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ABSTRACT 
the involvement of the serotonergic system in the 
pathophysiology and treatment of affective disorders 
has been strongly implicated. the tryptophan depletion 
paradigm is widely used to study the effect of lowering 
serotonin levels. However, the effects observed in such 
studies are inconsistent and sometimes contradictory. 
the present review summarizes and discusses 
these discrepancies, emphasizing the importance 
of methodological details such as acute vs. chronic 
tryptophan depletion, patient’s diagnosis and disease 
state (euthymic vs. acute phase) and previous drug 
treatment. Acute tryptophan depletion as a predictive 
test for personalized antidepressant treatment is 
suggested.

8:1 in favor of tryptophan secures its transport through 
the BBB into the brain (1). Some studies have shown 
that the level of brain tryptophan depends on the ratio 
between plasma concentrations of free tryptophan and 
other LNAAs (2) while others (3) showed that the ratio 
of total (free + albumin-bound) tryptophan and other 
LNAAs  in serum is a better predicting parameter for 
brain tryptophan levels. 

Tryptophan is the only precursor of serotonin 
(5-hydroxytryptamine, 5-HT). The serotonergic cells of 
the raphe possess a pacemaker-like activity that is modi-
fied by 5-HT autoreceptors and noradrenergic receptors. 
Production of serotonin takes place both in the periphery 
and in the CNS. After entering the brain tryptophan is 
converted into serotonin in a two-step synthesis process. 
L-tryptophan is first converted into 5-hydroxytrypto-
phan by the enzyme tryptophan hydroxylase (Tph). 
5-hydroxytryptophan is then decarboxylated by another 
enzyme, aromatic amino acid decarboxylase (5-hydroxy-
l-tryptophan decarboxylase) forming serotonin. There are 
two isoforms of tryptophan hydroxylase: Tph1 and Tph2. 
Only the Tph2 isoform is expressed in the raphe neurons 
(4). Tph is the rate-limiting enzyme in the synthesis of 
serotonin (Fig. 1) since the Km of Tph for tryptophan 
is an order of magnitude higher than the Km of 5-HTP 
decarboxylase and 5-HTP is almost immediately decar-
boxylated to serotonin (5).   

Serotonin modulates a number of developmental 
events such as neuronal migration, cell differentiation, 
cell division and synaptogenesis. 5-HT is involved in 
a wide array of CNS functions including the control 
of appetite, sleep, memory and learning, temperature 
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InTRoduCTIon 
Tryptophan is an essential amino acid. Plasma tryptophan 
levels are determined by the balance between the dietary 
intake and its removal from plasma by protein synthesis.  
Protein molar rate of tryptophan is 1.1% compared to 
~ 5% of other amino acids, making it the rarest amino 
acid found in proteins. Tryptophan is transported across 
the blood-brain barrier (BBB) by a specific carrier for 
which tryptophan and all other large neutral amino acids 
(LNAAs) (valine, leucine, isoleucine, phenylalanine and 
tyrosine) also compete. The differential affinity ratio of  
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regulation, mood, behavior (including sexual), percep-
tion, cardiovascular function, muscle contraction and 
endocrine regulation. 

Multiple serotonin receptors have been cloned, des-
ignated 5HT1 through 5HT7. The 5HT1 group includes 
the subtypes 5HT1A, 5HT1B, 5HT1C, 5HT1D, 5HT1E, 
and 5HT1F. There are three 5HT2 subtypes, 5HT2A, 
5HT2B, and 5HT2C as well as two 5HT5 subtypes, 
5HT5A and 5HT5B. Most of these receptors are coupled 
to G-proteins that affect the activities of either adenylate 
cyclase or phospholipases. The 5HT3 class of receptors 
are ion channels (6). 

The major pathway for serotonin degradation is 
reuptake into the neuron by a specific transporter, fol-
lowed by degradation by monoamine oxidase (MAO) to 
yield 5-hydroxyindole acetaldehyde. This intermediate 
is metabolized by an aldehyde reductase or dehydroge-
nase to yield 5-hydroxytryptophol or 5-hydroxyindole 
acetic acid (5-HIAA) (Fig. 2).

and mood. The common paradigm to study tryptophan 
depletion involves an intervention day and a control day 
one week apart. During the 24 hours preceding each of 
the days subjects follow a low tryptophan diet (about 
160 mg/day) and then remain in fasting overnight and 
throughout the next day. On the intervention day the 
subjects consume a tryptophan-free drink containing 
a 100 gm load of 15 amino acid mixture, including the 
LNAAs. On the control day subjects consume a nutri-
tionally balanced drink that does contain tryptophan. 
The intervention has two effects: it stimulates protein 
synthesis in the liver, which uses up free plasma trypto-
phan, and the LNAA amino acid family competes with 
tryptophan for the transport through the active protein 
shuttle across the BBB. This approach has been shown 
to produce maximal brain tryptophan depletion with 
maximal effects seen within 5-7 hrs after the depleting 
drink (7). The validity of acute tryptophan depletion 
by dietary amino acid loading as a method to diminish 
brain serotonin is supported by reports that ingestion 

fig. 1: Serotonin degradation 

fig. 2: Serotonin synthesis
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TRyPToPhAn dePleTIon AS A ReSeARCh PARAdIgm foR 
The STudy of mood RegulATIon And The neuRoBIology 
of dePReSSIon 
Since the rate of 5-HT synthesis is dependent on plasma 
tryptophan, on how much of it crosses the BBB, and 
on the activity of brain tryptophan hydroxylase, deple-
tion of plasma tryptophan resulting from an appropri-
ate low-tryptophan diet, or, alternatively, inhibition of 
tryptophan hydroxylase, may modulate brain activity 
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of tryptophan-free amino acid mixture in laboratory 
animals leads to depletion in plasma tryptophan levels 
and brain serotonin content (8). In humans ingestion 
of tryptophan-free amino acid mixture has been shown 
to produce a 70-90% reduction in plasma tryptophan 
5-7 hours following administration (9-12). In healthy 
volunteers the tryptophan depletion paradigm resulted 
in 80 - 90% reduced CSF tryptophan levels after 7-10 
hrs and 24-40% reduced 5-HIAA after 12-14 hrs (13). 
Tryptophan depletion was also found to reduce the rate 
of serotonin synthesis by 90% of baseline values (14). 

