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Introduction

Cerebral monoamines control many physiological
functions, not only in the periphery, but also in the
central nervous system. Many behavioural processes
in the brain are associated with these monoamines,
particularly 5-hydroxytryptamine (5-HT or sero-
tonin) and the catecholamines dopamine (DA) and
noradrenaline (NA). These processes include affect,
aggression, anxiety, appetite, arousal, cognition, drive,
emotions, impulsivity, mood, movement, reward and
self-control. The acute tryptophan (Trp) depletion
(ATD) and loading (ATL) tests' are powerful research
and diagnostic tools for studying the role of serotonin
in some of the above behaviours in healthy volunteers
and in those with psychiatric and other behavioural
disorders. Thus, hundreds of such studies have admin-
istered these tests to examine behaviour in healthy
volunteers'™* and many disease conditions, includ-
ing aggressive behaviour,’ alcoholism,® Alzheimer’s
disease,’” anorexia nervosa,® anxiety disorders,’ autis-
tic disorder,' bipolar affective disorder,"" bulimia
nervosa,'?> depression,”® insomnia,'* irritable bowel
syndrome," obsessive-compulsive disorder,'® panic
disorder,!” premenstrual syndrome,'® schizophrenia'
and seasonal affective disorders.?

The acute tyrosine (Tyr) and phenylalanine (Phe)
depletion (ATPD) test®! is similarly used to assess
the role of the catecholamines dopamine (DA) and
noradrenaline (NA) in normal subjects and those with
psychiatric and other behavioural disorders. Because
of the preferential role of serotonin in many of the
conditions described above and as the ATPD test?!
was developed 11 years after the ATD test,! fewer
studies of the ATPD test have been performed, e.g.
in healthy volunteers,>* cigarette smokers,** depres-
sion® and manic illness.”® As far as we could ascer-
tain, no attempts have been made to study the effects
of acute Tyr and Phe loading (ATPL) by giving amino
acid mixtures rich in Phe and Tyr. Previous studies
on Tyr loading were performed mainly in animals,
examined aspects such as acute stress, the acute respi-
ratory syndrome, endurance, muscle strength and cat-
echolamine excretion, and involved administration of
a single dose of Tyr, usually alone, but sometimes in
combination with another amino acid (see, e.g. ref*’).

More recently, some investigators®® ! have attempted
to investigate behavioural measures under condi-
tions leading to simultaneous depletion of serotonin,

dopamine and noradrenaline by performing combined
ATD and ATPD depletion tests by giving an amino
acid mixture lacking in all three relevant amino acids,
namely Trp, Phe and Tyr.

In this review, the nature and biochemical basis
of the above tests will be discussed, drawing on
important biochemical mechanisms derived from
animal studies. The poor specificity in humans of
the current amino acid test and control formulations
will be demonstrated, its cause will be identified and
strategies for enhancing it will be proposed. In seeking
to illustrate the above aspects, this review will not be
exhaustive and will be limited as far as possible to
human studies, as species differences in amino acid
metabolism render direct comparison difficult.

Nature of the tests and their current

amino acid formulations

Both the ATD and ATPD tests involve administra-
tion to the subjects under study of a mixture of up to
15 amino acids (AA) (both essential and non-essential)
which lack tryptophan (Trp) (for the ATD test) or lack
phenylalanine (Phe) and tyrosine (Tyr) (for the ATPD
test). Both Phe and Tyr, rather than Tyr alone, must
be omitted from the formulation, because Phe can be
converted to Tyr by Phe or Tyr hydroxylase.*>** By the
same token, when loading, as opposed to depletion, is
required, the amino acid mixture will then contain an
excess of Trp (for acute Trp loading or ATL) or an excess
of Phe and Tyr (for acute Phe plus Tyr loading or ATPL)
and moderate amounts of the corresponding amino acids
(Phe and Tyr for the ATL and Trp for the ATPL tests).
Additionally, in either the depletion or loading studies,
a “balanced” amino acid mixture is administered as a
control treatment. This control formulation will contain
the same AA used in the depletion or loading tests, but
with moderate amounts of Trp, Phe and Tyr.

Table 1 gives the amino acid (AA) composition of
the ATD, ATL and control balanced formulation origi-
nally published by Young et al' in amounts pera 100 g
dose. Because women weigh on average 16.7% less
than men, the original 103 g AA mixture used by this
Canadian research group was subsequently lowered
to 85.5 g for studies in women.? Other investigators
have introduced minor variations to the above origi-
nal formulation,! mainly to increase the Trp content
in the control formulation to varying extents. These
variations will be discussed below.
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Table 1. Amino acid composition of the original acute tryptophan depletion, loading and control formulations of Young

etal!
Amino acid Formulation Amount (g) Amino acid Formulation Amount (g)
Trp Depletion 0.00 Arg All 4.90
Loading 10.30 Cys* 2.70
Control 2.30 Gly 3.20
Leu All 13.50 His 3.20
Val 8.90 Lys 8.90
lle 8.00 Met* 3.00
Tyr 6.90 Pro 12.20
Phe 5.70 Ser 6.90
Ala 5.50 Threo 6.50

Amounts of amino acids are in g per a 100 g formulation. The * denotes that, these two amino acids are given in capsules due to their offensive odours

and tastes.

For the ATPD test, two AA formulations have been
used. In the first, designed by the group in Oxford
(Sheehan et al),*! only 7 amino acids were used, which
were supplemented with Phe and Tyr in the control
formulation. The AA composition of the ATPD test
and its control as reported®' is shown in Table 2.
Because the original amounts of AA added up to only
45 g in the depletion- and to 57.5 g in the control,
formulation, the AA amounts shown in Table 2 here
have been adjusted to a total dose of 100 g.

In the other formulation for the ATPD test, reported
by the Canadian group (Ellenbogen et al),”> authors
of the original ATD formulation,' the composition
resembled more closely that used in the ATD and ATL
tests,! namely containing the same 15 AA originally
used. Thus, the compositions of the ATPD and its con-
trol formulation used by Leyton et al*® based on those
adapted for women by Ellenbogen et al® is shown in
Table 3 below. Because the total amount of AA in the
control formulation was only 85.5 g, the contents in
Table 3 have been adjusted to a 100 g total for both
the control and ATPD formulations, though the lat-
ter is short of the contents of Phe and Tyr. As was
the case with ATD and ATL, other investigators have
used the above two formulations for ATPD?** with
minimal variations.

From the data in Tables 1-3, it is clear that there
are 6 amino acids which must all be present in the
control formulation, but that some of which must be
absent in the depletion, or present in excess in the
loading, formulation (namely Trp, Phe and Tyr). The
remaining 3 amino acids always present in all formu-
lations are the branched-chain amino acids (BCAA)
valine (Val), leucine (Leu) and isoleucine (Ile).

