137).

Do neurons making a particular transmitter possess
special mechanisms for taking up its precursor from the
extracellular fluid of the brain? Insufficient data are
available to justify a firm answer to this question; how-
ever, those-data that exist do not make a strong case for
such special uptake systems. Cholinergic nerve terminals
are thought by some (232, 121), but not all (116), inves-
tigators to contain a high-affinity mechanism (Km = 1
pM) that catalyzes the uptake of choline from the syn-
aptic cleft; this presumably allows terminals to reutilize
choline formed intrasynaptically (from the hydrolysis of
acetylcholine by acetylcholinesterase) for resynthesis of
the transmitter (232, 121, 116, 16). However, the kinetics
of this uptake mechanism cannot account for observed
rates of acetylcholine production in the brain (26) or
phrenic nerve (16a) nor for the phenomenon of precursor
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control. The high-affinity mechanism is probably too
well saturated with choline at basal intrasynaptic choline
levels [estimated to be as high as 1 mM (53)] to allow
choline or lecithin administration to cause it to transport
more of the precursor (121). Like other cells, cholinergic
neurons also contain a high-capacity, low-affinity uptake
system (16) (K, = 100 M), and this mechanism probably
mediates the uptake of most of the choline in extracel-
lular fluid that is destined to become acetylcholine (16,
16a, 128). Isolated brain nerve terminals (synaptosomes)
contain two mechanisms catalyzing the uptake of tyro-
sine and, probably, tryptophan (157, 23). One of these
exhibits high-affinity (K = approximately 8 uM); the
other is low-affinity, and perhaps even diffusional, since
it continues to take up additional tyrosine beyond the
point that no more amino acid can be dissolved in the
medium. Both mechanisms exhibit competition among
LNAA; the pattern of competition is similar to that of
the blood-brain barrier uptake system. At physiologic
LNAA concentrations, at least half the tyrosine that
passes from the extracellular fluid of the brain to nerve
terminals apparently does so via the low-affinity mech-
anism (157). Synaptosomal tyrosine-uptake mechanisms
are ;lesent in all brain regions, but their concentrations
vary in a manner roughly paralleling the distribution of
catecholaminergic terminals (156). In summary, when
plasma choline or LNAA levels change, qualitatively
similar alterations probably occur in all brain neurons.

III. Mechanisms Coupling Intraneuronal
Precursor Levels to Neurotransmitter S/ynthesis

In order for treatment-induced changes in plasma and
brain tryptophan, choline, or tyrosine levels to cause
parallel alterations in the syntheses of their neurotrans-
mitter products, the enzyme catalyzing the key step in
this biotransformation must be capable of generating
more product when exposed to increased concentrations
of its substrate. This requires that the enzyme not be
saturated fully with the precursor or, stated another way,
that the affinity of the enzyme for its substrate (as
indicated by the Michaelis-Menten constant) be poor in
relation to available substrate concentrations. It also
requires that the enzyme not be subject to significant
feedback inhibition by its products.

The first requirement is fulfilled by the rate-limiting
enzymes that produce catecholamines, serotonin, and
acetylcholine. The Ky, of tyrosine hydroxylase for tyro-
sine, studied in vivo [approximately 25 uM (25)] and in
vitro (115), is probably in the same range as the tyrosine
concentrations in brain homogenates, which suggests
that the enzyme normally is only about 50% to 75%
saturated (25). There is a similar relationship with tryp-
tophan hydroxylase [Kn = approximately 25 uM in vivo
(25)] and brain tryptophan (130, 24, 94). Choline acetyl-
transferase, which forms acetylcholine from choline and
acetyl-coenzyme A, has a far lower affinity for choline
(that is, a much higher K., approximately 400 uM) than
usual brain choline concentrations (34, 218); its Vi, in
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brain areas like corpus striatum is also far higher than
their estimated rates of in vivo acetylcholine synthesis,

There are at least three theoretical loci at which feed-
back mechanisms might operate to dampen the acceler-
ation of synthesis of a neurotransmitter that follows
administration of its precursor. The first is within the
neuron itself and involves direct inhibition by the product
of the enzyme (the neurotransmitter) of the rate-limiting
enzyme. The second includes an extracellular link: release
of the transmitter into the synaptic cleft, followed by its
interaction with presynaptic dendritic autoreceptors lo-
cated on its neuron of origin. Such receptors could “in-
form” the neuron that more transmitter was being re-
leased, and thereby activate intracellular mechanisms
(perhaps involving allosteric changes in the same rate-
limiting enzyme) for slowing transmitter synthesis. The
third presupposes a multisynaptic reflex arc that dimin-
ishes the firing rate of the precursor-dependent neuron
when the amount of transmitter released per firing has
increased. An additional intracellular mechanism would
couple the change in the firing frequency of the neuron
to the activity of the rate-limiting enzyme.

Treatments that raise brain tryptophan levels accel-
erate brain serotonin synthesis and increase brain con-
centrations of both serotonin and its major metabolite,
5-hydroxyindoleacetic acid (5-HIAA) (36, 63). In vitro
studies with tryptophan hydroxylase have not provided
evidence that the enzyme is subject to significant direct
inhibition by its product serotonin (130, 73). Further-
more, a treatment that increased brain serotonin levels
in vivo (administration of a monoamine oxidase inhibi-
tor) failed to block the further increase in serotonin
synthesis caused by administering tryptophan (111).
Large doses of tryptophan that elevate brain tryptophan
levels beyond their normal dynamic range do slow the
firing of serotonin-containing raphe neurons (74); this
diminishes serotonin release and might also suppress
serotonin synthesis. These observations suggest that
feedback control of brain serotonin synthesis is minimal
within the normal dynamic range of brain tryptophan
levels (i.e. those levels associated with eating various
foods or taking low doses of tryptophan). However, it
should be noted that treatments that cause unphysiologic
changes in brain tryptophan (i.e. administering 1 g/kg of
an LNAA; consuming a tryptophan-free diet) can cause
tryptophan hydroxylase activity to change in the oppo-
site direction (162). )

Choline acetyltransferase exists in several isomeric
forms (136, 184, 217), at least one of which (184) may be
inhibited by acetylcholine concentrations similar to those

" found within vesicles (16). Within intact neurons, how-

ever, choline acetyltransferase exists mainly in the cyto-
plasm, where acetylcholine concentrations are thought
to be low (16). Corpora striata from rats given a choline
dose adequate to cause a prolonged increase in acetyl-
choline levels exhibit no decrease in choline acetyltrans-
ferase activity during the interval in which acetylcholi.ne
is elevated, and a small increase in the enzyme’s activity
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on the following day (65). Tardive dyskinesia patients
receiving therapeutic doses of lecithin for a year (75)
exhibit no tolerance to lecithin, as would be anticipated
if the resulting increase in acetylcholine levels inhibited
choline acetyltransferase.

The situation is somewhat more complex in the case
of catecholaminergic neurons, where end-product inhi-
pition of tyrosine hydroxylase has been demonstrated
poth directly, in vitro (161), and in vivo among animals
given monoamine oxidase inhibitors to raise catechola-
mine levels (131). Catechols can inhibit the enzyme by
interfering with the binding of its cofactor, reduced biop-
terin (161). However, it has never been shown that intra-
neuronal catecholamine levels can increase in vivo suffi-
ciently to inhibit tyrosine hydroxylase activity excep?
when animals are treated with a monoamine oxidase
inhibitor. Such drugs change both the level and the
intracellular distribution of the catecholamines, causing
‘the transmitters to accumulate in the cytoplasm of the
cell in the vicinity of tyrosine hydroxylase, where they
normally are undetectable.