There are alternative ways to obtain serotonin deple-
tion. One is the administration of serotonin synthesis 
inhibitors, such as the potent tryptophan hydroxylase 
inhibitor para-chlorophenylalanine (pCPA) (15, 16). 
Another way is the administration of high doses of 
amphetamine analogs, e.g., para-chloroamphetamine 
(pCA) (17)  and d-fenfluramine (d-FEN) (18) which 
elicit long-lasting decrease in serotonin levels by indi-
rectly inhibiting tryptophan hydroxylase activity (17, 
19). More invasive ways include electrolytic (20) or 
neurotoxic (20, 21) lesions of the median and dorsal 
raphe nuclei. The obvious advantages of the trypto-
phan depletion paradigm are that it is highly reliable 
and easily accomplished and that there is a clear cause 
and effect relationship. However, it also exhibits sev-
eral disadvantages. Compounds other than serotonin 
may also be affected by alteration in tryptophan levels; 
e.g., plasma melatonin levels are altered by tryptophan 
depletion (22) and the levels of the tryptophan metabo-
lites tryptamine, kynurenine and quinolinic acid also 
change. The last may be potentially psychoactive (23).  
Tryptophan-deficient amino acid mixture induces 
decline in food intake in rats (24) but not in human 
subjects (12, 25), suggesting species difference in the 
response to the imbalanced amino acid mixture. In 
human subjects it is difficult and unfavorable to repeat 
the tryptophan depletion paradigm too often. From the 
practical point of view, the taste of the drink is aversive, 
and might induce involuntary vomiting. But there is 
also a health concern. Both forced feeding and ad-libi-
tum tryptophan deficient diet compared to control diet 
resulted in weight loss in rats (26). Early animal studies 
have shown that prolonged treatment with tryptophan 
depleted diet caused pathological changes in eyes, liver 
(27), blood (28), pancreas and spine (29). It is however  
notable that: 1) The extreme behavioral pattern in tryp-
tophan depleted animals reported in these early studies 
(27) is absent from more recent studies. 2) The harm-

ful effect of tryptophan depletion could be reversed by 
seven-day treatment with control diet (27). 3) Some of 
the pathological findings such as blood changes (28) 
and eye pathologies (30) were seen after more than 40 
days of tryptophan depletion, a period length never 
applied to human subjects.  4) The experimental ani-
mals used in these studies were at their developmental 
stage which may render higher susceptibility to the 
depletion of an essential amino acid.  In humans, the 
tryptophan depletion paradigm may obviously only be 
employed for a relatively short duration, inducing tem-
porary biochemical changes.

The effects of chronic lowered brain serotonin on 
mood and cognition may differ both quantitatively and 
qualitatively from those produced by acute tryptophan 
depletion. Bortolato et al. (31) have shown different 
effects of acute and chronic tryptophan depletion on 
prepulse inhibition of the acoustic startle response in 
rats. It is possible that 5-HT1A and 5-HT2A regula-
tion by acute vs. chronic tryptophan depletion (32) is 
responsible for the different response. Similar differ-
ences are also known to exist between acute vs. chronic 
administration of serotonin selective reuptake inhibi-
tors (SSRI) (33-36).

In summary, tryptophan depletion provides a use-
ful and interesting tool to investigate the role of sero-
tonin in healthy volunteers, in the pathophysiology 
of psychiatric disorders, primarily affective disorders, 
and in understanding the involvement of serotonin in 
the mechanism of action of drugs such as SSRIs, MAO 
inhibitors (MAOI), lithium and non-pharmacological 
treatments such as ECT and sleep deprivation. 

effeCT of TRyPToPhAn dePleTIon on mood In heAlThy 
SuBjeCTS 
Numerous studies but not all (37) have shown that tryp-
tophan depletion does not significantly affect mood in 
healthy male subjects (7, 10, 13, 38, 39). Healthy women, 
however, were more susceptible than healthy men to 
mood lowering following tryptophan depletion (40). 
This might be related to the fact that tryptophan deple-
tion causes a more significant decrease in the rate of  
serotonin synthesis in women (41). The gender-related 
differences in serotonin synthesis could be related to 
early serotonergic events in brain organization or to 
effects of circulating gonadal hormones (42-44). People 
at an elevated genetic risk for mood disorders, such as 
those with a multigenerational family history of affec-
tive disorders, showed an increased vulnerability to 
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mood alteration during tryptophan depletion (10, 45, 
46). However, a subsequent study did not replicate these 
findings (47). 

TRyPToPhAn dePleTIon In mAjoR dePReSSIon 
Serotonin has strongly been implicated in the 
pathophysiology of depressive syndromes and in the 
mechanism of antidepressant drug action. Studies of 
untreated depressed patients suggest that serotonin 
function is reduced in depression, and studies of treated 
patients indicate that the mechanism of action of anti-
depressants is mediated by the enhancement of sero-
tonin and/or noradrenaline neurotransmission. 