Their concentrations, sums and proportions in the
various formulations are shown in Table 4 and their
significance will be discussed below. As shown in
Table 4, the content of BCAA as a proportion of the
total amino acid content of the different formulations
ranges between 29% and 33% in the formulations of
the Canadian group,'?® as opposed to the much larger
content (48%—61%) in those of the Oxford group.?!

Physiological and Behavioural

Effects of the Formulations

The effects of the above formulations can be classified
into those: 1) caused by the amino acid mixtures them-
selves; 2) resulting from modulation of levels of the
three monoamines 5-HT, DA and NA. The amino acid
formulations are generally unpalatable and induce
changes varying between slight nausea and drowsiness

Table 2. Amino acid composition of the control and
test formulations for acute tyrosine plus phenylalanine
depletion (ATPD) by Sheehan et al.?!

Amino acid Control ATPD
formulation formulation

Trp 217 2.78
Leu 19.56 25.00
Val 15.22 19.44
lle 13.05 16.67
Phe 10.87 0.00
Tyr 10.87 0.00
Lys 15.21 19.44
Met 4.35 5.56
Threo 8.70 11.11
Total 100.00 100.00

In the original formulation,?' the total amounts of amino acids were 57.5 g
(control) and 45 g (ATPD). Amounts have been adjusted here to a total of
100 g for comparative purposes with other formulations.
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Table 3. Amino acid composition of the control and test
formulations for acute tyrosine plus phenylalanine deple-
tion (ATPD) by Ellenbogen et al?> as detailed by Leyton
et al.?®

Amino acid Control ATPD
formulation formulation
Trp 2.17 2.22
Leu 12.93 13.22
Val 8.47 8.65
lle 7.66 7.84
Phe 5.49 0.00
Tyr 6.64 0.00
Lys 10.53 10.76
Met 2.86 2.92
Threo 6.18 6.32
Ala 5.26 5.38
Arg 4.69 4.79
Cys 2.63 2.69
Gly 3.09 3.16
His 3.09 3.16
Pro 11.67 11.93
Ser 6.64 6.78
Total 100.00 89.82

Amounts of amino acids are in g in the total contents indicated.

to severe nausea and emesis,"*'** resulting in drop-out
of study subjects. The latter authors* addressed the
question of side effects during ATD and ATL at the
50 g and 100 g dose levels in detail, using a bodily
symptom scale that assesses a variety of symptoms
ranging from sweating, fast heart, shaking, dizziness,
irritability, nausea, anxiety, depression, tension, head-
ache and loss of appetite, to loss of concentration, tired-
ness and stomach ache. They found that, during ATD,
there was no dose difference in the increases in the
above side effects, which were highest in the last three
symptoms above. During ATL, a clear dose difference
was observed, with subjects receiving the 100 g dose

showing significantly greater side effects. As a result
of these side effects, these authors* reported attri-
tion, which was confined to female subjects receiv-
ing the 100 g ATD or ATL dose, and, to avoid side
effects and attrition and their effects on sample size
and interpretation of behavioural data, these authors
recommended the use of a 50 g dose in both ATD and
ATL studies. Side effects after ATPD have not been
studied in detail.

The effects of the above formulations resulting from
modulation of central monoamines involve changes
in mood, behaviour and cognition. The effects of ATD
have recently been reviewed.* Briefly, in healthy sub-
jects, ATD lowers mood in females, in those with a
baseline depression score at the upper end of normal,
or in subjects vulnerable to disturbances in central
serotonin. By contrast, transient lowering of mood is
a more consistent observation after ATD in patients
with remitted depression. ATD also affects other
behaviours, such as social behaviour, aggression and
impulsivity, all of which may be closely connected
to the serotonin system. ATD also affects a variety of
cognitive processes in both healthy subjects and those
with a serotonergic vulnerability. In particular, ATD
impairs declarative episodic memory processes of
delayed recall and memory consolidation, learning on
visual discrimination and memory retrieval, episodic
memory, stimulus reward learning and cognitive flex-
ibility (for references, see**). Much less work has been
done on the effects of ATPD on mood, behaviour and
cognition, most of which in healthy subjects. Thus, a
study® of 12 healthy subjects suggested that ATPD
does not alter mood, measures of memory, atten-
tion or behavioural inhibition. However, other stud-
ies in healthy subjects showed that ATPD increases

Table 4. Contents of branched-chain amino acids (BCAA) in the original control and test formulations for acute tryptophan

and tyrosine plus phenylalanine depletion.

Parameter Young et al’ Leyton et al?® Sheehan et al?!

Test ATD Control ATPD Control ATPD Control
[Leu] 13.50 13.50 13.22 12.93 25.00 19.56
[Val] 8.90 8.90 8.65 8.47 19.44 15.22
[lle] 8.00 8.00 7.66 16.67 13.05
[BCAA] 30.40 30.40 29.71 29.06 61.11 47.83
[Total] 100.00 102.30 89.82 100.00 100.00 100.00
BCAA (%) 30.40 29.72 33.08 29.06 61.11 47.83

Amounts of the 3 branched-chain amino acids and their sum (BCAA) are in g per the total content of amino acids in the formulations, from which the

proportion of BCAA (as a %) is calculated.
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vulnerability to lowered mood following exposure to
aversive psychological events®” and impairs affective
processing®® and spacial working memory.* In manic
patients, Tyr depletion by administration of BCAA
ameliorates manic symptoms.*’

Principles of the Tests

These tests are based on a number of biochemical,
metabolic and physiological principles, which are set
out below first for the role of Trp in serotonin syn-
thesis, then that of Phe and Tyr in catecholamine
synthesis.