Catecholamine synthesis and release are also modu-
lated by extracellular feedback mechanisms involving
both presynaptic or dendritic autoreceptors and changes
in neuronal firing rates (59, 164). Presynaptic alpha re-
ceptors, activated by norepinephrine or clonidine and
blocked by phenoxybenzamine, suppress the release of
H-norepinephrine from electrically-stimulated perfused
tissues containing noradrenergic terminals; their effect
has been reported to diminish when neuronal firing rates
increase (123, 191, 114). That similar feedback mecha-
nisms also act in vivo to buffer neurons from tyrosine-
induced changes in catecholamine synthesis is suggested
by the fact that tyrosine administration has never clearly
been shown to elevate brain or tissue catecholamine
levels. The hydroxylation of tyrosine to DOPA is accel-
erated by tyrosine administration in brains of rats given
a drug that blocks the subsequent conversion of DOPA
to catecholamines (229, 25); however, this responsé need
not imply that tyrosine administration also accelerates
the synthesis of DOPA when its conversion to a cate-
cholamine is not blocked.

Despite evidence for extracellular feedback control of
tyrosine hydroxylation, the availability of tyrosine does
indeed affect catecholamine synthesis and turnover un-
der a.variety of conditions. For example, levels of homo-
vanillic acid (HVA) and dihydroxyphenylacetic acid
(DOPAC) in the caudate nucleus (which may provide an
indication of changes in the rate at which dopamine is
released from nigrostriatal neurons) are increased by
tyrosine administration in rats pretreated with haloperi-
dol (179) or reserpine (194) (which bleck dopamine re-
ceptors and dopamine storage, respectively); or after
partial lesioning (more than 75%) of the nigrostriatal
tract (144) [which apparently accelerates the firing fre-
quencies of surviving dopaminergic neurons (4)]. Tyro-
sine also enhances the increase in striatal dopamine
levels in rats given gamma-butyrolactone (193), which
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itself activates nigrostriatal tyrosine hydroxylase (154)
and increases striatal dopamine levels (189) while sup-
pressing nigrostriatal impulse flow. Tyrosine enhances
norepinephrine synthesis and release in brains of normal
animals subjected to cold stress (80), and in brainstems
of spontaneously hypertensive rats not otherwise treated
(195). What all these experimental situations appear to
have in common is their propensity either to accelerate
the firing of the tyrosine-dependent catecholaminergic
neurons or to diminish the local feedback responses
mediated by presynaptic catecholamine receptors. Thus,
the extent to which a catecholaminergic terminal exhibits
precursor-dependence at any time seems to depend on
its physiologic activity at that time. The hypothetical
mechanism that couples the frequency of neuronal de-
polarization to tyrosine-responsiveness awaits character-

“ization; it could involve changes in the activity of tyrosine

hydroxylase, perhaps mediated by phosphorylation of
the enzyme, which might increase its Vmax and affinity
for its pteridine cofactor (112). Alternatively, it could
result from the reported tendency of presynaptic recep-
tors to become less effective in suppressing catechola-
mine release when neuronal firing frequencies increase
(123, 191).

An apparent relationship between frequency of depo-
larization and responsiveness to increased precursor
levels seems also to characterize cholinergic and seroton-
inergic neurons. For example, increasing the choline con-
centration in the medium has only a small effect on the
spontaneous release of acetylcholine from motor neurons
innervating the rat diaphragm (fig. 4) (16, 16a) or from
brain preparations (216); yet, choline markedly augments
acetylcholine release when the phrenic nerve (16, 16a) is
stimulated electrically in the physiologic range, or when
the brain slices (195a) or minces (26) are exposed to
potassium ions. Based on such evidence, a tentative
principle can be proposed concerning the extent to which
any neuron containing a precursor-dependent transmit-
ter will be affected by actual changes in that precursor’s
availability: precursor dependency becomes manifest, or
is enhanced, under conditions that accelerate the fre-
quency with which a neuron becomes depolarized. This
“law” is, of course, based only on empirical observations
and in no way implies that precursor levels are the major
factor that modulate the synthesis of any transmitter
under any conditions.

Why is it that administration of tyrosine apparently
fails to elevate brain dopamine or norepinephrine levels
if, as proposed, tyrosine hydroxylase is less than fully
saturated with its amino acid substrate, not significantly
affected by allosteric end-product inhibition, and capable
of being activated when catecholaminergic neurons fire?
Perhaps very large fractions of the dopamine or norepi-
nephrine are stored in metabolic or cellular pools that
turn over very slowly; even major increases in the size of
the “active,” tyrosine-dependent pool could thereby go

_unnoticed. Alternatively, perhaps investigators simply

have not yet utilized optimal experimental conditions
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Fic. 4. Relation between choline availability and acetylcholine
release. An intact rat phrenic nerve-diaphragm was incubated in the
presence of various choline concentrations and a cholinesterase inhib-
itor; acetylcholine release was measured in the resting state and after
electrical stimulation of the nerve (7 Hz; 0.2 msec; 0.6 V). In the resting
state, increasing choline concentration in the medium had only a slight
effect on acetylcholine release; with nerve-stimulation precursor, avail-
ability had a major influence on the amount of acetylcholine released
(*P < 0.01) (16).

(e.g. treatments that chronically increase neuronal firing
frequencies) or have not yet examined catecholamine
levels in brain regions containing the most responsive
groups of catecholaminergic neurons.

IV. Precursor Availability and Neurotransmission

The total amount of information that a group of neu-
rons can transmit during any particular interval probably
depends on several factors, one of which is the number
of neurotransmitter molecules that their presynaptic ter-
minals are releasing during that interval. This, in turn,
depends on the total number of synapses that the neurons
make, the average frequency with which the neurons
happen to be firing, and the average amount of transmit-
ter released at each synapse per firing. If precursor-
induced changes in neurotransmitter synthesis are to be
of any physiologic relevance, then such changes must
cause increases in the amount of transmitter released,
both per depolarization and per unit time. This may or
may not modify postsynaptic responses, depending on
such additional factors as whether unoccupied postsyn-
aptic receptors are available to respond to the additional
neurotransmitter molecules. [Precursor administration
may also affect the number of receptor molecules; the
presence of choline in the diet has been reported to
increase the number of nicotinic receptors in the brain
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(155).] But an increase in transmitter release is a prereq-
uisite, if precursor-induced changes in transmitter syn-
thesis are to have functional significance. If most brain
neurons are controlled by feedback mechanisms, involv-
ing presynaptic receptors or multisynaptic reflex arcs,
that keep neurotransmitter release per unit time con-
stant, despite fluctuations in the levels of transmitter
within presynaptic terminals, then when, if ever, does
precursor availability actually affect neurotransmission?
There are a number of situations, outlined below, in
which this seems probable.

A. Neurons That Lack Multisynaptic Feedback Loops

Peripheral sympathetic neurons (and chromaffin cells)
in humans (3) and experimental animals (4a) release
more catecholamines after tyrosine has been adminis-
tered or a protein-rich meal has been consumed. That
the resulting increase in urinary catecholamine levels
represents increased catecholamine release and not, for
example, alterations in catecholamine metabolism, is in-
dicated by the fact that levels of catecholamine metabo-
lites in the urine also rise; that this reflects accelerated
catecholamine synthesis and not simply release of stored
material is indicated by the failure of tissue catechola-
mine levels to decline (4a).