TRyPToPhAn dePleTIon In unTReATed dePReSSed PATIenTS

A study of the effect of tryptophan depletion on 
untreated depressed patients reported no mood change 
during the depletion day; however, on the next day 
there was a bimodal response, with 23% of the patients 
describing a clinically significant worsening of depres-
sion, 37% reporting an improvement in symptoms and 
the remaining 40% reporting no change in symptoms, 
all compared to a placebo group (48). The lack of effect 
on the day of the depletion may have resulted from a 
floor effect due to maximally reduced serotonin func-
tion in these patients. The possibility that the lack of 
response to tryptophan depletion on the depletion day 
was caused by a floor effect is supported by the follow-
ing: out of the initially-studied patients 15 underwent 
an additional tryptophan depletion session while being 
euthymic following successful antidepressant treatment. 
Nine of them did experience relapse of depressive symp-
toms on the depletion day (9). An alternative suggestion 
for the lack of response to tryptophan depletion on the 
depletion day is that depression is not caused by direct 
aberrant serotonin function but, rather, by dysfunc-
tional serotonin-regulated brain circuits. If so, inducing 
further decrease in brain 5-HT would not necessarily 
result in an immediate effect.  

In Delgado et al.᾿s study (48), participants showed 
strong correlation between the effect obtained on the 
day after tryptophan depletion and further response to 
antidepressants. Antidepressant-responders were more 
likely to improve in depression score following trypto-
phan depletion, while nonresponders were those whose 
depressive symptoms worsened following tryptophan 
depletion. Such bimodal mood changes on the day after 
tryptophan depletion and their relationship to treatment 
response should be interpreted with caution. Exclusion 

criteria for participants did not include personality dis-
order and 11 out of the 43 depressed subjects studied 
were concomitantly diagnosed as having a DSM-III-R 
personality disorder. These subjects were both more 
likely not to respond to antidepressant treatment and to 
exhibit increased Hamilton-depression (Ham-D) score. 
In addition, the authors do not report the exclusion of 
bipolar depressed subjects. Such a diversity in diagnosis 
may have led to the different response to tryptophan 
depletion. Tryptophan depletion directly affects sero-
tonin levels while antidepressants do not achieve their 
effect just by increasing serotonin levels. If that would 
have been the case the beneficial effect of the drugs 
should have been observed earlier than after 2-3 weeks 
of treatment.       

Improvement in depressive symptoms observed in 
some of the patients on the day after the administra-
tion of tryptophan depletion (48), when 5-HT lev-
els are already restored, could be due to regulation 
of selected serotonin receptors. Binding potential of 
5-HT1A autoreceptors but not 5-HT1A postsynaptic 
receptors was shown to be reduced in rats three hours 
after acute tryptophan depletion (32). 5-HT2C recep-
tors, shown to exhibit inhibitory effect on dopamine 
transmission (49, 50), show paradoxical regulation 
such as down-regulation in response to their blockade 
(51-53). Receptor modulation could also occur through 
pre-mRNA editing. Conversion of adenosine to inos-
ine at specific sites of 5-HT2C pre-mRNA can result 
in protein isoforms with different efficiency to activate 
G-protein in response to agonist stimulation (54). The 
editing enzymes recognize five closely spaced adenosine 
residues (A-E) located within sequences encoding the 
intracellular domain of the receptor and convert the 
adenosine residues to inosines. The result of the editing 
in the C and C' site is expression of 5-HT2c isoforms 
that are less efficient in activating G-proteins (55). The 
C' site editing is significantly increased, D site editing 
is significantly decreased and the C site shows a trend 
toward increased editing in the dorsal prefrontal cortex 
of suicide victims with a history of major depression. 
In contrast, mice treated chronically with fluoxetine 
showed opposite alterations in 5-HT2C pre-mRNA edit-
ing from those detected in suicide victims. The changes 
in editing-site in response to chronic fluoxetine treat-
ment in mice are paradoxically similar to those detected 
in serotonin-depleted mice (56). Possible explanation 
for this phenomenon is that fluoxetine-induced altera-
tion in 5-HT2c pre-mRNA editing is not a result of 
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simply increasing synaptic serotonin, but rather of 
receptor blockade by the drug (57). This is further sup-
ported by the fact that treatment with a 5-HT2c agonist 
increased the pre-mRNA editing at the C' site, resulting 
in expression of less active isoforms of 5-HT2c. It may 
be suggested that in subjects in whom the regulation 
of the serotonergic system functions normally, trypto-
phan depletion would result in increased sensitivity of 
the system. Namely, serotonin repletion would result 
in transient improvement of the symptoms. Similarly, 
depressive patients with functioning regulation of the 
system would also be expected to respond to seroton-
ergic antidepressants. On the other hand, it is possible 
that patients whose condition  worsened the day after 
tryptophan depletion (48) may be the ones with pri-
mary dysfunction of the regulation of the serotonergic 
system. In such subjects response to serotonergic anti-
depressants may not occur. Tryptophan depletion and 
repletion non-responders possibly exhibit dysfunction 
of a non-serotonergic system.   

Animal studies of chronic serotonin depletion, as 
well as animal and human studies of acute and chronic 
serotonin reuptake blockade, and of direct serotonin 
antagonists, can complement the tryptophan depletion 
paradigm and support its implications or suggest an alter-
native mechanism of action of antidepressant drugs. 

TRyPToPhAn dePleTIon In RemITTed unTReATed PATIenTS wITh 

mAjoR dePReSSIon 

In remitted untreated subjects with a past history of 
depression transient reappearance of depressive symp-
toms following tryptophan depletion was reported 
in some studies (58-61) but not in others (62, 63). A 
positron emission tomography (PET) study found that 
relapse of depressive symptoms in remitted patients 
following tryptophan depletion is associated with 
decreased metabolic activity in brain areas implicated 
in the pathogenesis of depression (64, 65). 