Role of tryptophan

in serotonin synthesis

As therate-limiting enzyme of serotonin synthesis, Trp
hydroxylase, is unsaturated with its Trp substrate,*
brain [Trp] is the most important single metabolic
determinant of the rate of serotonin synthesis*' under
acute short-term conditions. Although other important
determinants include the rates of synthesis and deg-
radation of Trp hydroxylase, its state of phosphoryla-
tion, the rate of firing of serotonergic neurons, and the
influence of other neurotransmitters on this firing, it is
unlikely that, under acute conditions, these determi-
nants play a primary role in the rapid changes in sero-
tonin synthesis observed during the ATD test. This is
because of Trp hydroxylase having a relatively long
half-life of 2—3 days, a slow axonal transport (~7 mm
per day)* and its phosphorylation under optimal con-
ditions enhances its activity by only 10%—30%.%
Moreover, none of these factors can influence the
rate of Trp hydroxylation in vivo optimally without
adequate levels of the Trp substrate. As Trp cannot
be synthesized by the body, peripheral factors influ-
encing its entry into the brain play important roles in
the control of central serotonin synthesis under acute
conditions. These factors include, primarily, liver
Trp pyrrolase (Trp 2,3-dioxygenase),***® and at the
secondary, but more immediate, level, Trp binding
to albumin*’ and competition for entry into the brain
from several amino acids, notably the branched-chain
amino acids (BCAA) Val, Leu, and Ile, and the aro-
matic Phe and Tyr, collectively known as the com-
peting amino acids (CAA).*® As regards Trp binding,
although kinetic studies based on plasma perfusion®
and intravenous administration®®’! techniques and
correlational studies of plasma free [Trp] and the free

[Trp]/[CAA] ratios with changes in central 5-HT syn-
thesis and mood'*** all favour free Trp, there is also
evidence for rapid equilibration between the free and
albumin-bound fractions.*”->* It is therefore important
to estimate both the free and total [Trp] fractions® and
their ratios to [CAA] as the most accurate predictors
of changes in brain [Trp] and hence in 5-HT synthe-
sis. In the ATD test, the free and total [Trp]/[CAA]
ratios are dramatically decreased by at least 90% as
a result of: a) the presence of the 5 Trp competitors;
and b) the severe Trp depletion induced by: 1) omis-
sion of Trp; 2) stimulation of protein synthesis;**
and 3) any prior nutritional intervention in the form
of low-protein (i.e. low Trp) food intake.>®>’

Role of tyrosine and phenylalanine

in catecholamine synthesis

The role of Phe and Tyr in catecholamine synthesis is
based on broadly similar principles. Thus, the rate-lim-
iting enzyme of catecholamine synthesis, Tyr hydroxy-
lase, is also partially saturated with its Tyr substrate,*
though less so (~75% versus 50% for Trp hydroxy-
lase). Tyr hydroxylase activity and hence the rate of
catecholamine synthesis can therefore be influenced
by changes in Tyr availability to the brain.*®* This
availability is also best expressed by the corresponding
ratio, namely that of [Phe + Tyr]/[BCAA + Trp].

The potential effects of Tyr loading on cat-
echolamine synthesis have received lesser atten-
tion, despite existing evidence. Thus, excess Tyr in
the brain is not always reflected in enhanced cat-
echolamine synthesis or turnover.**>"%* This may be
due to either feedback*** or substrate® inhibition of
Tyr hydroxylase activity. The latter authors® showed
that Tyr hydroxylase is activated in vivo (as assessed
by Dopa formation after NSD-1015) by small or mod-
erate elevations in brain [Tyr] (not exceeding 50%),
but inhibited by larger concentrations, with almost
complete inhibition when brain [Tyr] is increased by
100% or more. This may explain why, in one of the
above studies,’” CSF [Tyr] was elevated in some par-
ticipants, in some cases by ~3-fold, whereas no eleva-
tion in the DA metabolite homovanillic acid (HVA)
was observed. The elevation of CSF [Tyr] in this ATD
study’’ is, however, surprising and difficult to explain,
as the authors did not provide information on Tyr
availability to the brain. From the above account, it
is clear that investigators should always pay attention
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to the role of Tyr, bearing in mind that small or large
decreases in brain [Tyr] can inhibit catecholamine
synthesis, whereas stimulation of this synthesis after
Tyr elevation (e.g. after loading) will depend on the
extent of this elevation.

Poor Specificity of Current

Amino Acid Formulations

Definitions of specificity

Specificity of the ATD or ATL test formulation
implies that only the rate of serotonin synthesis
will be decreased or increased respectively, with
no change to the rate of dopamine or noradrenaline
synthesis. Therefore one would expect that, whereas
the [Free Trp]/[CAA] and [Total Trp]/[CAA] ratios
will be either decreased (after ATD) or increased
(after ATL), that of [Phe + Tyr]/[BCAA + Trp]
should remain unaltered from the baseline value
before intake of the AA formulations. By the same
token, specificity of the ATPD or ATPL tests implies
that, whereas the [Phe + Tyr]/[BCAA + Trp] ratio is
either decreased (after ATPD) or increased (after
ATPL), those of [Free Trp]/[CAA] and [Total Trp]/
[CAA] should remain unaltered from baseline. As
regards the control formulation(s) for the ATD,
ATL, ATPD or ATPL tests, all three ratios should
remain unaltered from baseline. In practice, existing
AA formulations do not show this specificity and
the following sections will demonstrate this defect
and provide an explanation for it and a means of its
rectification.

Previous demonstration

of lack of specificity

Reilly et al® noted that many investigators using the
ATD or its control formulation did not determine the
free or total [Trp]/[CAA] ratio and only a few mea-
sured peripheral levels of Tyr or its ratio to other
competing amino acids. While it must be assumed
that the [Trp]/[CAA] ratio is decreased after ATD
and increased after ATL, a decrease in this ratio has
also been observed with a 100 g “balanced” control
formulation for ATD containing the usual 2.3 g of
Trp.®® This ratio was also decreased in the control for-
mulation if the Trp content was increased to 3.0 g,%
but further increases to 4.1 g or 4.6 g% of Trp caused
elevations of this ratio. From data from our previ-
ous detailed pharmacokinetic and behavioural study

comparing a 50 g with the traditional 100 g dose of
the amino acid formulations for the ATD and ATL
tests,* we reported® that intake of 50 g of the control
formulation containing 1.15 g of Trp decreased the
[Free Trp]/[CAA] ratio maximally by 61%.

