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Examining Serotonin Function: A Modified 
Technique for Rapid Tryptophan Depletion 
Lois E. Krahn, M.D., Peter Y. Lu, M.D., George Klee, M.D., Ph.D., Pedro R. Delgado, M.D., 
Slang-Chi Lin, M.D., and Ralf C. Zimmermann, M.D. 

Tryptophan (TRP) depletion was used to study serotonin 
because the ratio of TRP to large neutral amino acids (TRP/ 
LNAA) determines the quantity of TRP that enters the 
brain. Because TRP is not universally available, a modified 
technique ofTRP depletion was developed where a 1/4 
strength preparation of an amino acid mixture (AAM) 
replaces TRP as the placebo. Seven healthy subjects could 
not differentiate between the preparations in this 
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In recent years rapid tryptophan (TRP) depletion using 
a specified amino acid mixture (AAM) has been used to 
study serotonin in psychiatric disorders, including de
pression (Delgado et al. 1990, 1994), obsessive-compul
sive disorder (Lucca et al. 1992), bulimia (Weltzin et al. 
1994), and schizophrenia (Rosse et al. 1992). The wide
spread use of this valuable research tool has been lim
ited in double-blind placebo-controlled studies because 
the placebo drink consisted of AAM and TRP. When 
TRP was associated with eosinophilia-myalgia syn
drome, the FDA removed TRP from the U.S. market in 
1989 (CDC 1991). An alternative technique has been de
veloped and used in several studies (Moreno et al. 
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double-blind, placebo-controlled study. Urinary 
6-hydroxymelatonin sulfate (6-MS) was monitored as a 
biochemical marker of serotonin. The TRP/LNAA ratio 
(GG = 0.0001) and 6-MS secretion (GG = 0.024) were 
decreased, but placebo TRP levels (GG = 0.062) were not 
altered significantly. This modified technique facilitates the 
sue of TRP depletion in clinical research. 
[Neuropsychopharmacology 15:325-328, 1996] 

1995). This study aims to develop a control drink with
out TRP with an impact on brain TRP levels similar to 
the original control drink. 

MATERIAL AND METHODS 

Eight healthy subjects (4 men, 4 women) were recruited 
by a classified advertisement. Their age was 25.6 ±: 2.8 
years (mean ±: SE). No subject had a history of past psy
chiatric or medical disorders. Participants were not tak
ing any medications other than one woman taking acy
clovir, which does not interfere with indoleamine 
function. Screening included a semistructured psychiat
ric interview, physical examination, and laboratory 
tests. The women had regular menstrual cycles (26 to 32 
days in duration) and were studied in the follicular 
phase (days 3-10). This study was approved by the In
stitutional Review Board of the Mayo Clinic and Foun
dation, and all participants provided written informed 
consent. 

The active and control conditions were separated by 
4 weeks in this double-blind, placebo-controlled study. 
The procedure was the same as described previously, 
apart for the fact that the control drink was 1 / 4 strength 
of the active and contained no TRP (Zimmermann et al. 
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1993). Patients consumed a low-TRP meal (160 mg 
TRP / day) at 12:00 and 18:00 on day 1 and at 8:00 on day 
2. Other than the amino acid drink at 15:00 on day 2, 
subjects did not eat until 8:00 on day 3. The drinks were 
prepared by pharmacy staff, and the investigators were 
not present at the time the AAM was administered. 
Subjects were asked during subsequent ratings whether 
they thought they had received the active or control 
preparation. Blood was drawn at the following time 
points: 14:00 (baseline), 17:00, 19:00, 21:00, 23:00, 01:00, 
and 06:00. Urine was collected at 8-hour intervals start
ing at 07:00. TRP values were determined with high
performance liquid chromatography and 6-MS with a ra
dioimmunoassay kit (Zimmermann et al. 1993). 

Mean total TRP, large neutral amino acids (LNAA), 
TRP /LNAA ratio, and 6-hydroxymelatonin (6-MS) val
ues were calculated by averaging the values from the 
serum or urine collected for each time point for all sub
jects for each condition. A two-way analysis of variance 
(ANOVA) was used to evaluate the interaction between 
test day (active versus control) and control using the 
Greenhouse-Geisser correction procedure and post hoc 
paired t tests. A one-way ANOVA was used with de
grees of freedom with the Greenhouse-Geisser correc
tion procedure and post hoc paired t tests when appro
priate to analyze changes over time compared to baseline 
within each condition for TRP, LNAA, and the TRP / 
LNAAratio. 