TRyPToPhAn dePleTIon And dePReSSIve SymPTomS In SSRI-

TReATed RemITTed PATIenTS

Acute tryptophan depletion resulted in reduced binding 
potential of 5-HT1A autoreceptors in rats (32), but not in 
SSRI-treated remitted patients (66). It is well established 
that chronic SSRI treatment reduces 5-HT1A autorecep-
tor function (67-69). It is possible that the lack of effect 
of tryptophan depletion on 5-HT1A autoreceptors under 
chronic SSRI treatment reflects a floor effect. 

Tryptophan depletion was also used to examine the 

role of serotonin in the mechanism of action of antide-
pressants. Tryptophan depletion produced relapse in 
patients responding to SSRIs, MAOIs and phototherapy 
(61, 64, 65, 70-73), but did not reverse the beneficial 
effect of tricyclics (9, 70, 71), ECT (74), sleep deprivation 
(75) or lithium (9, 76, 77). Since SSRIs and MAOIs inter-
vene specifically with the serotonergic system while the 
tricyclics, sleep deprivation and lithium affect multiple 
neurotransmitter systems, e.g., adrenergic and dopamin-
ergic, it is conceivable that tryptophan depletion would 
counteract the effect of SSRIs and MAOIs but not the 
other treatment modalities. Higher rates of relapse were 
observed in patients on serotonergic than on adrenergic 
drugs (71). The rate of transient exacerbation of depres-
sive symptoms in patients on SSRIs or MAOIs was higher 
(80%) in patients recently remitted than those remitted 
for an average of 45 weeks (30%) (64). Similarly, recently 
remitted seasonal affective disorder (SAD) patients after 
light therapy relapsed following tryptophan depletion 
(72, 75), while for long-term remitted patients, one study 
resulted in a relapse rate of 73% (61), but another showed 
no effect of tryptophan depletion on symptoms (63). It 
may be that tryptophan depletion induced relapse in the 
more recently remitted patients because increasing syn-
aptic serotonin is a primary step in a cascade of events 
that results in adaptive changes in serotonergic neurons, 
while at the adaptive stage an interruption to serotonin 
function is less adversive. 

TRyPToPhAn dePleTIon In BIPolAR dISoRdeR
Tryptophan depletion in recovered bipolar patients 
(77),  lithium-maintained patients (74, 78) and recently 
remitted bipolar patients (79) did not result in relapse 
of bipolar symptoms. In addition, tryptophan deple-
tion did not produce noticeable effects on the neurop-
sychological performance of euthymic bipolar patients 
(80). Shopsin et al. (81) studied five depressed patients 
out of whom two had bipolar depression. All patients 
responded to the MAO inhibitor antidepressant, tra-
nylcypromine, and relapsed when the tryptophan 
hydroxylase inhibitor pCPA was added to the treat-
ment. One of the bipolar patients became manic after 
four weeks of tranylcypromine treatment while a week 
of combined treatment with pCPA brought the patient 
to a euthymic state. This kind of cycling was repeated 
in this subject but the pattern was not observed in the 
other bipolar patient.    

Recently, a new therapeutic use for tryptophan deple-
tion has been evaluated in acutely manic patients (82). 
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The results from the double blind placebo controlled 
study of 17 manic patients showed a clinically and sta-
tistically significant difference in the Young Mania Scale 
between nine patients who received the tryptophan free 
amino acid drink and the eight patients who received 
the placebo drink. In the latter study the composition of 
the amino acid mixture used to cause tryptophan deple-
tion was the same as previously reported (77, 80) but the 
regime of seven-day administration of the tryptophan 
depleted mixture did not include pretreatment with low 
tryptophan diet. Since plasma tryptophan levels were not 
assayed, Applebaum et al.'s (82) study lacks an objective 
proof of the degree of tryptophan depletion obtained.  
The recruited patients were in a manic state and received 
valproic acid during the trial while euthymic bipolar 
subjects were studied previously (74, 77, 78). It is pos-
sible that reduction in brain serotonin affects differently 
remitted vs. manic patients, as seems to be the case in 
depressed vs. remitted unipolar patients.

TRyPToPhAn dePleTIon And geneTICS
The response to tryptophan depletion could depend on 
genetic factors. Polymorphisms in the promoter region 
of the serotonergic transporter (5HTTLRP) have been 
found to be associated with unipolar depression (83-87). 
Moreno et al. reported an increased risk of drug-treated 
remitted major depressive patients with the l/l genotype 
of 5-HTTLRP  for depressive mood response to tryp-
tophan depletion (88). In healthy subjects, however, 
Neumeister et al. (89, 90) found an inverse association. 

SummARy
Despite several decades of studies of the effect of tryp-
tophan depletion using different paradigms, there are 
yet multiple open issues. Booij et al. (91) reported that 
high but not moderate tryptophan depletion induced 
depressive symptoms in patients remitted from depres-
sion. Information regarding different regulation pattern 
of serotonin receptors by acute vs. chronic tryptophan 
depletion, and discrepancies among studies suggest 
that methodology details might be critical for the treat-
ment outcome (92). However, given the potential risk in 
applying chronic tryptophan depletion to human beings 
(93, 94) further studies of this paradigm should be used 
for basic research, as a tool towards the understand-
ing of the relationship between serotonin and mood 
disorders. Potentially, if the finding that depressive 
patients who responded to acute tryptophan depletion 

and repletion were more likely to be antidepressant 
responders would be substantiated, response to acute 
tryptophan depletion may be found of predictive value 
to personalized antidepressant treatment. 

references 

McAllister-Williams RH, Massey AE, Rugg MD. Effects 1. 
of tryptophan depletion on brain potential correlates 
of episodic memory retrieval. Psychopharmacology 
2002;160:434-442.

Perez-Cruet J, Chase TN, Murphy DL. Dietary regulation 2. 
of brain tryptophan metabolism by plasma ratio of free 
tryptophan and neutral amino acids in humans. Nature 
1974;248:693-695.