We also found that the [Phe + Tyr]/[BCAA + Trp]
ratio was decreased in the ATD, ATL and also in the
control formulation by about 50%. Broadly similar
decreases (40%—-60%) in this latter ratio have been
reported previously**"*"! in control formulations used
in the ATPD test, which are essentially similar to the
control formulation for the ATD or ATL test. Further-
more, in the ATPD test, both the control and the Phe
plus Tyr-deficient formulations are associated with
decreases in the [Trp]/[CAA] ratio, of 30%—62% with
the control formulation, and of 34%-96% with the
depleting formulation.?!-36:37.71-73

Reasons for lack of specificity

The main, if not only, reason for the above undesir-
able decreases in the [Phe + Tyr]/[BCAA + Trp] and
[Trp]/[CAA] ratios in the control or the correspond-
ing relevant depletion (or loading) formulations is the
relatively larger contents of the three BCAA (i.e. Leu,
Val and Ile), compared with those of Phe, Tyr and/or
Trp, in the original Trp' or Tyr + Phe*' formulation.
The differences in contents of these 6 competitors is
clearly reflected in the disproportionate increases in
their plasma concentrations across the entire 7h time-
course of administration of the 50 g control formula-
tion in our previous study** illustrated here in Fig. 1,
where the order of the absolute increases was as fol-
lows: Val > Leu > Ile > Trp > Phe > Tyr, whereas
that of the increases relative to baseline was: Ile >
Leu > Trp > Val > Tyr > Phe. In either case, Phe
and Tyr were at the greatest disadvantage, followed by
Trp. The decrease in the [Phe + Tyr]/[BCAA + Trp]
ratio was even greater after ATL, because of the extra
large increase in [Trp] that is combined with the high
[BCAA].Y®

Basis of the amino acid composition

of the original formulations

In the original ATD, ATL and their control
formulations,' the choice of an amino acid mixture
with a composition based on human milk was a fortu-
nate one in that it ensured a high level of the 3 BCAA
Val, Leu and Ile to achieve a strong competition with
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Figure 1. Time-course of changes in plasma competing amino acid
conentrations following oral intake of a 50 g dose of the control formula-
tion for the acute tryptophan depletion and loading tests.

Note: Values are means + SEM for each group of 12 subjects. Adapted
from the data in Table 3 in Dougherty et al (2008).34

Trp for entry into the brain. The presence of high con-
centrations of these 3 BCAA in human milk is of par-
ticular importance in human physiology, as BCAA,
particularly Leu, are vital and essential for protein
synthesis and hence the growth of the infant.”* How-
ever, the use of a composition based on human milk
as a control formulation is not necessarily the best
choice for a human adult undergoing ATD or ATL
studies, as its large content of BCAA is the cause
of the decreases in the [Trp]/[CAA] and the [Phe +
Tyr]/[BCAA + Trp] ratios in the control or the rel-
evant depletion formulation. By the same token, in
the original formulation for ATPD,* the content of
the 3BCAA was even greater (48%—61% of the total
AA content) than in the ATD-related formulations'
(29%—-33% of the total AA content), as illustrated in
detail in Table 4 above.

Implications of the Lack of Specificity
in Interpretation of Biochemical and
Behavioural Data

Biochemical considerations

The above decreases in the [Trp]/[CAA] and [Phe +
Tyr]/[BCAA+ Trp] ratios therefore suggest that 5S-HT,
DA and/or possibly NA synthesis could be inhibited
by the control formulation and the corresponding
ones for ATD, ATPD and their loading counter-
parts, an effect that could confound interpretation
of behavioural changes (or lack of them). Whereas
the role of brain Trp in serotonin synthesis is now

well-established (see above), that of brain Tyr in cat-
echolamine synthesis has received less attention in
human studies, despite existing evidence. For exam-
ple, the relationship between Tyr depletion and DA
synthesis in various brain structures has been stud-
ied in detail in rats. Carlsson and Lindqvist* found
that the rate of Tyr hydroxylation in vivo (determined
by accumulation of Dopa after decarboxylase inhi-
bition by compound NSD-1015) was significantly
decreased in several brain areas when [Tyr] in these
areas was decreased by 26% or more, with a 65%
decrease in [Tyr] leading to a 34%—41% decrease in
[Dopa]. These findings were confirmed by McTavish
et al,” who found that a 50%—60% decrease in [Tyr]
was associated with a 20%—-44% drop in [Dopa].
The question then arises as to whether decreases
in the above ratios of the order of 50%—-60% lead-
ing to significant decreases in synthesis of 5-HT,
DA and/or NA can alter monoamine function and
thus influence behaviour. As regards DA function,
the above decrease in DA synthesis” was accompa-
nied by an even-stronger decrease in amphetamine-
induced DA release. In a dose-finding study’' in
healthy adults, plasma levels of prolactin, a surro-
gate marker of DA function that is elevated when DA
levels are decreased, were moderately elevated by
a 10 g dose of BCAA, which decreased the [Tyr +
Phe]/[BCAA] ratio by 70%. The [Trp]/[CAA] ratio
was also decreased by this small dose of BCAA by
58% (the resulting decrease in 5-HT synthesis would
be expected to cause a decrease in prolactin) and had
this ratio decrease been avoided, the elevation of pro-
lactin could have been greater. Also, it was found’
that serotonin depletion induced by a Trp-deficient
diet enhances amphetamine-induced DA release and
causes a greater increase in motor activity than in con-
trols. In a positron-emission tomographic study,”’ it
was estimated that a modest decrease in brain [DA] of
10%—-20% after ATPD in normal subjects can explain
the 6% increase in [''C] raclopride binding, which
results from DA receptors no longer being occupied
by DA, and suggested that the decrease in the [Phe +
Tyr]/[BCAA] ratio observed with the control formu-
lation could have also increased this binding, relative
to a control which did not decrease this ratio. It thus
appears that DA function can be undermined by the
changes in brain DA and the [Phe + Tyr]/[BCAA +
Trp] ratio observed with the control formulations.
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Behavioural considerations

In general, behaviour does not seem to be influenced in
normal volunteers of either gender by the ATPD or its
control formulation.** Behaviour is also not influenced
by the control formulation for ATD or ATL in normal
males or females, nor in males undergoing ATD: only
ATD in normal females may influence behaviour.>*
The situation in patient populations is, however,
different, not only regarding ATD, which can pre-
cipitate a depressive episode in recovered depressed
subjects,”® but also the control formulation itself.
Thus, e.g. in depressed patients, the free and/or total
[Trp]/[CAA]ratio is already known to be decreased by
16%—-36% relative to controls.”®® Total [Trp] is also
known to be decreased in depressed patients by 20%—
29%.7879828385 In 4 of the studies listed above which
reported both parameters simultaneously,”s#2% the
decreases in the total [ Trp] and total [ Trp]/[ CAA] ratio
were generally comparable (respectively 26% and
23%; 26% and 23%; 20% and 18%; 29% and 32%)).
Thus, in depressed individuals, a further decrease of
50%—60% induced by the control formulation might
lead to an even greater depletion of brain serotonin.
Even if monoamine-dependent behaviour does not
appear to be influenced when measured by existing
instruments, investigators using a control formula-
tion in the knowledge that it will decrease the Trp and
Tyr ratios by ~50% in control subjects could not rule
out a greater decrease in patient populations, which
may precipitate significant behavioural changes. In
fact, it has been suggested® that mood can be sig-
nificantly altered when the decline in plasma [Trp]
is >60%, a value that could be reached easily in
patients receiving the control formulations in their
present compositions.