Another locus at which the effect of a precursor on
neurotransmitter release may not be modulated by mul-
tisynaptic feedback loops involves preganglionic cholin-
ergic neurons terminating in sympathetic ganglia (208)
or in the adrenal medulla (204). In both tissues, chronic
administration of choline (2 to 4 days) causes persistent
increase in tyrosine hydroxylase activities within the
postsynaptic cells. The time-course and actinomycin sen-
sitivity of these increases suggest that they reflect en-
zyme induction (204). When the firing frequencies of the
preganglionic cholinergic neurons are accelerated [by
pretreating animals with reserpine (205), dibenzylene, 6-
hydroxydopamine, or insulin (206), or by placing them in
a cold environment (206)], the induction by choline of
postsynaptic tyrosine hydroxylase is markedly amplified;
the two treatments potentiate each other. [That thelocus
of action of choline is within the adrenal, on acetylcholine
release per firing, and not via a centrally mediated accel-
eration in the frequency of splanchnic nerve firing, is
suggested both by this potentiation and by the fact that
centrally acting muscarinic agonists like oxotremorine
fail to reproduce choline’s effects on sympathoadrenal
tyrosine hydroxylase activity (208a)].

B. Neurons That Are Components of Positive
Feedback Loops

If a neuron releases a precursor-dependent excitato.ry
neurotransmitter directly onto its own receptors, or if its
depolarization, acting transsynaptically, causes it to re-
ceive greater quantities of excitatory transmitters from
other neurons and thus to fire more frequently, then the
initial increase in transmitter release after precursor ad-
ministration may enhance subsequent responses to the
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precursor. There might be such a situation in cholinergic
interneurons within the basal ganglia (140). These neu-
rons may synapse onto themselves, adjacent cholinergic
neurons, and nigrostriatal terminals, as well as onto the
perikarya of other neurons. Choline or lecithin adminis-
tration increases acetylcholine levels in (34, 102), and
release from, these neurons, as indicated by the resulting
activation of tyrosine hydroxylase (207, 176a) (within
nigrostriatal terminals) and the increase in caudate HVA
levels (98). The concurrent increase in caudate choline
acetyltransferase activity (65) suggests that the cholin-
ergic neurons are also activated by the choline. The effect
of choline on caudate acetylcholine levels is enhanced in
animals receiving atropine [(i.e., comparing these levels
with those observed in animals receiving atropine alone
(215, 213)], presumably because the muscarinic antago-
nist acts via multisynaptic pathways to accelerate the
firing of the cholinergic interneurons. The long-axon
neurons of the septohippocampal tract show much
smaller changes in acetylcholine content after choline
administration (65, 215) than do caudate interneurons.
Perhaps the septohippocampal cells fail to receive posi-
tive feedback signals after choline administration and
thus fail to increase their firing frequencies and become
more choline-dependent.

C. Neurons That Normally Release Variable
Quantities of Neurotransmitter per Firing without
Engaging Feedback Responses

If the mechanisms controlling the firing frequencies of
a group of neurons allow the neurons-to release widely
varying amounts of neurotransmitter per unit time with-
out undergoing feedback changes in firing, then precursor
availability might be expected to exert undampened ef-
fects on neurotransmitter output within this broad range.

One group of neurons that may manifest this kind of
control is the serotonin-releasing cells of the raphe nu-
cleus. The rate at which they synthesize and release
neurotransmitter apparently varies directly with trypto-
phan availability throughout the physiologic range of
brain tryptophan concentrations (more than 2-fold) (62).
Raphe firing does decrease when animals are given very
large doses of tryptophan (74), indicating that there is an
upper limit to serotonin release beyond which the neu-
rons are subject to feedback control, but not when they
receive smaller doses (20a). The ability of serotoninergic
neurons to serve as variable ratio sensors, releasing more
or less of their transmitter in response to changes in
plasma amino acid pattern, may allow them to provide
the rest of the brain with useful information about pe-
ripheral metabolic state, which can then be used to
formulate behavioral strategies. Serotoninergic neurons
apparently participate in a complex neural-behavioral
mechanism controlling appetites for carbohydrates. If
animals are pretreated with a drug that, like carbohy-
drate consumption (62), increases serotonin release, and
if they are then given a choice between various diets,
they selectively reduce their consumption of carbohy-
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drates while sustaining protein intake (224, 225). This
effect is independent of whether the carbohydrates in the
test foods happen to be sweet (225).

D. Physiologic Situations in Which Neurons Undergo
Sustained Increases in Firing Frequency

As outlined above, the extent to which thé cholinergic
neurons of the rat’s phrenic nerve respond to elevated
choline concentrations by releasing more acetylcholine
(fig. 4) varies with their firing frequency (16). Indirect
evidence for a similar relationship between firing fre-
quency and precursor responsiveness has been obtained
for striatal cholinergic neurons by destroying some of
them with locally injected kainic acid (129). Subsequent
systemic administration of choline chloride failed to ele-
vate acetylcholine levels significantly on the intact side,
but doubled these levels in the surviving cholinergic
neurons within the lesioned striata. (Presumably, these
neurons were firing more frequently than those on the
intact side.)

The mechanism underlying the apparent relationship
between firing frequency and precursor dependencere-
mains to be established; it could involve, among other
things, activation of a biosynthetic enzyme, suppression
of the inhibitory effects of an autoreceptor, or an effect
of an ion whose flux is altered by depolarization. The
relation between firing frequency and precursor respon-
siveness appears to be general, and is well illustrated by
the ability of exogeneous tyrosine to raise or lower blood
pressure depending upon which of the animal’s noradre-
nergic neurons happens to be most active at the time of
its administration. Noradrenergic neurons at several loci
participate in the control of blood pressure (165). Nor-
epinephrine release from peripheral sympathetic nerves
tends to elevate blood pressure, while its application to
or release from certain brainstem sites tends to lower
blood pressure (presumably by diminishing sympathetic
outflow) (49). If normotensive rats (mean systolic blood
pressure = 100 to 130 mm Hg) receive a given dose of
tyrosine (100 to 200 mg/kg, i.p.), blood pressure falls only
slightly or not at all (195); in human subjects it also fails
to change (82, 143). If the same tyrosine dose is given to
a spontaneously hypertensive rat (mean systolic blood
pressure = 170 to 210 mm Hg), blood pressure falls by 28
to 46 mm Hg for several hours (195); however, if that
dose is given to a hypotensive animal (mean blood pres-
sure = 63 mm Hg, 45 min after hemorrhage of 20% of
calculated blood volume), systolic pressure rises by 31
mm Hg (36a). Treatments that increase blood pressure
accelerate the release of norepinephrine from brainstem
neurons terminating in the anterior hypothalamus (171)
(as well, presumably, as the firing of noradrenergic neu-
rons in this region), while those that produce hypotension
activate sympathoadrenal structures and catecholami-
nergic terminals in the posterior hypothalamus (185).
Hence, the most economical explanation for the paradox-
ical ability of tyrosine to raise or lower blood pressure,
depending on physiologic state, is that in the case of the
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hypertensive animal, the precursor enhances norepi-
nephrine release selectively within one set of brainstem
neurons (because these happen to be firing frequently),
while in shock peripheral sympathetic neurons and adre-
nomedullary cells are activated and thus tyrosine-sensi-
tive.