Fernstrom JD, Hirsch MJ, Faller DV. Tryptophan concen-3. 
trations in rat brain. Failure to correlate with free serum 
tryptophan or its ratio to the sum of other serum neutral 
amino acids. Biochem J 1976;160:589-595.

Walther DJ, Bader M. A unique central tryptophan hydrox-4. 
ylase isoform. Biochem Pharmacol 2003;66:1673-1680.

Cooper JR, Bloom FE, Roth RH. The biochemical basis of 5. 
neuropharmacology. Eighth Edition. New York: Oxford 
University, 2003.

Smith CUM. Elements of molecular neurobiology. Second 6. 
Edition. New York: Wiley, 1996.

Reilly JG, McTavish SF, Young AH. Rapid depletion of 7. 
plasma tryptophan: A review of studies and experimental 
methodology. J Psychopharmacol 1997;11:381-392.

Lieben CK, Blokland A, Westerink B, Deutz NE. Acute 8. 
tryptophan and serotonin depletion using an optimized 
tryptophan-free protein-carbohydrate mixture in the adult 
rat. Neurochem Int 2004;44:9-16.

Delgado PL, Charney DS, Price LH, Aghajanian GK, Landis 9. 
H, Heninger GR. Serotonin function and the mechanism 
of antidepressant action. Reversal of antidepressant-in-
duced remission by rapid depletion of plasma tryptophan. 
Arch Gen Psychiatry 1990;47:411-418.

Benkelfat C, Ellenbogen MA, Dean P, Palmour RM, 10. 
Young SN. Mood-lowering effect of tryptophan deple-
tion. Enhanced susceptibility in young men at genetic 
risk for major affective disorders. Arch Gen Psychiatry 
1994;51:687-697.

Young SN, Smith SE, Pihl RO, Ervin FR. Tryptophan de-11. 
pletion causes a rapid lowering of mood in normal males. 
Psychopharmacology 1985;87:173-177.

Young SN, Tourjman SV, Teff KL, Pihl RO, Anderson GH. 12. 
The effect of lowering plasma tryptophan on food selection in 
normal males. Pharmacol Biochem Behav 1988;31:149-152.



52

tHE BIoLoGy oF tryPtoPHAN DEPLEtIoN  AND MooD DISorDErS

Carpenter LL, Anderson GM, Pelton GH, Gudin JA, 13. 
Kirwin PD, Price LH, et al. Tryptophan depletion dur-
ing continuous CSF sampling in healthy human subjects. 
Neuropsychopharmacology 1998;19:26-35.

Young SN, Leyton M, Benkelfat C. Pet studies of sero-14. 
tonin synthesis in the human brain. Adv Exp Med Biol 
1999;467:11-18.

Miczek KA, Altman JL, Appel JB, Boggan WO. Para-15. 
chlorophenylalanine, serotonin and killing behavior. 
Pharmacol Biochem Behav 1975;3:355-361.

Herges S, Taylor DA. Modulatory effect of p-chloropheny-16. 
lalanine microinjected into the dorsal and median raphe 
nuclei on cocaine-induced behaviour in the rat. Eur J 
Pharmacol 1999;374:329-340.

Sanders-Bush E, Bushing JA, Sulser F. p-Chloroamphet-17. 
amine-inhibition of cerebral tryptophan hydroxylase. 
Biochem Pharmacol 1972;21:1501-1510.

Harvey JA, McMaster SE. Fenfluramine: 18. Evidence for a 
neurotoxic action on midbrain and a long-term depletion 
of serotonin. Psychopharmacol Commun 1975;1:217-228.

Fuller RW. Effects of p-chloroamphetamine on brain sero-19. 
tonin neurons. Neurochem Res 1992;17:449-456.

Andrade TG, Graeff FG. Effect of electrolytic and neuro-20. 
toxic lesions of the median raphe nucleus on anxiety and 
stress. Pharmacol Biochem Behav 2001;70:1-14.

Richter-Levin G, Segal M. The effects of serotonin deple-21. 
tion and raphe grafts on hippocampal electrophysiology 
and behavior. J Neurosci 1991;11:1585-1596.

Zimmermann RC, McDougle CJ, Schumacher M, Olcese J, 22. 
Mason JW, Heninger GR, et al. Effects of acute tryptophan 
depletion on nocturnal melatonin secretion in humans. J 
Clin Endocrinol Metab 1993;76:1160-1164.

Oxenkrug GF. Tryptophan–kynurenine metabolism as a com-23. 
mon mediator of genetic and environmental impacts in major 
depressive disorder: “The serotonin hypothesis” revisited 40 
years later. Isr J Psychiatry and Relat Sci 2010; 47: 56-63.

Harper AE, Benevenga NJ, Wohlhueter RM. Effects of 24. 
ingestion of disproportionate amounts of amino acids. 
Physiol Rev 1970;50:428-558.

Weltzin TE, Fernstrom MH, Fernstrom JD, Neuberger SK, 25. 
Kaye WH. Acute tryptophan depletion and increased food 
intake and irritability in bulimia nervosa. Am J Psychiatry 
1995;152:1668-1671.

Lee YS, Naito H, Kametaka M. The effect of force feeding 26. 
a tryptophan-deficient diet on arterio-venous difference of 
plasma amino acids across skeletal muscle of rats. J Nutr 
1977;109:119-128.

Spector H, Adamstone FB. Tryptophan deficiency in the 27. 
rat induced by forced feeding of an acid hydrolyzed casein 

diet. J Nutr 1950;40:213-229.

Albanese AA, Emmet Holt E, Kajdi CN, Frankston JE. 28. 
Observation on tryptophane deficiency in rats chemi-
cal and morphological changes in the blood. J Biol Chem 
1943;148:299-309.