The Need to Enhance the Specificity
of the Control and Other Amino Acid

Formulations

We believe that: 1) it is inappropriate to argue that
the use of a control formulation which alters the
above ratios so significantly is permissible as long
as it does not affect behaviour measured by exist-
ing instruments; 2) it would be both impractical and
confusing to use two control formulations: one for
normal subjects (whose behaviour may or may not

be impaired) and the other for patient groups, who,
by virtue of having a low or borderline [Trp]/[CAA]
ratio are likely to experience greater ratio decreases
and consequently behavioural changes; 3) it is more
prudent to err on the side of accuracy and establish
a truly balanced control formulation which does not
alter these ratios.

Previous attempts to enhance the
specificity of the control formulation

for tryptophan depletion

Three previous attempts have been made to over-
come the above ratio changes, but with only par-
tial success. In the first, Weltzin et al®” succeeded
in maintaining the baseline [Trp]/[CAA] ratio by
increasing the Trp content to 4.6 g/100 g of the tra-
ditional amino acid mixture. However, they did not
measure the [Phe + Tyr]/[BCAA + Trp] ratio and it
is almost certain that, with this level of Trp load-
ing (which is 45% of that of the ATL dose), or even
without it, this latter ratio will have been decreased.
Booij et al® used a low dose ATD (25% of the nor-
mal one) as a control [based on a previous design
by Krahn et al®]. However, although this low-dose
mixture did not alter the [Tyr]/[CAA] ratio, it still
decreased the [Trp]/[CAA] ratio by 42%, against a
92% decrease by the full dose. However, interpreta-
tion of some, or all, of these biochemical changes is
difficult because the subjects consumed a lunch dur-
ing the test procedure. Still, while the use of a low-
dose mixture may be useful in studies examining the
effects of sub-optimal depletion of Trp and 5-HT, it
cannot be considered an appropriate control for the
ATD test dose. As regards the ATPD and its control
formulation, no previous attempts have been made to
address the issue of their specificity.

Biological and behavioural reasons

for improving the specificity

of the control formulations

The need for a truly balanced control or test
formulation has alrcady been emphasized.> Most
investigators using the ATD or ATL (or the ATPD
or ATPL) tests would agree that a “balanced”
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formulation should ensure that the control treatment
maintains baseline values without altering the bio-
chemical or behavioural parameters being studied,
which would further enhance accurate interpreta-
tion of results. As BCAA play a pivotal role in the
ATD test, the use of a balanced control formulation,
rather than an amino-acid-free “neutral” placebo,
is even-more important, particularly in relation to
behavioural studies, because, apart from inducing a
central 5-HT deficiency through Trp depletion and
a central catecholamine deficiency through Phe and
Tyr depletion, the BCAA have the potential to exert
other equally important metabolic changes which
could also further impact behaviour (for commen-
tary, see Ref’™). Thus, in the human brain, BCAA
are transaminated by branched-chain amino acid
aminotransferase (BCAT) to branched-chain keto
acids, converting in the process 2-oxoglutarate to
glutamate.””° BCAA are thus nitrogen donors for the
synthesis of the excitatory amino acid glutamate and
the inhibitory neurotransmitter y-aminobutyric acid
(GABA), with Leu playing a particularly prominent
role®®*? and it is noteworthy that the brain cytosolic
isoenzyme of BCAT is located in GABAergic and
glutamatergic neurons.” Since in humans, the brain
normally accounts for 10%—-20% of their total body
metabolism,’ a significant increase could be expected
after loading with BCAA, as during the depletion
or loading tests, resulting in enhanced synthesis of
glutamate and GABA. Changes in glutamatergic
and/or GABAergic neurotransmission are therefore
expected under these conditions, which could impact
on 5-HT and dopamine functions, with the potential
to modulate behaviours associated with these cere-
bral monoamines.

Strategies for Enhancing the
Specificity of the Control and Test
Formulations for Acute Tryptophan
and Tyrosine Plus Phenylalanine

Depletion and Loading

In the light of this and the preceding discussion,
and based on theoretical graphs designed to main-
tain normal [Trp]/[CAA] and [Phe + Tyr]/[BCAA +
Trp] ratios under the depletion, loading, or balanced
(control) condition, if the contents of the [BCAA]

or of [Phe + Tyr] were to be altered independently,
we proposed® two strategies for normalizing these
ratios: (1) decreasing the contents of the three BCAA
by ~30%; or (2) increasing those of Phe and Tyr by
~50%. Of these, the first is the preferred strategy,
because it avoids the metabolic consequences of
Phe and Tyr loading associated with the latter strat-
egy, because, if adopted, it could contribute to a fur-
ther lowering of both the free and total [Trp]/[CAA]
ratios in the control formulation. A third strategy,
applicable only to the control formulation, is to
increase the Trp content, as performed previously.®’
However, while this may improve the [Trp]/[CAA]
ratio, it can only further decrease the [Phe + Tyr]/
[BCAA + Trp] ratio and thus lead to a greater deple-
tion of brain catecholamines. As BCAA appear to be
the components of amino acid mixtures responsible
for the undesirable decreases in the above ratios,
we believe that modulating their content in the vari-
ous formulations is the most appropriate strategy
for enhancing the specificity of these important
research and diagnostic tests.

Conclusions and Comments

We hope that this review has addressed the impor-
tant biochemical principles underpinning the acute
Trp and Tyr plus Phe depletion and loading tests,
illustrated clearly the poor specificity of the various
test and control amino acid formulations and made
constructive proposals for improving their speci-
ficity. In the accompanying paper, we successfully
demonstrate the normalisation of the free and total
[Trp]/[CAA] and [Phe + Tyr]/[BCAA + Trp] ratios
in a new balanced control formulation for all the
above tests by decreasing the content of BCAA, and
propose adjustments of the contents of the active
formulations to ensure their specificities.

Acknowledgements

Work reviewed from our respective laboratories was
supported by grants from the Wellcome Trust (069301)
and the NIH (RO1-AA012046, RO1-AA014988 and
T32-AA07565).

Disclosures
This manuscript has been read and approved by
all authors. This paper is unique and is not under

International Journal of Tryptophan Research 2010:3

31


http://www.la-press.com

Badawy et al

consideration by any other publication and has not
been published elsewhere. The authors and peer
reviewers of this paper report no conflicts of inter-

est

. The authors confirm that they have permission to

reproduce any copyrighted material.

References

1.

1.

Young SN, Smith SE, Pihl RO, et al. Tryptophan depletion causes a rapid
lowering of mood in normal males. Psychopharmacol. 87:173-7.