Intravenous tyrosine lowers blood pressure slightly in
normotensive rats, and markedly reduces blood pressure
in animals with renovascular or DOCA-salt hypertension.
These changes are associated with a reduction in heart
rate and with increases in plasma dopamine and epi-
nephrine, but not norepinephrine (20a). [Tryptophan has
about half the blood-pressure-lowering activity of tyro-
sine (195), possibly acting by increasing serotonin release
from bulbospinal neurons, while branched-chain LNAA
lack any effect on blood pressure and, when administered
with tyrosine, block its effect (195).]

Similar relationships between precursor-dependence
and apparent firing frequency have, as discussed above,
been shown to occur in nigrostriatal dopaminergic neu-
rons (179, 144) and in preganglionic sympathetic cholin-
ergic neurons [e.g. in rats given hypotensive agents
(206)]. Thus, short-term physiologic conditions that ac-
celerate the firing of precursor-dependent neurons may
overcome the feedback mechanisms that would other-
wise maintain the constancy of neurotransmitter release,
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and allow the neuron to couple precursor availability to
transmitter release.

E. Neurologic Diseases That Cause either a Decreased
Number of Synapses or Decreased Transmitter
Release per Unit Time

Neurodegenerative disorders that diminish the number
of presynaptic terminals issuing from a precursor-depen-
dent brain nucleus may be associated with accelerations
in the average firing rates of the surviving neurons (15),
enhancing their sensitivity to precursor control (Fig. 5).
This formulation provides a theoretical basis for testing
neurotransmitter precursors in Alzheimer’s disease,
postanoxic myoclonus, and Parkinson’s disease. It also
offers an explanation for the specificity of action that
seems to be associated with the therapeutic use of neu-
rotransmitter precursors. If the brain contains, for ex-
ample, 10 groups of cholinergic neurons, and if all but
one of these groups are intact and functioning normally,
it might be anticipated that only this one group would be
substantially affected by precursor administration. The
elevation in brain choline levels would initially enhance
acetylcholine release from all 10 groups, but in the nine
normal nuclei, this effect would rapidly be dampened by
presynaptic or multisynaptic feedback mechanisms. This
situation apparently occurs in patients treated for tardive
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F16. 5. Mechanism by which precursor administration may enhance neurotransmission in neurodegenerative diseases. Diagram is based on
assumptions that (a) synthesis of the neurotransmitter is precursor-dependent; (b) disease neurons are components of a negative feedback loop
that controls the rate at which they fire; and, (c) neurons have overlapping fields of innervation, such that those that survive the disease process
can partly take over the functions of those that have degenerated. In normal brain (illustrated by two neurons, each making two synapses per
firing and firing at a certain rate), precursor administration does increase the amount of transmitter released per firing. However, feedback
mechanisms quickly cause a compensatory decrease in the firing rate, causing net release of transmitter per unit time in return to normal. In
brains of untreated patients with neurodegenerative diseases, transmitter release at each affected synapse is presumed to be unchanged. However,
there is a compensatory increase in the rates at which the surviving neurons fire (i.e. to increase net neurotransmitter output from the nucleus P‘?r
unit time). Even though transmitter output at each synapse is increased when precursor is administered, no compensatory decrease 0CCurs in
firing rates because total transmitter output at all of the surviving synapses is still subnormal. Hence, precursor administration is able to cause 2

continuing increase in transmittef release.
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dyskinesia with lecithin (or choline), but not in those
treated with physostigmine. [This disorder, discussed in
section VI A 1, is probably associated with inadequate
release of acetylcholine from cholinergic caudate neu-
rons, without a demonstrated decrease in the number of
such neurons (41).] Both treatments afford relief in a
sizeable fraction of patients (12), the former probably by
increasing the synthesis of acetylcholine and the latter
by blocking its enzymatic degradation within the syn-
apse. However, physostigmine causes numerous side ef-
fects associated with generalized cholinergic hyperactiv-
ity, while lecithin produces few such effects. After phy-
sostigmine administration, there is nothing that normal
cholinergic neurons can do to modulate the ubiquitous
effect of the drug on cholinergic neurotransmission; the
horse has already left the metabolic barn, so that even if
the neurons stop firing completely, excess acetylcholine
will still be present in the synapse. In contrast, after
lecithin administration normal neurons can utilize feed-
back processes to attenuate, and even block, unneeded
increases in cholinergic transmission.

V. Neuroendoérine and Behavioral Effects of
Neurotransmitter Precursors

A growing body of indirect evidence involving studies
on autonomic and neuroendocrine functions and on ani-
mal behaviors suggests that precursor administration
can, by increasing neurotransmitter release, modify the
physiologic activities of postsynaptic cells. Some of the
autonomic responses have been discussed above; an ab-
breviated summary follows here of the neuroendocrine
and behavioral changes. Obviously, the neurotransmitter
precursors have numerous additional fates, and their
effects on physiologic and behavioral processes could
result from products of such other metabolic pathways.

A. Neuroendocrine

Tyrosine administration had no effect on serum pro-
lactin levels in normal animals but lowered the elevated
levels produced by giving animals reserpine (2.5 mg/kg)
twice daily for-4 days (194). Tyrosine was ineffective in
rats with acute hyperprolactinemia (i.e. those given a
single dose of reserpine 4 hr earlier), an observation
thought compatible with other evidence that at least 16
hr are required for exogenous prolactin to activate tu-
beroinfundibular dopaminergic neurons (93). That acti-
vation of these neurons, and a consequent increase in
dopamine secretion into the pituitary portal vessels, un-
derlie the prolactin-lowering effect of tyrosine is sup-
ported by the finding that tyrosine significantly elevated
hypothalamic HVA and DOPAC levels in chronically
reserpinized animals, but not in untreated control rats
(194).

Male rats fed a tryptophan-free diet for 14 days,
which reduced brain serotonin by about half, exhibited
greater increases in serum prolactin and corticosterone
when given “serotoninergic stimuli” (5-hydroxytrypto-
phan, alone or in combination with fluoxetine, an uptake-
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blocker) than control animals fed a normal chow diet
(32). This apparent supersensitivity was similar to that
previously observed in rats pretreated with a serotonin
neurotoxin and was not observed in animals given a
dopaminergic antagonist (haloperidol) to induce prolac-
tin release. Administration of tryptophan (50 or 100 mg/
kg, i.p.) or of MK-212, a serotoninergic agonist, to male
rats significantly enhanced the amplitude of pulsatile
growth hormone secretion (monitored by drawing blood
at 15-min intervals via an indwelling cannula) (6); valine
alone had no effect on the growth hormone surges but
suppressed the effect of tryptophan when given concur-
rently. Tryptophan administration also may increase
plasma growth hormone levels in humans (222, 158, 83,
106); however, careful dose-response and time-course
studies apparently have not yet been done on this re-
sponse. Tryptophan consumption in the morning ap-
peared to lower plasma corticotrophin and cortisol levels
in human subjects in one study (222) but raised them in
another (151a); higher blood tryptophan levels were at-
tained in the latter study. Tryptophan consumed later in
the day failed to modify adrenocortical function (106).
The long-term consumption of 6 mg/kg of tryptophan
daily by humans (58), or the acute administration of
larger doses (83a, 106, 188a, 219), failed to affect serum
prolactin levels. Tryptophan administration also had no
effect on basal or TRH-stimulated TSH and prolactin
levels in human sera (58) or on serum FSH or LH (106).