Sidransky H. Tryptophan: Biochemical and health impli-29. 
cations, chapter 2: Findings in  deficiency states, pp. 8-18. 
Boca Raton, Florida: CRC, 2001.

Vrensen GF, van Marle J, Jonges R, Voorhout W, Breipohl 30. 
W, Wegener AR. Tryptophan deficiency arrests chromatin 
breakdown in secondary lens fibers of rats. Exp Eye Res 
2004;78:661-672.

Bortolato M, Frau R, Orru M, Collu M, Mereu G, Carta 31. 
M, et al. Effects of tryptophan deficiency on prepulse inhi-
bition of the acoustic startle in rats. Psychopharmacology 
(Berl) 2008;198:191-200.

Cahir M, Ardis T, Reynolds GP, Cooper SJ. Acute and 32. 
chronic tryptophan depletion differentially regulate cen-
tral 5-HT1A and 5-HT 2A receptor binding in the rat. 
Psychopharmacology (Berl) 2007;190:497-506.

Jensen JB, Jessop DS, Harbuz MS, Mork A, Sanchez C, 33. 
Mikkelsen JD. Acute and long-term treatments with the 
selective serotonin reuptake inhibitor citalopram modu-
late the HPA axis activity at different levels in male rats. J 
Neuroendocrinol 1999;11:465-471.

Burghardt NS, Sullivan GM, McEwen BS, Gorman JM, 34. 
LeDoux JE. The selective serotonin reuptake inhibitor cit-
alopram increases fear after acute treatment but reduces 
fear with chronic treatment: A comparison with tianept-
ine. Biol Psychiatry 2004;55:1171-1178.

Shishkina GT, Kalinina TS, Dygalo NN. Up-regulation 35. 
of tryptophan hydroxylase-2 mRNA in the rat brain by 
chronic fluoxetine treatment correlates with its antidepres-
sant effect. Neuroscience 2007;150:404-412.

Prisco S, Esposito E. Differential effects of acute and chron-36. 
ic fluoxetine administration on the spontaneous activity of 
dopaminergic neurones in the ventral tegmental area. Br J 
Pharmacol 1995;116:1923-1931.

Young SN, Smith SE, Pihl RO, Ervin FR. Tryptophan de-37. 
pletion causes a rapid lowering of mood in normal males. 
Psychopharmacology (Berl) 1985;87:173-177.

Moore P, Landolt HP, Seifritz E, Clark C, Bhatti T, Kelsoe 38. 
J, et al. Clinical and physiological consequences of rap-
id tryptophan depletion. Neuropsychopharmacology 
2000;23:601-622.

Knott VJ, Howson AL, Perugini M, Ravindran AV, Young 39. 
SN. The effect of acute tryptophan depletion and fenflu-
ramine on quantitative EEG and mood in healthy male 
subjects. Biol Psychiatry 1999;46:229-238.

Ellenbogen MA, Young SN, Dean P, Palmour RM, 40. 



53

LILACH toKEr Et AL.

Benkelfat C. Mood response to acute tryptophan depletion 
in healthy volunteers: Sex differences and temporal stabil-
ity. Neuropsychopharmacology 1996;15:465-474.

Nishizawa S, Benkelfat C, Young SN, Leyton M, Mzengeza 41. 
S, de Montigny C, et al. Differences between males and fe-
males in rates of serotonin synthesis in human brain. Proc 
Natl Acad Sci USA 1997;94:5308-5313.

 Rubinow DR, Schmidt PJ, Roca CA. Estrogen-serotonin 42. 
interactions: Implications for affective regulation. Biol 
Psychiatry 1998;44:839-850.

Epperson CN, Amin Z, Naftolin F, Cappiello A, Czarkowski 43. 
KA, Stiklus S, et al. The resistance to depressive relapse in 
menopausal women undergoing tryptophan depletion: 
Preliminary findings. J Psychopharmacol 2007;21:414-420.

Jans LA, Lieben CK, Blokland A. Influence of sex and es-44. 
trous cycle on the effects of acute tryptophan depletion 
induced by a gelatin-based mixture in adult Wistar rats. 
Neuroscience 2007;147:304-317.

Quintin P, Benkelfat C, Launay JM, Arnulf I, Pointereau-45. 
Bellenger A, Barbault S, et al. Clinical and neurochemical 
effect of acute tryptophan depletion in unaffected relatives 
of patients with bipolar affective disorder. Biol Psychiatry 
2001;50:184-190.

Klaassen T, Riedel WJ, van Someren A, Deutz NE, Honig 46. 
A, van Praag HM. Mood effects of 24-hour tryptophan 
depletion in healthy first-degree relatives of patients with 
affective disorders. Biol Psychiatry 1999;46:489-497.

Ellenbogen MA, Young SN, Dean P, Palmour RM, Benkelfat 47. 
C. Acute tryptophan depletion in healthy young women 
with a family history of major affective disorder. Psychol 
Med 1999;29:35-46.

Delgado PL, Price LH, Miller HL, Salomon RM, Aghajanian 48. 
GK, Heninger GR, et al. Serotonin and the neurobiology 
of depression. Effects of tryptophan depletion in drug-free 
depressed patients. Arch Gen Psychiatry 1994;51:865-874.

Alex KD, Yavanian GJ, McFarlane HG, Pluto CP, Pehek 49. 
EA. Modulation of dopamine release by striatal 5-HT2C 
receptors. Synapse 2005;55:242-251.

Porras G, Di Matteo V, Fracasso C, Lucas G, De 50. 
Deurwaerdere P, Caccia S, et al. 5-HT2A and 5-HT2C/2B 
receptor subtypes modulate dopamine release induced in 
vivo by amphetamine and morphine in both the rat nucle-
us accumbens and striatum. Neuropsychopharmacology 
2002;26:311-324.

