
EDITORIAL

Cognitive changes after acute tryptophan depletion: what can
they tell us?1

Serotonin (5-hydroxytryptamine, 5-HT) is known to play a role in a wide variety of functions
including: mood, anxiety, sleep, aggression, sexual function and cognitive function. In the past
decade, the sudden interest in acute amino acid depletion paradigms has stimulated the interest
in studying the function of 5-HT in man in vivo. In particular, investigating the association of
experimentally lowered 5-HT with cognition by measuring the influence of acute tryptophan
depletion (ATD) on performance, and in some cases applying ATD as a challenge test using cog-
nition as disease surrogate marker, have recently become popular. The crucial questions, ‘what can
this method tell us about cognitive function in health and disease?’ and ‘what can ATD-induced
cognitive changes tell us about health and disease? ’ can only be answered after first considering
basic assumptions about the method. These pertain to the derived questions, ‘ is ATD a serotonergic
manipulation?’, ‘ is the placebo used in ATD an inactive treatment?’. Also, ‘are there specific
cognitive markers of ATD?’. After a brief consideration of these issues, we will focus on the more
clinical issues addressing the question whether ATD can be used as a challenge test, to indicate
serotonergic vulnerability, using cognitive functions as surrogate measures of disease in particular.

COGNITIVE EFFECTS OF ATD IN NORMAL VOLUNTEERS

There is ample evidence showing 5-HT to be involved in cognitive functioning, particularly learn-
ing, memory and attention processes. In healthy subjects impaired long-term memory following
ATD, including deficits in learning and memory consolidation has been reported (Park et al. 1994;
Riedel et al. 1999; Rogers et al. 1999; Schmitt et al. 2000; Rubinsztein et al. 2001; Klaassen et al.
2002; McAllister-Williams et al. 2002; Harrison et al. 2003). In contrast, improvements in focused
attention and executive function (Coull et al. 1995; Schmitt et al. 2000; Murphy et al. 2002) have
also been reported after ATD.

IS ATD A SPECIFIC SEROTONERGIC MANIPULATION?

Serotonin’s precursor molecule, tryptophan (TRP), is an indole-based essential amino acid. TRP
is transported from the blood through the blood–brain barrier (BBB) into 5-HT neurons and is
there transformed into 5-HT in a two-step enzymatic process (Azmitia, 2001). First, TRP is hy-
droxylated by tryptophan hydroxylase (TPH). For this process oxygen is needed as well as the
co-factor tetrahydrobiopterin (6R-BH4). The hydroxylated product, 5-hydroxy-tryptophan (5-
HTP) is converted into 5-HT by aromatic amino acid decarboxylase (AAAD). The first step in this
pathway is the rate-limiting step (Eccleston et al. 1965). TPH is predominantly, if not uniquely,
found in terminals of the raphe system, that is, in 5-HT neuron terminals (Kuhar et al. 1972). Under
normal physiological conditions, TPH is thought to be 50% saturated with tryptophan (Young
&Gauthier, 1981) and 75%with oxygen. Decreasing tryptophan levels can decrease 5-HT synthesis
or turnover in rats (Biggio et al. 1974; Gessa et al. 1974), primates (Young et al. 1989) and humans
(Nishizawa et al. 1997; Carpenter et al. 1998). Besides neurochemical evidence as listed above,
behavioural evidence of ATD effects appear consistent with the view that ATD’s effects indicate
acute lowering of brain 5-HT neurotransmission. Furthermore, ATD’s effects appear to be specific
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for the depletion of tryptophan. Direct comparison of ATD with lysine depletion showed that
the mood and memory effects of ATD did not manifest after depleting lysine, an arbitrarily
chosen other essential amino acid (Klaassen et al. 1999a). This seems to rule out the hypothesis
of protein synthesis inhibition, which would predict low mood and memory impairment as a
result of simply leaving out any amino acid from a balanced mixture thereby hampering protein
synthesis. Furthermore, that study also pointed out that ATD was the active condition to
impair mood and memory, rather than that the balanced placebo mixture was the active con-
dition that improved mood and memory. This was further substantiated by a study in which it
was shown that delayed memory performance after placebo was unchanged relative to a base-
line measurement, whereas 5 h after ATD performance was impaired, both relative to placebo
and relative to baseline performance (Schmitt et al. 2000). That study also ruled out the hypothesis
of ATD-induced impairment of memory consolidation post-learning, i.e. recall/recognition of
material learned just before administration of the amino acid drink, was not affected by ATD.
In another recent direct comparison study, it was shown that in the same sample of subjects,
ATD exclusively impaired memory consolidation, while acute tyrosine/phenylalanine depletion
impaired working memory performance, thus further establishing the specificity of ATD effects
and also those of the cognitive effects of the highly similar acute depletion of tyrosine and
phenylalanine, presumably modelling a state of lowered dopaminergic function (Harrison et al.
2003).