Consumption of a single low-choline meal fortified with
3 g of choline chloride or an equivalent amount of lecithin
failed to modify serum concentrations of prolactin, cor-
tisol, insulin, or glucose (examined 0.5, 1, 4, or 8 hr later)
(65).

B. Behavioral

Indirect evidence derived from studies on experimental
animals suggests that serotoninergic neurons are in-
volved in a wide variety of behaviors, including sleep
(113), feeding (224, 225, 21, 192), temperature control
(159), pain sensitivity (97, 231, 48, 147), locomotor activ-
ity (124, 148), aggression (182), and myoclonus (84). Sev-
eral of these behaviors are affected by treatments that
modify brain tryptophan. Thus, pain sensitivity is in-
creased in rats consuming tryptophan-poor diets and is
restored to normal by the addition of tryptophan to the
diet (132, 146). Tryptophan administration (100 or 800
mg/kg, i.p.) to rats similarly produced hypoalgesia in one
study (200), but in other studies tryptophan either failed
to affect pain sensitivity (104) or decreased the analgesic
action of morphine (103).

Reports of tryptophan effects on locomotor activity
and aggressive behavior have also been contradictory;
addition of 0.25% or 0.5% L-tryptophan to the basal diet
increased aggression in mice after 2 weeks but not after
6 weeks, and had no effect on locomotor activity (201).
In contrast, decreases in dietary tryptophan were re-
ported to facilitate mouse-killing in killer rats and in-
duced this behavior in nonkiller rats (78). Several inves-
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tigators have described increases in locomotor activity
(68, 134, 110, 139) and even the emergence of stereotyped
behavior (110, 139) after tryptophan administration in
rats or mice also injected with various drugs; however,
other investigators who gave tryptophan alone observed
decreases in locomotor activity (151, 199, 203). (The basis
of this decrepancy may be drug-induced changes in the
metabolism of tryptophan leading to the accumulation
of biologically active compounds like tryptamine.) Mars-
den and Curzon (138) also observed increased locomotor
activity by animals given sufficient parachlorophenylal-
anine to reduce brain serotonin; both effects were com-
pletely reversed by 150 mg/kg of tryptophan, partially
reversed by 100 mg/kg, and unaffected by 25 mg/kg.
Jacobs et al. (110) observed changes in locomotor activity
in rats injected with tryptophan, but not in animals fed
tryptophan-free or tryptophan-supplemented diets. The
chronic consumption of a corn-based, tryptophan-poor
diet decreased apomorphine-induced stereotypy in rats
(178). Consumption of a similar, maize-based diet en-
hanced the acoustic startle reflex in rats (212). Trypto-
phan-deficient diets augmented mounting sexual behav-
ior in male rats; this effect was reversed by adding
tryptophan to the diet (39, 71). L-Tryptophan adminis-
tration also potentiated the myoclonic behavior induced
by giving rats p-chloroamphetamine, a serotonin neuro-
toxin (22).

Plasma amino acid patterns and brain serotonin
release affect food choice, but there is disagreement as to
which food constituents are influenced. Ashley and An-
derson (7) first noted that the plasma tryptophan/LNAA
ratios observed in rats consuming various diets tended to
correlate inversely with the proportion of protein that
they had consumed (i.e. when given access to two or
more diets each containing different concentrations of
protein). In subsequent studies, they reported that add-
ing tryptophan to the diets of weanling rats caused them
to diminish their intakes of protein (221). In. contrast,
Wurtman and Wurtman observed that treatments that
enhanced central serotoninergic transmission (e.g. ad-
ministration of drugs like fenfluramine or fluoxetine, with
or without tryptophan) selectively diminished carbohy-
drate consumption while sustaining protein intake (224,
225). They postulated (225) that serotoninergic neurons
are components of a behavioral feedback loop that reg-
ulates carbohydrate consumption, selectively causing fur-
ther carbohydrate intake to decline after animals eat
carbohydrate-rich, protein-poor meals that elevate the
plasma tryptophan/LNAA ratio. The basis of this differ-
ence in interpretation may be the way experiments have
been done in the different laboratories, i.e. investigators
have sometimes failed to keep the intake of one dietary
component, protein or carbohydrate, constant while
varying the other. In other studies, Latham and Blundell
(125) observed that tryptophan administration dimin-
ished the total amount of food that animals consumed
during the subsequent 24 hr and reduced meal size.
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Only a few studies have utilized experimental animals
to examine the effects of tryptophan loading on sleep,
Hartmann (95) found that administration of high doseg
of L-tryptophan, (450 or 800 mg/kg) significantly reduced
sleep latency in rats without affecting other sleep param-
eters. Other investigators (220) reported that injection of
a low dose of tryptophan (30 mg/kg) decreased sleep
latency, but a larger dose (120 mg/kg) not only failed to
affect sleep latency but also increased wakefulness.

Relatively few data are available on the behavioral
effects of tyrosine in experimental animals. Thurmond et
al. (202) reported that animals consuming a tyrosine-
supplemented (4%) diet exhibited increased aggressive
behavior but no changes in locomotor activity. In con-
trast, Gibson et al. (79) observed that doses of tyrosine
as low as 50 mg/kg, i.p., caused marked increases in open-
field activity, measured 1 hr after the injection. Trypto-
phan (20 to 320 mg/kg) and phenylalanine (25 to 400
mg/kg) were ineffective in this situation, but phenylala-
nine, found by others to increase open-field activity and
aggressive behavior in mice (201), shared tyrosine’s abil-
ity to diminish the period of immobility observed when
mice were placed in a Plexiglas cylinder containing water
(79). [This effect was similar to that produced by many
antidepressant drugs (175, 174).] In other studies, the
hypothermic effect of d-amphetamine, thought to result
from release of brain dopamine (233), was suppressed in
animals pretreated with valine, an LNAA that, by com-
peting with tyrosine for brain uptake (29), might diminish
the pool of dopamine available for release.

Few data also are available on the behavioral effects of
choline or lecithin in animals. In one study, rats kept for
2 weeks on a choline-deficient diet displayed no changes
in locomotor activity, but animals fed a choline-supple-
mented diet exhibited increased motor activity, which,
paradoxically, could be reversed by choline injections
(214). A recent study (14) that examined the effects of
dietary choline on memory and learning in aging mice
yielded interesting and promising information. Senescent
mice were placed on either choline-deficient or choline-
enriched diets for a period of 4.5 months. The animals
were then trained in a single-trial passive avoidance task
and tested for its retention 24 hr and 5 days later; their
performance was compared with that of mice of similar
ages fed a control diet. Old mice exhibited the expected
marked decrease in retention of task learning. However,
there were striking differences between the choline-defi-
cient and the choline-supplemented animals; the latter

-group (13 months old) performed as well as younger mice

(3 months old), whereas the younger choline-deficient
animals performed as poorly as aged control mice. Tht.ese
observations suggest that dietary manipulations aff eCt}Dg
choline availability may modulate the decline in learning
ability and memory functions that occur with aging. The
concurrent administrations to aged rats of choline and
Piracetam, a drug that may accelerate acetylcholine
release from septohippocampal cholinergic neurons
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(230a), caused improvements in retention that were sev-
eral times greater than those observed after choline or
Piracetam alone (14a).