Leysen JE, Van Gompel P, Gommeren W, Woestenborghs 51. 
R, Janssen PA. Down regulation of serotonin-S2 re-
ceptor sites in rat brain by chronic treatment with the 
serotonin-S2 antagonists: Ritanserin and setoperone. 
Psychopharmacology 1986;88:434-444.

Pranzatelli MR. Regulation of 5-HT2 receptors in rat cor-52. 

tex. Studies with a putative selective agonist and an antago-
nist. Biochem Pharmacol 1991;42:1099-1105.

Pranzatelli MR, Murthy JN, Tailor PT. Novel regulation 53. 
of 5-HT1C receptors: Down-regulation induced both 
by 5-HT1C/2 receptor agonists and antagonists. Eur J 
Pharmacol 1993;244:1-5.

Burns CM, Chu H, Rueter SM, Hutchinson LK, Canton H, 54. 
Sanders-Bush E, et al. Regulation of serotonin-2C receptor 
G-protein coupling by RNA editing. Nature 1997;387:303-308.

Gurevich I, Tamir H, Arango V, Dwork AJ, Mann JJ, 55. 
Schmauss C. Altered editing of serotonin 2C receptor pre-
mRNA in the prefrontal cortex of depressed suicide vic-
tims. Neuron 2002;34:349-356.

Gurevich I, Englander MT, Adlersberg M, Siegal NB, 56. 
Schmauss C. Modulation of serotonin 2C receptor editing 
by sustained changes in serotonergic neurotransmission. J 
Neurosci 2002;22:10529-10532.

Ni YG, Miledi R. Blockage of 5HT2C serotonin recep-57. 
tors by fluoxetine (Prozac). Proc Natl Acad Sci USA 
1997;94:2036-2040.

Smith KA, Fairburn CG, Cowen PJ. Relapse of depression af-58. 
ter rapid depletion of tryptophan. Lancet 1997;349:915-919.

Moreno FA, Gelenberg AJ, Heninger GR, Potter RL, 59. 
McKnight KM, Allen J, et al. Tryptophan depletion and 
depressive vulnerability. Biol Psychiatry 1999;46:498-505.

Leyton M, Ghadirian AM, Young SN, Palmour RM, Blier 60. 
P, Helmers KF, et al. Depressive relapse following acute 
tryptophan depletion in patients with major depressive 
disorder. J Psychopharmacol 2000;14:284-287.

Neumeister A, Praschak-Rieder N, Hesselmann B, Vitouch 61. 
O, Rauh M, Barocka A, et al. Effects of tryptophan deple-
tion in fully remitted patients with seasonal affective disor-
der during summer. Psychol Med 1998;28:257-264.

Leyton M, Young SN, Benkelfat C. Relapse of depression after 62. 
rapid depletion of tryptophan. Lancet 1997;349:1840-1841.

Lam RW, Bowering TA, Tam EM, Grewal A, Yatham LN, 63. 
Shiah IS, et al. Effects of rapid tryptophan depletion in pa-
tients with seasonal affective disorder in natural summer 
remission. Psychol Med 2000;30:79-87.

Bremner JD, Innis RB, Salomon RM, Staib LH, Ng CK, 64. 
Miller HL, et al. Positron emission tomography measure-
ment of cerebral metabolic correlates of tryptophan de-
pletion-induced depressive relapse. Arch Gen Psychiatry 
1997;54:364-374.

Smith KA, Morris JS, Friston KJ, Cowen PJ, Dolan RJ. 65. 
Brain mechanisms associated with depressive relapse and 
associated cognitive impairment following acute trypto-
phan depletion. Br J Psychiatry 1999;174:525-529.

 Praschak-Rieder N, Hussey D, Wilson AA, Carella A, Lee 66. 



54

tHE BIoLoGy oF tryPtoPHAN DEPLEtIoN  AND MooD DISorDErS

M, Dunn E, et al. Tryptophan depletion and serotonin loss 
in selective serotonin reuptake inhibitor-treated depres-
sion: An [(18)F] MPPF positron emission tomography 
study. Biol Psychiatry 2004;56:587-591.

Cornelisse LN, Van der Harst JE, Lodder JC, Baarendse PJ, 67. 
Timmerman AJ, Mansvelder HD, et al. Reduced 5-HT1A- 
and GABAB receptor function in dorsal raphe neurons 
upon chronic fluoxetine treatment of socially stressed rats. 
J Neurophysiol 2007;98:196-204.

McGehee DS. GIRK channels as a target for SSRIs. Focus 68. 
on “reduced 5-HT1A- and GABAB receptor function in 
dorsal raphe neurons upon chronic fluoxetine treatment of 
socially stressed rats.” J Neurophysiol 2007;98:1-2.

Rossi DV, Burke TF, McCasland M, Hensler JG. Serotonin-69. 
1A receptor function in the dorsal raphe nucleus following 
chronic administration of the selective serotonin reuptake 
inhibitor sertraline. J Neurochem 2008;105:1091-1099.

Delgado PL, Price LH, Miller HL, Salomon RM, Licinio 70. 
J, Krystal JH, et al. Rapid serotonin depletion as a pro-
vocative challenge test for patients with major depression: 
Relevance to antidepressant action and the neurobiology 
of depression. Psychopharmacol Bull 1991;27:321-330.

Delgado PL, Miller HL, Salomon RM, Licinio J, Krystal 71. 
JH, Moreno FA, et al. Tryptophan-depletion challenge in 
depressed patients treated with desipramine or fluoxetine: 
Implications for the role of serotonin in the mechanism of 
antidepressant action. Biol Psychiatry 1999;46:212-220.

Lam RW, Zis AP, Grewal A, Delgado PL, Charney DS, 72. 
Krystal JH. Effects of rapid tryptophan depletion in pa-
tients with seasonal affective disorder in remission after 
light therapy. Arch Gen Psychiatry 1996;53:41-44.