ATD AS A CHALLENGE TEST FOR UNIPOLAR AND BIPOLAR DEPRESSION

The best known phenomenon in ATD studies is that of its mood lowering effect, which occurs
exclusively in subjects considered vulnerable for depression. These include most typically remitted
depressed patients and healthy first-degree relatives of patients with major depression. Interestingly
within the former group, those previously treated with selective serotonin re-uptake inhibitors
(SSRIs) respond strongest to ATD whereas those treated with noradrenergic antidepressants re-
spond with a mood-lowering response to catecholamine depletion rather than to ATD (Booij et al.
2002, 2003). Similar studies using cognitive measures have hardly been applied. The first of its
kind showed that ATD impairs memory consolidation in all healthy individuals, irrespective of
whether they have a family history of major depression (FH+) (Riedel et al. 1999). Recently, two
such studies have been carried out using cognitive measures in the ATD paradigm. Sobczak et al.
(2002a) studied the cognitive responses to ATD of healthy first-degree relatives of patients suf-
fering from bipolar depression. A further distinction was made between relatives of bipolar dis-
order (BD) type I and type II patients respectively. In brief, the study showed that cognitive
responses to ATD distinguished between first-degree relatives and controls. This pertained
especially to the finding that ATD improved the response speed in the Tower of London planning
task in controls, whereas it impaired the response speed in FH+ especially in first-degree relatives
of BD type I patients. The relevance, albeit an effect of small magnitude, is further confirmed by
the finding that healthy first-degree relatives of bipolar type I disorder patients performed signifi-
cantly slower than controls on this measure at baseline. The memory consolidation impairment
effect of ATD was again replicated in this study, but it did not discriminate between FH+ and
control groups (Sobczak et al. 2002a). These results suggested a 5-HT mediated frontal lobe dys-
function as a biological surrogate marker of BD type I (Owen et al. 1990; Damasio, 1994; Elliott
et al. 1997; Dagher et al. 1999; Murphy et al. 1999; Rubinsztein et al. 2000). Furthermore, these
measures can also be used as surrogate measures of disease to indicate change of status in most
cases before clinical signs are apparent. ATD effects observed in the control subjects by Sobczak
et al. (2002a) resembled those previously reported (Park et al. 1994; Coull et al. 1995; Riedel et al.
1999; Schmitt et al. 2000; Rubinsztein et al. 2001; Murphy et al. 2002). The application of neuro-
transmitter challenge tests, such as ATD, has led to the conclusion that 5-HT is involved in bipolar
disorder and thus there is indeed evidence for a rationale for 5-HT drugs in the treatment of BD
(Sobczak et al. 2002b).
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ATD IN NEURODEGENERATION: AGEING AND ALZHEIMER’S DISEASE

An obvious therapeutic area for ATD to use as an experimental medicine model, given its
specific effects on memory consolidation, is that of neurodegenerative diseases that may involve
the serotonergic system. To be considered mainly are Alzheimer’s disease (AD) and methylene-
dioxymethamphatamine (MDMA)-induced neurotoxicity. In AD, 5-HT dysregulation is reported
separately or in conjunction with that of the cholinergic system, due to interactions at the re-
ceptor level, in particular in septo-hippocampal cholinergic neurones as well as in cholinergic
neurones from the nucleus basalis to the cortex and the amygdala (Buhot et al. 2000). In a recent
study by Porter et al. (2003) AD patients were administered ATD and their cognitive responses
were compared with those of age-matched controls. No specific differences were found with
respect to cognitive responses to ATD between the AD and control groups. However, the ob-
served effects of ATD both in the normal aged and in the AD groups seemed to differ from those
seen in healthy young volunteers. An impairment of performance on the backward digit span was
observed after ATD in both groups. Such an impairment may well underlie other memory defi-
cits induced by ATD, such as the observed ATD-induced impairment in the Paired Associates
Learning test (Porter et al. 2003). However, no ATD-induced impairments were found on the
Rey Auditory Verbal Learning Task or on the Rey Visual Design Learning Test. Ultimately, this
could mean that memory consolidation impairment, although a sensitive indicator of acute
tryptophan depletion, is not a relevant state marker of 5-HT, at least not for AD. Previously, the
same group (Porter et al. 2000) reported on the basis of exactly the same groups of AD patients
and healthy controls, that using the 3-MSE, an extended version of the Mini-Mental State
examination (MMSE) scored on a scale of 1–100, AD patients responded to ATD by an impair-
ment of performance on that scale, whereas elderly controls did not. Porter et al. (2003) noted
that this may reflect a ceiling effect on this scale in the elderly control group. We, therefore,
remain with the fact that this was hitherto the first and only study to investigate serotonergic
vulnerability of AD patients using ATD. It can also be said that group sizes of 16 are fairly small
given the heterogeneity inherent in AD. Further research seems highly desired to clear these
matters.