. Ellenbogen MA, Young SN, Dean P, et al. Mood response to acute trypto-

phan depletion in healthy volunteers: sex differences and temporal stability.
Neuropsychopharmacol. 1996;15:465-74.

. Reilly JG, McTavish SFB, Young AH. Rapid depletion of plasma trypto-

phan: A review of studies and experimental methodology. J Psychopharma-
col. 1997;11:381-92.

. Mace J, Porter R, O’Brien J, et al. Cognitive effects of acute tryptophan

depletion in healthy elderly. Acta Neuropsychiatrica. 2008;20:78—-87.

. Bjork JM, Dougherty DM, Moeller G, et al. Differential behavioral effects

of plasma tryptophan depletion and loading in aggressive and non-aggres-
sive men. Neuropsychopharmacol. 2000;22:357—69.

. Petrakis IL, Trevison L, Boutrops NN, et al. Effect of tryptophan depletion

on alcohol cue-induced craving in abstinent alcoholic patients. Alcoholism:
Clin Exp Res. 2001;25:1151-5.

. Porter RJ, Marshall EF, O’Brien JT. Effects of rapid tryptophan depletion on

salivary and plasma cortisol in Alzheimer’s disease and the healthy elderly.
J Psychopharmacol. 2002;16:73-8.

. Kaye WH, Barbarich NC, Putnam K, et al. Anxiolytic effects of acute

tryptophan depletion in anorexia nervosa. Int J Eat Disorders. 2003;
33:257-67.

. Argyropoulos S, Hood SD, Adrover M, et al. Tryptophan depletion reverses

the therapeutic effect of selective serotonin-reuptake inhibitors in social
anxiety disorder. Biol Psychiat. 2004;56:503-9.

. McDougle CJ, Naylor ST, Goodman WK, et al. Acute tryptophan deple-

tion in autiostic disorder: a controlled case study. Biol Psychiat. 1993;
33:547-50.
Cappiello A, Serniyak MJ, Malison RT. Effects of acute tryptophan deple-
tion in lithium-remitted manic patients: a pilot study. Biol Psychiat. 1997;
42:1076-8.

. Smith KA, Fairburn CG, Cowen PJ. Symptomatic relapse in bulimia

nervosa following acute tryptophan depletion. Arch Gen Psychiat. 1999;
56:171-6.

. Delgado PL, Charney DS, Price LH, et al. Serotonin function and the

mechanism of antidepressant action: Reversal of antidepressant-induced
remission by rapid depletion of plasma tryptophan. Arch Gen Psychiat.
1990;47:411-8.

. Riemann D, Hornyak M, Koch S, et al. The tryptophan depletion test:

impact on sleep in primary insomnia—a pilot study. Psychiatry Res.
2002;109:129-35.

. Kilkens TOC, Nienwenhoven MA, van Riedel W1J, et al. Acute tryptophan

depletion affects brain-gut responses in irritable bowel syndrome and con-
trols. Gut. 2004;53:1794-800.

. Berney A, Sookman D, Leyton M, et al. Lack of effects on core obsessive-

compulsive symptoms of tryptophan depletion during symptom provocation
in remitted obsessive-compulsive disorder patients. Biol Psychiat. 2006;
59:853-7.

. Roy-Byrne P. Effects of acute tryptophan depletion on CO,-induced anxiety

in patients with panic disorders. BrJ Psychiat. 2000;176:182-8.

. Menkes DB, Coates DC, Fawcett JR. Acute tryptophan depletion aggravates

premenstrual syndrome. J Affect Disorders. 1994;32:37—44.

. Golightly KL, Lloyd JA, Hobson JE, et al. Acute tryptophan depletion in

schizophrenia. Psychol Med. 2001;31:75-84.

. Lam RW, Zis AP, Grewal A, et al. Effects of rapid tryptophan depletion in

patients with seasonal affective disorders in remission after light therapy.
Arch Gen Psychiat. 1996;53:41-4.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sheehan BD, Tharyan P, McTavish SFB, et al. Use of a dietary manipu-
lation to deplete plasma tyrosine and phenylalanine in healthy subjects.
J Psychopharmacol. 1996;10:231-4.

Harmer CJ, McTavish SF, Clark L, et al. Tyrosine depletion attenuates
dopamine function in healthy volunteers. Psychopharmacol. 2001:154:
105-11.

McLean A, Rubinsztein JS, Robbins TW, et al. The effects of tyrosine deple-
tion in normal healthy volunteers: implications for unipolar depression.
Psychopharmacol (Berl). 2004;171:286-97.

Munafo MR, Mannie Zola N, Cowen PJ, et al. Effects of acute tyrosine
depletion on subjective craving and selective processing of smoking-related
cues in abstinent cigarette smokers. J Psychopharmacol. 2007;21:805-14.
McTavish SFB, Mannie ZN, Cowen PJ. Tyrosine depletion does not cause
depressive relapse in antidepressant-treated patients. Psychopharmacol.
2004;175:124-6.

McTavish SF, McPherson MH, Harmer CJ, et al. Antidopaminergic effects
of dietary tyrosine depletion in healthy subjects and patients with manic ill-
ness. BrJ Psychiat. 2001;179:356—60.

Agharanya JC, Wurtman RJ. Effect of acute administration of large neu-
tral and other amino acids on urinary excretion of catecholamines. Life Sci.
1982;30:739-46.

Leyton M, Pun VK, Benkelfat C, et al. A new method for rapidly decreas-
ing serotonin and catecholamine synthesis in humans. J Psychiat Neurosci.
2003;28:464-7.

Harrison BJ, Oliver JS, Norman TR, et al. Selective effects of acute
serotonin and catecholamine depletion on memory in healthy women.
J Psychopharmacol. 2004;18:32-40.

Nathan PJ, Hughes JM, Mclnerny B, et al. Simultaneous depletion of tryp-
tophan, tyrosine and phenylalanine as an experimental method to probe
brain monoamine function in humans. J Neuropsychopharmacol. 2004;
7:171-6.

Scholes KE, Harrison BJ, O’Neill BV, et al. Acute serotonin and dop-
amine depletion improves attentional control: findings from the stroop task.
Neuropsychopharmacol. 2007;32:1600-10.

Kaufman S. The phenylalanine hydroxylating system from mammalian
liver. Adv Enzymol. 1971;35:245-319.

Kaufman S. Properties of the pterin-dependent aromatic amino acid
hydroxylases. In: Aromatic Amino Acids in the Brain. Ciba Found Sympos.,
Elsevier: Amsterdam. 1974;22:85-108.