VI. Clinical Applications of Neurotransmitter
Precursors
A. Choline or Lecithin

1 (Tardive Dyskinesia. Within months of the first
demonstrations (34,100) that choline administration
could elevate brain acetylcholine levels in rats, Davis et
al. (43) reported marked clinical improvement after giv-
ing oral choline to a patient with tardive dyskinesia. This
disorder is induced in many psychiatric patients by ad-
ministering any of the neuroleptic drugs currently mar-
keted in the United States (41, 12). It tends to appear
during: chronic drug treatment or after drug discontin-
uation and is characterized by involuntary choreic move-
ments mainly involving the orobuccolingual musculature.
Presumably, the disorder arises because the neuroleptics,
by chronically blocking striatal dopamine receptors,
cause these receptors to become supersensitive to the
inhibitory effects of dopamine (77). Since some of these
receptors are present on cholinergic neurons, their super-
sensitivity probably causes a chronic decrease in the
firing rates of the cholinergic neurons and thus in the
release of acetylcholine. Clinical improvement has also
been observed with drugs that suppress central catecho-
laminergic transmission (119), or after i.v. administration
of physostigmine (117), which presumably acts by en-
hancing cholinergic transmission. However, physostig-
mine does not constitute a useful therapeutic agent in
tardive dyskinesia because of its parenteral route of
administration and its tendency to cause a generalized
increase in cholinergic tone, which leads to severe side
effects. (In fact, before the introduction of choline, no
clinically useful agent was available that, administered to
patients orally, appeared to increase cholinergic tone
within the brain.) Soon after the initial report of the
efficacy of choline in tardive dyskinesia (43), ingestion of
choline chloride was shown to produce dose-dependent
increases in plasma and CSF choline levels (87), suggest-
ing that in humans as in rats, the exogeneous compound
raises the quantity of choline available for brain acetyl-
choline synthesis.

Many subsequent studies (43, 45, 197, 8, 75), including
one performed using a double-blind crossover protocol
(90), have confirmed the utility of choline in treating
tardive dyskinesia. Side effects, which have been mini-
mal, have included a fishy skin odor (resulting from
degradation of the ingested free choline to trimethyl-
amine by intestinal bacteria), mild gastrointestinal symp-
toms, and urinary incontinence. In rare cases, it caused
transitory depression, usually in people with a prior
history of depressive disorders (197). Although the cho-
line ameliorates a side effect of neuroleptic drugs, it
apparently does not block the therapeutic action of these
drugs in patients who continue to need them.
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Normally, less than 1% of the choline present in food
occurs as the free base. Most of the dietary choline is
instead ingested in the form of lecithin (223), which is
hydrolyzed to choline after its uptake into hepatic and,

~ possibly, intestinal mucosal cells (105). Because studies

in normal subjects showed that ingestion of an equimolar
lecithin dose was far more effective than the free base in
raising plasma choline levels (228), lecithin was also
tested in tardive dyskinesia (75, 89, 9, 109) and found to
be at least as effective as choline without producing the
fishy odor. The general adoption of lecithin therapy as a
means of treating tardive dyskinesia has been slowed by
the unavailability of sufficiently pure lecithin prepara-
tions. Until recently, virtually all of the allegedly “pure”
lecithin marketed in America actually contained 20% or
less phosphatidylcholine (223), a consequence of a 1938
ruling equating, for commercial purposes, the terms
“phosphatide” and “lecithin.” This problem may be re-
solved soon; several companies are developing lecithin
preparations that are more than 80% pure.

2. Huntington’s Disease. Choline acetyltransferase ac-
tivity (presumably a marker for the number of cholinergic
synapses) is markedly depressed in brains examined post-
mortem (17), suggesting that central cholinergic tone
may be deficient in Huntington’s disease. Furthermore,
administration of physostigmine diminished choreic
movements transiently in some afflicted subjects (198).
Two groups of investigators have described suppression
by oral choline of abnormal movements in patients with
Huntington’s disease (8, 47); however, other investi-
gators found only minor and transitory improvement, or
no improvement, after treatment with choline or lecithin
(5, 88). In a proposed animal model for Huntington’s
disease (129), in which rats were given intrastriatal injec-
tions of the parenchymal neurotoxin kainic acid, systemic
choline administration markedly increased acetylcholine
levels in the lesioned striata despite the severe damage
done by the neurotoxin to most of the cholinergic neu-
rons. It seems unlikely, therefore, that the failure of
choline to improve chorea in the majority of Hunting-
ton’s disease patients would be due to inadequate for-
mation of acetylcholine in surviving cholinergic termi-
nals. Possibly this failure reflects a reduction in the
number of postsynaptic cholinergic receptors (56). Alter-
natively, it could reflect the involvement in Huntington’s
disease of numerous other synapses besides those using
acetylcholine (141, 189a); changes in neurotransmission
mediated by these other compounds would not be ex-
pected to respond to an increase in the availability of
choline. ‘

3. Alzheimer’s Disease. The possibility that lecithin or
choline might be useful in treating memory disorders
associated with Alzheimer’s disease or with aging, per se
(“benign senescent forgetfulness”), was suggested by ob-
servations that brains of afflicted patients exhibit a ma-
jor, and possibly selective (19, 42), decrease in choline
acetyltransferase activity. In addition, memory function
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in normal humans is markedly impaired, in a pattern
similar to that observed in patients, after blockade of
central cholinergic receptors with scopolamine, and it is
restored by physostigmine (51). Central cholinergic re-
ceptors apparently are intact in Alzheimer’s disease (169),
suggesting that if a treatment like lecithin or physostig-
mine did succeed in increasing brain acetylcholine levels,
receptors would be available to take advantage of this
increase. Of course, advanced Alzheimer’s disease may
reflect more than a single, homogeneous brain disorder.
It is characterized by major reductions in the mass of the
brain (70), and may, in particular patients, involve nu-
merous additional neuronal populations besides those
utilizing acetylcholine as their transmitter (2, 42a). A
number of reports have been published on memory func-
tion in patients given choline or lecithin (20, 183, 188, 57,
31, 170, 177, 66, 152). Most have described open-label
studies, but at least two (69, 105a) have shown clinical
improvement with a double-blind, placebo-controlled
protocol. In the first, five patients receiving 12 g of
choline bitartarate daily for 2 weeks exhibited significant
improvements in auditory and visual word recognition,
and near-significant improvements in testing by mental
status questionnaire. In the second, seven of 11 patients
receiving lecithin for 2 to 8 weeks showed 50% to 200%
improvement in “long-term storage.” Choline has also
been reported to improve the performance of poor initial
learners among normal volunteers doing serial-learning
and selective-reminding tasks (187, 186). However, too
few data are presently available from well controlled
studies to substantiate conclusions as to the effectiveness
of acetylcholine precursors in improving memory func-
tion within any population. :

Serious problems confront the investigator who would
perform such a study. There is little consensus as to
whether the data generated by any particular “objective”
memory test are predictive of functionally significant
memory changes in the patient’s normal environment.
Similarly, there is no method available for distinguishing
patients with exclusively cholinergic deficits from those
with lesions of other neurons, and there is no agreement
as to how the severity of a particular patient’s disease
should be defined. Finally, the unavailability of ade-
quately pure, palatable lecithin preparations severely
limits the ability of investigators to initiate experiments.

Perhaps the most effective way to utilize acetylcholine
precursors in treating memory disorders will be to coad-
minister them with a low dose of a cholinesterase inhib-
itor (170).