ACQUIRED NEURODEGENERATION: SEROTONERGIC VULNERABILITY
ASSOCIATED WITH MDMA-USE

Other evidence for ATD as a sensitive in vivo probe of serotonergic neurodegeneration may
come from studies in former users of ecstasy. Long-lasting degeneration of long serotonergic
fibres is seen after MDMA-use in animal studies (Ricaurte et al. 2000) and may also occur in
human users (McCann et al. 1998, 2000; Reneman et al. 2001). These indirect observations of
potential neurotoxicity are thought to underlie the overtly observed impairments of memory
and mood in abstinent MDMA-users. More specifically it has been hypothesized that ecstasy
users ‘display cognitive deficits in tasks predominantly sensitive to temporal lobe dysfunction’,
but no deficits in most tasks sensitive to prefrontal functioning (Fox et al. 2002). This dis-
sociation might be related to a predominant physiological role of the serotonin system for
mnemonic processes, as has been suggested by ATD studies (Riedel et al. 2002). However, it
may also be related to a particular vulnerability of the hippocampus and parahippo-campal
regions to the neurotoxic effects of ecstasy (Gouzoulis-Mayfrank et al. 2003). Hence, ATD may
be a model of the serotonergic depletion observed after MDMA use. A recent report com-
paring the metabolic and cognitive responses to ATD of former MDMA users showed that
altered tryptophan levels, as well as memory, were the most sensitive markers of ATD’s effects
in ex-users of MDMA (Curran & Verheyden, 2003). Furthermore, these measures were related
in such a way that altered metabolism of tryptophan in ex-users may reflect pre-morbid dif-
ferences in their 5-HT function and hence serotonergic vulnerability (Curran & Verheyden,
2003).
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CONCLUDING REMARKS

ATD has been used to describe vulnerabilities for several serotonergically mediated manifestations
of cognitive dysfunctions. These have been illustrated by commenting on recently described studies
in the realm of depression and neurodegeneration. It should be noted however, that the findings
may apply to a much wider domain of psychosomatic diseases bridging several therapeutic areas.
For example, a high proportion of cancer and hepatitis C patients receiving immune-based therapy
with the cytokine interferon-alpha, develop symptoms of depression that are indistinguishable
from those found in major depressive disorders (Capuron et al. 2002). The mechanism is poorly
understood and could either lead to low tryptophan via reduced appetite due to cytokine treatment,
or tryptophan depletion by the cytokine-mediated induction of indoleamine 2,3-dioxygenase
(IDO), the enzyme that accelerates the catabolism of tryptophan, or both (Capuron et al. 2002).
Antidepressant treatment could improve these patients’ conditions, by preventing the occurrence
of depressive symptoms and by improving compliance with interleukin therapy. Therefore, a
paradigm such as ATD with which it can be predicted pre hoc whether patients will be prone to
these undesired psychological side-effects of interleukin treatment would be of considerable clinical
benefit. In a different group of cancer patients suffering from carcinoid tumours in the gastroin-
testinal tract, which are known probably to cause a prolonged state of tryptophan depletion (Russo
et al. 2003), a pattern of cognitive performance was observed that did not resemble the pattern
observed in depression, but rather consisted of improved measures of focused attention, similar to
the effects of ATD previously described in healthy volunteers (Coull et al. 1995; Schmitt et al. 2000).

Furthermore, the many results reported from studies with ATD seem to suggest that the use of
tryptophan as a dietary source may either just as well be used as a probe of serotonergic function, or
may be used as a therapeutic nutritional intervention. The former has been demonstrated in an
experiment using dietary tryptophan to investigate appetitive behaviours (Attenburrow et al. 2003).
The latter has been demonstrated by means of an experimental treatment with a tryptophan-rich
protein to enhance aspects of mood and cognition in stress-prone individuals (Markus et al. 2000).

Despite the fact that ATD has become an experimental method that appears to be useful in
discovery processes associated with diagnosis and treatment of biological factors underlying psy-
chiatric and psychosomatic diseases, some issues still exist. Several demonstrations that first-degree
relatives of unipolar and bipolar depressed patients respond with mood changes to ATD exist
(Benkelfat et al. 1994; Klaassen et al. 1999b ; Quintin et al. 2001; Sobczak et al. 2002c), but the
results are not unequivocal, and an attempt to replicate this finding and to study its within subject
test–retest reliability failed (Ellenbogen et al. 1999).

More studies are needed to highlight the reliability and specificity of ATD effects and also to
study dose–response effects. Multi-condition or group studies are highly recommended over head-
to-head comparisons of just ATD versus placebo. Furthermore, many more correlates of the
metabolic effects of ATD ought to be considered for measurement. As determinants of the synthetic
pathway of tryptophan, oxygen consumption and tetrahydrobiopterin could be used as markers
of the conversion of TRP to 5-HTP. In addition, there are more than 14 active metabolites of
tryptophan. Especially the NMDA agonist quinolinic acid and the NMDA antagonist kynurenic
acid could modulate cognitive functions, especially memory consolidation by interaction with
glutamate (Stone, 2001).

Finally, the predictive validity and hence the content validity of ATD-induced responses as in-
dices of serotonergic vulnerability now need to be studied by longitudinal follow-up of healthy
individuals considered to be at risk for diseases in which 5-HT is thought to play a role.

W IM J. R IEDEL
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