Dougherty DM, Marsh-Richard DM, Mathias CW, et al. Comparison of
50- and 100-g L-tryptophan depletion and loading formulations for altering
5-HT synthesis: pharmacokinetics, side effects, and mood states. Psychop-
harmacol. 2008;198:431-45.

Richard DM, Dawes MA, Mathias CW, et al. L-Tryptophan: Basic meta-
bolic functions, behavioral research and therapeutic indications. /nt J Tryp-
tophan Res. 2009;2:45-60.

Lythe KE, Anderson IM, Deakin JFW, et al. Lack of behavioural effects after
acute tyrosine depletion in healthy volunteers. J Psychopharmacol. 2005;
19:5-11.

Leyton M, Young SN, Pihl RO, et al. Effects on mood of acute phenyla-
lanine/tyrosine depletion in healthy women. Neuropsychopharmacol.
2000;22:52-63.

Vrshek-Schallhorn S, Wahlstrom D, Benolkin K, et al. Affective bias
and response modulation following tyrosine depletion in healthy adults.
Neuropsychopharmacol. 2006;31:2523-36.

Scarna A, Gijsman HJ, McTavish SFB, et al. Effects of a branched-chain
amino acid drink in mania. BrJ Psychiat. 2003;182:210-3.

Carlsson A, Lindqvist M. Dependence of 5-HT and catecholamine syn-
thesis on concentrations of precursor amino acids in rat brain. Naunyn-
Schmiedebergs Arch Pharmacol. 1978;303:157-64.

Curzon G. Relationship between plasma, CSF and brain tryptophan. J Neu-
ral Transmission. 1979;15(Suppl):81-92.

Meek JL, Neff NH. Tryptophan 5-hydroxylase: approximation of half-life
and rate of axonal transport. J Neurochem. 1972;19:1519-25.

Winge I, McKinney JA, Ying M, et al. Activation and stabilisation of
human tryptophan hydroxylase 2 by phosphorylation and 14-3-3 binding.
Biochem J. 2008;410:195-204.

32

International Journal of Tryptophan Research 2010:3


http://www.la-press.com

Biochemical aspects and poor specificity of current amino acid formulations

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

. Badawy AAB. Tryptophan metabolism in alcoholism. Nutr Res Rev.
2002;15:123-52.

Badawy AAB. Tryptophan metabolism and alcoholism. In: Preedy VR,
Watson RR (editors) Comprehensive handbook alcohol related pathology,
vol. 3, London: Elsevier; 2005. p 1303—14.

Young SN, Sourkes TL. Tryptophan catabolism by tryptophan pyrrolase in
rat liver. J Biol Chem. 1975;250:5009—14.

Curzon G, Knott PJ. Effects on plasma and brain tryptophan in the rat of
drugs and hormones that influence the concentration of unesterified fatty
acids in the plasma. BrJ Pharmacol. 1974;50:197-204.

Fernstrom JD, Wurtman RJ. Brain serotonin content: Physiological depen-
dence on plasma tryptophan levels. Science. 1971;173:149-52.

Smith QR, Momma S, Aoyagi M, et al. Kinetics of neutral amino acid trans-
port across the blood-brain barrier. J Neurochem. 1987;49:1651-8.

Banos G, Daniel PM, Moorhouse SR, et al. The influx of amino acids into
the brain of the rat in vivo: the essential compared with some nonessential
amino acids. Proc Roy Soc Lond (Biol). 1973;183:59-70.

Mans AM, Bieuyck JF, Shelly K, et al. Regional blood-brain barrier perme-
ability to amino acids after portacaval anastomosis. J Neurochem. 1982;38:
705-17.

Moja EA, Cipolla P, Castoldi D, et al. Dose-response decrease in plasma
tryptophan and in brain tryptophan and serotonin after tryptophan-free
amino acid mixtures in rats. Life Sci. 1989;44:971-6.

Tagliamonte A, Gessa R, Biggio G, et al. Daily changes in free serum tryp-
tophan in humans. Life Sci. 1974;14:349-54.

Gessa GL, Biggio G, Fadda F, et al. Effect of the oral administration of
tryptophan -free amino acid mixtures on serum tryptophan, brain tryptophan
and serotonin metabolism. J Neurochem. 1974;22:869-70.

Moja EA, Restani P, Corsini E, et al. Cycloheximide blocks the fall of
plasma and Tissue tryptophan levels after tryptophan-free amino acid mix-
tures. Life Sci. 1991;49:1121-8.

Franklin M, Cowen PJ, Craven RD. The effects of a low tryptophan diet on
brain 5 -HT metabolism and 5-HT-mediated Neuroendocrine responses in
the male rat. J Psychopharmacol. 1995;9:336-41.

Carpenter LL, Anderson GM, Pelton GH, et al. Tryptophan depletion during
continuous CSF sampling in healthy human subjects. Neuropsychopharmacol.
1998;19:26-35.

Waurtman RJ, Larin F, Mostafapour S, et al. Brain catecholamine synthesis:
Control by brain tyrosine concentration. Science. 1974;185:183-4.

Badawy AAB, Williams DL. Enhancement of rat brain catecholamine syn-
thesis by administration of small doses of tyrosine and evidence for sub-
strate inhibition of tyrosine hydroxylase activity by large doses of the amino
acid. Biochem J. 1982;206:165-8.

Badawy AAB, Williams DL, Evans M. Role of tyrosine in the acute effects
of ethanol on rat brain catecholamine synthesis. Pharmacol Biochem Behayv.
1983;18 Suppl 1:389-96.

Ablett RF, MacMillan M, Sole MJ, et al. Free tyrosine levels of rat brain and
tissues with sympathetic innervation following administration of L-tyrosine
in the presence and absence of large neutral amino acids. J Nutr. 1984;
114:835-9.

Oishi T, Szabo S. Tyrosine increases tissue dopamine concentration in the
rat. J Neurochem. 1984,42:894—6.

Conlay AA, Maher TJ, Wurtman RJ. Tyrosine accelerates catecholamine
synthesis in hemorrhaged hypotensive rats. Brain Res. 1985;333:81-4.
Wurtman RJ, Fernstrom JD. Control of brain neurotransmitter synthesis
by precursor availability and nutritional state. Biochem Pharmacol. 1976;
25:1691-6.

Wolfe BE, Metzger ED, Jimerson DC. Comparison of the effects of amino
acid mixture and placebo on plasma tryptophan to large neutral amino acid
ratio. Life Sci. 1995;56:1395-400.

Riedel WIJ, Klaassen T, Deutz NEP, et al. Tryptophan depletion in nor-
mal volunteers produces selective impairment in memory consolidation.
Psychopharmacol. 1999;141:362-9.