Neumeister A, Praschak-Rieder N, Besselmann B, Rao 73. 
ML, Gluck J, Kasper S. Effects of tryptophan depletion on 
drug-free patients with seasonal affective disorder dur-
ing a stable response to bright light therapy. Arch Gen 
Psychiatry 1997;54:133-138.

Hughes JH, Dunne F, Young AH. Effects of acute trypto-74. 
phan depletion on mood and suicidal ideation in bipolar 
patients symptomatically stable on lithium. Br J Psychiatry 
2000;177:447-451.

Neumeister A, Praschak-Rieder N, Hesselmann B, Vitouch 75. 
O, Rauh M, Barocka A, et al. Effects of tryptophan depletion 
in drug-free depressed patients who responded to total sleep 
deprivation. Arch Gen Psychiatry 1998;55:167-172.

Benkelfat C, Seletti B, Palmour RM, Hillel J, Ellenbogen M, 76. 
Young SN. Tryptophan depletion in stable lithium-treat-
ed patients with bipolar disorder in remission. Arch Gen 
Psychiatry 1995;52:154-156.

Cassidy F, Murry E, Carroll BJ. Tryptophan depletion in re-77. 
cently manic patients treated with lithium. Biol Psychiatry 

1998;43:230-232.

Johnson L, El-Khoury A, Aberg-Wistedt A, Stain-78. 
Malmgren R, Mathe AA. Tryptophan depletion in 
lithium-stabilized patients with affective disorder. Int J 
Neuropsychopharmacol 2001;4:329-336.

Cappiello A, Sernyak MJ, Malison RT, McDougle CJ, 79. 
Heninger GR, Price LH. Effects of acute tryptophan deple-
tion in lithium-remitted manic patients: A pilot study. Biol 
Psychiatry 1997;42:1076-1078.

Hughes JH, Gallagher P, Young AH. Effects of acute trypto-80. 
phan depletion on cognitive function in euthymic bipolar 
patients. Eur Neuropsychopharmacol 2002;12:123-128.

Shopsin B, Friedman E, Gershon S. Parachlorophenylalanine 81. 
reversal of tranylcypromine effects in depressed patients. 
Arch Gen Psychiatry 1976;33:311-319.

Applebaum J, Bersudsky Y, Klein E. Rapid tryptophan 82. 
depletion as a treatment for acute mania: A double-blind, 
pilot-controlled study. Bipolar Disord 2007 ;9:884-887.

Minov C, Baghai TC, Schule C, Zwanzger P, Schwarz MJ, 83. 
Zill P, et al. Serotonin-2A-receptor and -transporter poly-
morphisms: Lack of association in patients with major de-
pression. Neurosci Lett 2001;303:119-122.

Mann JJ, Huang YY, Underwood MD, Kassir SA, 84. 
Oppenheim S, Kelly TM, et al. A serotonin transporter 
gene promoter polymorphism (5-HTTLPR) and prefron-
tal cortical binding in major depression and suicide. Arch 
Gen Psychiatry 2000;57:729-738.

Lotrich FE, Pollock BG, Ferrell RE. Polymorphism of the 85. 
serotonin transporter: Implications for the use of selective 
serotonin reuptake inhibitors. Am J Pharmacogenomics 
2001;1:153-164.

Frodl T, Meisenzahl EM, Zill P, Baghai T, Rujescu D, 86. 
Leinsinger G, et al. Reduced hippocampal volumes asso-
ciated with the long variant of the serotonin transporter 
polymorphism in major depression. Arch Gen Psychiatry 
2004;61:177-183.

Lesch KP, Mossner R. Genetically driven variation in se-87. 
rotonin uptake: Is there a link to affective spectrum, neu-
rodevelopmental, and neurodegenerative disorders? Biol 
Psychiatry 1998;44:179-192.

Moreno FA, Rowe DC, Kaiser B, Chase D, Michaels T, 88. 
Gelernter J, et al. Association between a serotonin transport-
er promoter region polymorphism and mood response dur-
ing tryptophan depletion. Mol Psychiatry 2002;7:213-216.

Neumeister A, Konstantinidis A, Stastny J, Schwarz MJ, 89. 
Vitouch O, Willeit M, et al. Association between serotonin 
transporter gene promoter polymorphism (5HTTLPR) 
and behavioral responses to tryptophan depletion in 
healthy women with and without family history of depres-
sion. Arch Gen Psychiatry 2002;59:613-620.



55

LILACH toKEr Et AL.

Neumeister A, Hu XZ, Luckenbaugh DA, Schwarz M, 90. 
Nugent AC, Bonne O, et al. Differential effects of 5-HTTLPR 
genotypes on the behavioral and neural responses to tryp-
tophan depletion in patients with major depression and 
controls. Arch Gen Psychiatry 2006;63:978-986.

Booij L, Van der Does AJ, Haffmans PM, Riedel WJ, Fekkes 91. 
D, Blom MJ. The effects of high-dose and low-dose trypto-
phan depletion on mood and cognitive functions of remitted 
depressed patients. J Psychopharmacol 2005;19:267-275.

Merens W, van der Does W. Low-dose tryptophan depletion. 92. 
Biol Psychiatry 2007;62:542-543; author reply 543-544.

Young SN. Rapid tryptophan depletion as a treatment for 93. 
acute mania: Safety and mechanism of the therapeutic ef-
fect. Bipolar Disord 2008;10:850-851.

Zepf FD, Wöckel L, Herpertz-Dahlmann B, Poustka  F, 94. 
Freitag CM. Tryptophan depletion in bipolar mania: 
Reduction of metabolic imbalance by administration ac-
cording to body weight? Bipolar Disord 2009;11:557-558.