4. Psychiatric Disorders. Some evidence suggests that
inadequate central cholinergic transmission may be in-
volved in the pathogenesis of schizophrenia and mania
(44); moreover, lithium apparently potentiates the effect
of exogenous choline on brain acetylcholine levels (150).
Hence, Cohen et al. (33) gave partially purified lecithins
to patients also receiving neuroleptics or lithium. When
a relatively impure preparation was tested (up to 30 g/
day of 51% to 55% lecithin), one patient out of four
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improved markedly and two showed slight improvement,
but treatment had to be discontinued because of gastroin-
testinal side effects. When patients received a prepara-
tion containing lecithin of greater than 90% purity (15 to
30 g/day) instead, all four subjects responded without
significant side effects. Lithium carbonate administration
occasionally causes a myasthenia-like syndrome that dis-
appears when the drug is withdrawn (163). Since lithium
is known to affect the bidirectional flux of choline across
various membranes (150), this syndrome may involve
impaired choline uptake into terminals of motor neurons.
Choline chloride (up to 20 g/day) administered in a
single-blind crossover study failed to modify the clinical
ratings of nine schizophrenic subjects (46).

5. Ataxia. It was suggested that patients with classical,
recessively inherited Friedreich’s ataxia suffer a defect in
the pyruvate dehydrogenase enzyme complex that might,
by diminishing acetyl-CoA synthesis, impair brain ace-
tylcholine synthesis (11). Barbeau (8, 9) has described
improvements in such patients during treatment with
choline or lecithin; treatment both diminished the ataxia
and seemed to slow its progression. Oral choline chloride
(4 to 5 g/day) produced sustained benefit in a single
patient with cerebellar ataxia (126). In another study
(125a), one of 13 patients with a variety of ataxic disor-
ders showed a reproducible, dose-related, placebo-con-
trolled improvement in motility and hand functions while
taking oral choline.

6. Tourette’s Syndrome. Administration of i.v. physo-
stigmine or oral choline reduced the tics observed in two
patients with Tourette’s syndrome (190). One investiga-
tor noted major and continuing improvement when three
patients with this disorder were treated with oral lecithin
(40 to 50 g/day, 20% pure) (10), but another group (with
a double-blind, placebo-controlled protocol) failed to de-
tect improvement in six subjects who ingested 45 g/day
of 55% lecithin for 4 weeks (173).

7. Myasthenic Syndrome. Administration of oral cho-
line chloride (210 mg/kg/day for 3'% weeks) to a woman
with myasthenic syndrome caused a significant improve-
ment in neuromuscular transmission, as assessed by re-
cording the compound action potential amplitude of the
thenar muscles in response to supramaximal nerve stim-
ulation (119b); data were interpreted as showing that the
choline caused at least a 40% increase in the release of
an immediately available ACh pool. Intravenous admin-
istration of choline bitartrate (total dose equivalent to 38
mg/kg of choline chloride, given over 70 min) was without
acute effect.

B. Tryptophan

1. Depression. That serotonin release from brain neu-
rons may be inadequate in some patients with depression
is suggested by reported reductions in the levels of ?-
HIAA within their CSF (209), and in brain seretenin
levels in people who committed suicide (181). Attempts
to treat depression with doses of tryptophan calculated
to raise brain serotonin levels have had limited success;
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it improved depression (37) or mania (176) in some cases
but not in others (145, 28). This discrepancy may reflect
the etiologic and biochemical heterogeneity of affective
disorders. While some depressed patients may suffer
from a deficiency in brain serotonin, depression in others
may reflect reduced noradrenergic transmission (180) or
be unrelated to monoamines entirely. In one study that
examined other LNAAs in addition to plasma trypto-
phan, manic depressive patients with normal plasma
tryptophan ratios were found to be unresponsive to oral
tryptophan, while others with “relative tryptophan defi-
ciencies” (i.e. reduced plasma tryptophan ratios) ex-
hibited clear therapeutic responses (153). Very high tryp-
tophan doses might be less effective than lower doses if
the higher doses impair brain tyrosine uptake and
thereby interfere with brain catecholamine synthesis
(229). Tyrosine itself may be useful therapeutically in
treating some people with depression (76, 83b). Perhaps
the precursor strategy most likely to be useful in treating
depression may involve mixtures of tryptophan and ty-
rosine, along with a carbohydrate to reduce plasma
LNAA levels by eliciting insulin secretion (226). Tryp-
tophan potentiated the clinical efficacy of clomipramine,
an antidepressant drug that blocks serotonin reuptake
{211), but not of the more potent zimelidine (211a).

2. Posthypoxic Intention Myoclonus. This specific my-
oclonic syndrome is a sequel to transient brain hypoxia
such as occurs during cardiorespiratory arrest (122). Its
association with reduced CSF 5-HIAA levels and the
tendency of some patients to respond therapeutically to
5-hydroxytryptophan suggest that the syndrome may
arise from a loss of serotonin-releasing neurons (85).
Administration of tryptophan, alone or combined with a
monoamine oxidase inhibitor, suppressed the myoclonic
movements in some patients, but apparently not in others
(50, 27, 210, 119a). A

3. Appetite Control. On the basis of animal studies
showing that treatments that enhance serotoninergic
transmission also caused animals to select to consume
less dietary carbohydrate (225), experiments were per-
formed on the effects of giving tryptophan or dl-fenflur-
amine, a serotonin-releasing anorexic drug, on carbohy-
drate consumption by human subjects (225a). Eleven
healthy subjects with a documented tendency to con-
sume relatively large quantities of carbohydrate snacks
received each treatment or its placebo for 5 days, sepa-
rated by 5-day washout periods; treatment was given 1
hr before the anticipated daily period of maximal carbo-
hydrate snacking, and food consumption (snacks and
meals) was recorded during the subsequent 4 hr. Fen-
fluramine consistently reduced carbohydrate snacking in
seven subjects, and diminished it significantly in the
group as a whole; tryptophan consistently diminished
carbohydrate snacking in three of the subjects, but not
in the group as a whole; the placebos were without effect.
Tryptophan also diminished mealtime carbohydrate con-
sumption in four of the five subjects who consistently ate
meals during the 4-hr test periods. These observations
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were interpreted as showing that treatments that en-
hance central serotoninergic transmission can suppress
carbohydrate appetite in some individuals. Perhaps some
obese people fail to display an adequate brain serotonin
response to dietary carbohydrates and thus desire more
carbohydrate-rich foods than other people. Tryptophan
administration has also been associated with a reduction
of appetite in depressed patients (30).

4. Tryptophan Malabsorption. Lehmann has described
a syndrome characterized by malabsorption of an oral
tryptophan load (100 mg/kg administered in a beverage
at 8 A.M,, after an overnight fast), confusion, depression,
and signs of dementia (126a). The clinical findings were
exacerbated by oral L-dopa (which further impaired the
absorption of tryptophan) and were ameliorated by sup-
plemental tryptophan or consumption of a high-protein
diet.

5. Sleep. Serotonin release may also be involved in the
induction of particular sleep stages. Oral administration
of tryptophan has been reported to reduce sleep latency
and to increase subjective sleepiness in subjects with long
sleep latencies (96). A single, 1-g dose was insufficient to
diminish the times required for subjects to attain stage
1 or stage 2 sleep; however, people who took this dose
with a carbohydrate tended to have the shortest sleep
latencies (1).