Robinson OJ, Sahakian BJ. Acute tryptophan depletion evokes nega-
tive mood in healthy females who have previously experienced concur-
rent negative mood and tryptophan depletion. Psychopharmacol. 2009;
205:227-35.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Schmitt JAJ, Jorissen BL, Sobczak S, et al. Tryptophan depletion impairs
memory consolidation but improves focussed attention in healthy young
volunteers. J Psychopharmacol. 2000;14:21-9.

Badawy AA-B, Morgan CJ, Dougherty DM, et al. The acute tryptophan
depletion and loading tests: Specificity issues. International Congr Series
(ICS). 2007;1304:159—66.

McTavish SFB, McPherson MH, Harmer CJ, et al. Antidopaminergic effects
of dietary tyrosine depletion in healthy subjects and patients with manic
illness. Br J Psychiat. 2001;179:356—60.

Gijsman HJ, Scarna A, Harmer CJ, et al. A dose-finding study on the effects
of branch chain amino acids on surrogate markers of brain dopamine func-
tion. Psychopharmacol. 2002;160:192-97.

Scarna A, Gijsman HJ, Harmer CJ, et al. Effect of branch chain amino acids
supplemented with tryptophan on tyrosine availability and plasma prolactin.
Psychopharmacol. 2002;159:222-3.

Scarna A, McTavish SF, Cowen PJ, et al. The effects of a branched chain
amino acid mixture supplemented with tryptophan on biochemical indices
of neurotransmitter function and decision-making. Psychopharmacol. 2005;
179:761-8.

Hutson SM. Commentary: The case for regulating indispensable amino acid
metabolism: The branched-chain o-ketoacid dehydrogenase kinase-knock-
out mouse. Biochem J. 2006;400:¢1-€3.

McTavish SFB, Cowen PJ, Sharp T. Effect of a tyrosine-free amino acid
mixture on regional brain catecholamine synthesis and release. Psychophar-
macol. 1999;141:182-8.

Carta M, Fadda F, Stancampiano R. Tryptophan-deficient diet increases
the neurochemical and behavioral response to amphetamine. Brain Res.
2006;1094:86-91.

Montgomery J, McTavish SFB, Cowen PJ, et al. Reduction of brain Dop-
amine concentration with dietary tyrosine plus phenylalanine depletion:
an [''C] raclopride PET study. Am J Psychiat. 2003;160:1887-9.
DeMeyer MK, Shea PA, Hendrie HC, et al. Plasma tryptophan and five
other amino acids in depressed and normal subjects. Arch Gen Psychiat.
1981;38:642—6.

Joseph MS, Brewerton TD, Reus VI, et al. Plasma L-tryptophan/neutral
amino acid ratio and dexamethasone suppression in depression. Psychiat
Res. 1984;11:185-92.

Moller SE, Kirk L, Honoré P. Free and total plasma tryptophan in endog-
enous depression. J Affect Disorders. 1979;1:69-76.

Moller SE, de Beurs P, Timmerman L, et al. Plasma tryptophan and tyrosine
ratios to competing amino acids in relation to antidepressant response to cit-
alopram and maprotiline: a preliminary study. Psychopharmacol. 1986;88:
96-100.

Cowen PJ, Parry-Billings M, Newsholme EA. Decreased plasma trypto-
phan levels in major depression. J Affect Disorders. 1989;16:27-31.

Maes M, Vandewoude M, Schotte C, et al. The decreased availability of
L-tryptophan in depressed females: clinical and biological correlates. Progr
Neuro Psychopharmacol Biol Psychiat. 1990;14:903—19.

Russ MJ, Ackerman SH, Banay-Schwartz M, et al. Plasma tryptophan to
large neutral amino acid ratios in depressed and normal subjects. J Affect
Disorders. 1990;19:9-14.

Maes MHJ, De Ruyter M, Suy E. Prediction of subtype and severity of
depression by means of dexamethasone suppression test, L-tryptophan:
competing amino acid ratio, and MHPG flow. Biol Psychiat. 1987;
2:177-88.

Hood SD, Bell CJ, Nutt DJ. Acute tryptophan depletion. Part I: rationale and
methodology. Aust N Z J Psychiat. 2005;39:558-64.

Weltzin TE, Fernstrom JD, McConaha C, et al. Acute tryptophan depletion
in bulimia; effects on large neutral amino acids. Biol Psychiat. 1994;35:
388-97.

Booij L, Van der Does AJW, Haffmans PMJ, et al. The effects of high-
dose and low-dose tryptophan depletion on mood and cognitive func-
tions of remitted depressed patients. J Psychopharmacol. 2005;19:
267-75.

Krahn LE, Lu PY, Klee G, et al. Examining serotonin function: A modified
technique for rapid tryptophan depletion. Neuropsychopharmacol. 1996;
15:325-8.

International Journal of Tryptophan Research 2010:3

33


http://www.la-press.com

2

Badawy et al

93. Garcia-Espinosa MA, Wallin R, Hutson SM, et al. Widespread neuronal
expression of branched-chain aminotransferase in the CNS: Implica-
tions for leucine/glutamate metabolism and for signaling by amino acids.

90. Hutson SM, Lieth E, LaNoue KF. Function of leucine in excitatory
neurotransmitter metabolism in the central nervous system. J Nutr.
2001;131: 846S-50S.

91. Yudkoff M, Daikhin Y, Grunstein L, et al. Astrocyte leucine metabolism: J Neurochem. 2007;100:1458-68.

Significance of branched-chain amino-acid transamination. J Neurochem. 94. Suryawan A, Hawes JW, Harris RA, et al. A molecular model of human
1996;66:378-85. branched-chain amino acid metabolism. Am J Clin Nutr. 1998;68:72-81.

92. Yudkoff M, Daikhin Y, Nissim I, et al. Brain amino acid requirements and
toxicity: The example of leucine. J Nutr. 2005;135:1531S-8S.

Publish with Libertas Academica and
every scientist working in your field can
read your article

“I would like to say that this is the most author-friendly
editing process | have experienced in over 150
publications. Thank you most sincerely.”

“The communication between your staff and me has
been terrific. Whenever progress is made with the
manuscript, | receive notice. Quite honestly, I've
never had such complete communication with a
Jjournal.”

“LA is different, and hopefully represents a kind of
scientific publication machinery that removes the
hurdles from free flow of scientific thought.”

Your paper will be:
° Available to your entire community
free of charge
Fairly and quickly peer reviewed
Yours! You retain copyright

http://www.la-press.com

34 International Journal of Tryptophan Research 2010:3


http://www.la-press.com
http://www.la-press.com