C. Tyrosine

To our knowledge, no papers have been published
describing well controlled studies in which tyrosine was
examined as a possible treatment for a catecholamine-
related disorder. Indeed, very few articles have been
published on even the biochemical consequences of ad-
ministering tyrosine to normal people. Fasting subjects
given 100 to 150 mg/kg of the amino acid as a single oral
dose exhibit 2- to 3-fold increases in plasma tyrosine
levels; the increases last up to 8 hr and are accompanied
by parallel changes in the plasma tyrosine ratio (82).
Consumption of 100 mg/kg of the amino acid with meals,
in three divided doses, also elevates plasma tyrosine
levels and the tyrosine ratio in spite of the contribution
of amino acids from the dietary protein (143); this sug-
gests that the use of pure amino acids to increase neu-
rotransmitter synthesis need not be done at the expense
of adequate protein nutrition. Administration of tyrosine
to patients with Parkinson’s disease caused elevations in
the levels of tyrosine and the dopamine metabolite HVA
within the CSF (91). This elevation indicates that the
exogenous amino acid does enter the human brain and
can subsequently affect the synthesis and release of its
neurotransmitter products. Studies on experimental an-
imals (control rats or those given probenecid) showed
that striatal HVA levels are unaffected by tyrosine ad-
ministration unless animals also receive a treatment that
activates nigrostriatal neurons (cf. 179). Thus, the effect
of tyrosine on HVA levels in human CSF probably does
not reflect interference with the efflux of HVA.

The possibility that tyrosine might be useful in selected
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cases of Parkinson’s disease is supported by its effects in
animals with partial unilateral destruction of the nigro-
striatal system. The surviving hyperactive dopaminergic
neurons become precursor-dependent, releasing more do-
pamine after tyrosine administration than contralateral,
control neurons (that receive equivalent amounts of the
tyrosine) (144). There is postmortem evidence (e.g. in-
creased HVA/dopamine ratios in striatum) that surviv-
ing nigrostriatal neurons in Parkinsonian patients also
are hyperactive (15), a change that allows them partially
to compensate for the lost neurons. Under such condi-
tions, exogenous tyrosine might amplify dopamine syn-
thesis in, and its release from, these neurons. The now
classical treatment of Parkinson’s disease with L-DOPA
(40) involves use of a catecholamine precursor, but unlike
treatment with tyrosine, not one that is normally present
in dietary proteins nor one converted to catecholamines
solely within cells that normally produce these transmit-
ters. (Exogenous DOPA is converted to dopamine within
all cells, in the striatum and elsewhere, that contain the
enzyme aromatic L-amino acid decarboxylase.) This non-
specificity may underlie some of the side effects associ-
ated with long-term L-DOPA treatment.

As described above, depression may, in some cases, be
associated with deficient central noradrenergic transmis-
sion (180); if so, tyrosine might, by increasing brain
norepinephrine synthesis, be useful in such patients. Pub-
lished data describing a single patient, studied with a
placebo-controlled experimental design, suggested that
this may be the case (76); similar observations were made
elsewhere on two depressed patients who previously had
responded only to amphetamines (83b). Therapeutic
trials with tyrosine or tryptophan might be useful in
distinguishing subgroups of depressed patients suffering
from central noradrenergic or serotoninergic deficiencies.

Since tyrosine reduces elevated plasma prolactin levels
in rats (194), probably by increasing dopamine release
from the median eminence, treatment with this amino
acid may also be useful for some humans with hyperpro-
lactinemia. Tyrosine also reduces blood pressure in hy-
pertensive rats (195), but elevates blood pressure in ani-
mals with hemorrhagic shock (36a). Intravenous admin-
istration of tyrosine to healthy dogs (1 to 4 mg/kg)
diminishes the vulnerability of their myocardium to in-
duction of ventricular fibrillation by electric currents
delivered to the right ventricle (180a). This effect is
blocked by concurrent administration of valine, a com-
peting LNAA, and is associated with cardiodynamic
changes indicative of diminished stellate outflow (180b).
The utility of tyrosine in the treatment of human auto-
nomic or cardiovascular disorders awaits evaluation.

VII. Summary

Studies performed during the past decade have shown
that the rates at which certain neurons produce and
release their neurotransmitters can be affected by pre-
cursor availability, and thus by the changes in plasma
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composition that occur after ingestion of the precursors
in purified form or as constituents of foods. Thus, tryp-
tophan administration or a carbohydrate meal will in-
crease the plasma ratio of tryptophan to other large
neutral amino acids, thereby raising brain tryptophan
levels, increasing the substrate saturation of tryptophan
hydroxylase, and accelerating the synthesis and release
of serotonin. Tyrosine administration or a high-protein
meal similarly elevates brain tyrosine and can accelerate
catecholamine synthesis in the CNS and sympathoad-
renal cells, while the consumption of lecithin or choline
increases brain choline levels and neuronal acetylcholine
synthesis.

The physiologic and biochemical mechanisms that
must exist in order for nutrient consumption to affect
neurotransmitter synthesis have been characterized and
include: 1) the lack of significant feedback control of
plasma levels of the precursor; 2) the lack of a real
“blood-brain barrier” for the precursor, i.e. the ability of
the plasma level of the precursor to control its influx
into, or efflux from, the CNS; 3) the existence of a low-
affinity (and thus unsaturated) transport system mediat-
ing the flux of the precursor between blood and brain; 4)
low-affinity kinetics for the enzyme that initiates the
conversion of the precursor to the transmitter; and, 5)
the lack of end-product inhibition of the enzyme, in vivo,
by its ultimate product, the neurotransmitter.

The extent to which neurotransmitter synthesis in any
particular aminergic neuron happens to be affected by
changes in the availability of its precursor probably varies
directly with the neuron’s firing frequency. This relation-
ship allows precursor administration to produce selective
physiologic effects by enhancing neurotransmitter
release from some but not all of the neurons potentially
capable of utilizing the precursor for this purpose. It also
allows the investigator to predict when administering the
precursor might be useful for amplifying a physiologic
process, or for treating a pathologic state. (For example,
tyrosine administration raises blood pressure in hypoten-
sive rats, lowers it in hypertensive animals, and has little
effect on blood pressure in normotensive animals; the
elevation in blood pressure probably reflects enhanced
catecholamine release from sympathoadrenal cells, while
the reduction in hypertensive animals probably results
from increased catecholamine release within the brain-
stem.) Such predictions are now being tested clinically in
many institutions.

Avajlable evidence suggests that lecithin or choline
admirdistration can diminish the frequency of abnormal
movements in patients with tardive dyskinesia. These
precursors are also being tested—alone or in combination
with drugs—in mania, the senile memory disorders, the
myasthenic syndrome, and other diseases that are known
to be associated with inadequate cholinergic function, or
even those that respond empirically to short-term treat-
ment with cholinesterase inhibitors (e.g. certain ataxias)-
When the precursors are effective, they also have the
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distinct advantage over alternative therapies of produc-
ing few of the side effects associated with generalized
cholinergic activation. Tyrosine and tryptophan are sim-
ilarly being tested in the treatment of depression, disor-
ders of appetite and sleep, cardiovascular disturbances,
and other states thought to involve inadequate release of
a catecholamine or serotonin.

Even though plasma levels of the precursors can be
increased by eating normal foods, it seems likely that
their clinical use, if justified by results of future studies,
will be based on giving relatively large doses of synthetic
preparations that contain highly purified lecithins or
amino acids, alone or in mixtures. The ability of such
large doses to treat a disease or modify a physiologic
state cannot be taken as evidence that that disorder or
state is nutritional in origin. Rather, the nutrients are
probably acting pharmacologically, as amplifiers, causing
neurons to liberate more transmitter molecules per unit
time than they normally would.
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