RESULTS 

When questioned by investigators, the subjects could 
not distinguish between the preparations. Subjects tol
erated the protocol with no side effects other than mild 
to moderate nausea developing approximately 60 min
utes after both the control and active drinks. Nausea 
subsided after several hours. One participant, a 39-year
old woman, dropped out of the study after the first visit 
because of the moderately severe nausea she experi
enced after the full-strength drink. This subject was not 
included because it was not possible to interpret the 
data. 

A two-way ANOVA revealed a significant difference 
in total plasma TRP levels between the full and 1 / 4 
strength conditions (F = 6.2, df = 6,36, GG = 0.016) at 
all time points except 14:00 and 17:00 (Figure 1). Total 
plasma TRP levels decreased significantly within the 
active condition (F = 12.3, df = 6,36, GG = 0.004), with 
all time points being significantly below baseline. Dur
ing the control condition, TRP changed significantly 
(F = 7.47, df = 6,36, GG = 0.004) with the 17:00 below 
and 06:00 values above the baseline value. 

A two-way ANOVA revealed a significant difference 
between the full and 1 / 4 strength preparation for 
LNAA (F = 39.1, df = 6,36, GG = 0.0001) for all time 
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Figure 1. Mean total tryptophan values. Significant differ
ence between active and control (n = 7), a, p < .005; b, p < .02. 

points except 14:00 (Figure 2). The change in LNAA 
was significant at all time points (F = 64.7, df = 6,36, 
GG = 0.0001) for all time points except 14:00 (Figure 2). 
The change in LNAA was significant at all time points 
(F = 64.7, df = 6,36, GG = 0.0001) only with the active 
condition. 

A two-way ANOVA for the TRP /LNAA ratio showed 
a significant difference between the two conditions (F = 
10.87, df = 6,36, GG = 0.001) at all points except base
line (Figure 3). Even though the TRP /LNAA ratio de
creased with the 1/4 strength drink from 0.105 at base
line to 0.056 and 0.062 at 17:00 and 19:00, respectively, 
these changes were not significant (GG = 0.062). 

The nadir of TRP at 15:00 with the 1/4 drink was 
greater than with the original control drink adminis
tered at 08:00 (Delgado et al. 1990, 1994). In this regard 
it should be recalled that TRP levels in the natural state 
have a circadian rhythm with the lowest point at 08:00 
and the peak at 24:00 to 3:00 (Steardo et al. 1980; Wurt
man et al. 1968). 
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Figure 2. Mean total large neutral amino acids. Significant 
difference between active and control (n = 7), a, p < .004; b, p < 
.0068; c, p < .01. 
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Figure 3. Ratio of mean tryptophan over mean total large 
amino acids. Significant difference between active and con
trol (n = 7), a, p < .02; b, p < .0001; c, p < .005. 

Nocturnal urinary 6-MS decreased significantly from 
5.98 µg/8 hours to 3.39 µg/8 Hours for the full-strength 
versus control drink (F = 8.37, df = 2,12, GG = 0.024: 
Figure 4). 

DISCUSSION 

This study demonstrated that administering a control 
drink consisting of an AAM of 1 / 4 strength of the prep
aration currently used to induce TRP depletion lowered 
total plasma TRP levels slightly from a baseline value of 
44.1 µmol/ml to about 35 µmol/ml at the first two 
blood draws with return to baseline 2 hours later (Del
gado et al. 1990). During the active experiment (100 mg 
of AAM), total plasma TRP levels decreased to a mini
mum value of 6 µmol/ml after 7 hours. Overall the de
gree of change in mean total TRP was small in the con
trol versus active experiment. Nonetheless the slight 
reduction in plasma TRP levels indicated that the pro
tein synthesis initiated with the 1 / 4 strength drink in-
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Figure 4. Urinary 6-hydroxymelatonin sulfate. Significant 
difference between active and control (n = 7), a, p < .024. 
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corporated a significant, albeit small, amount of TRP for 
a limited time (5 hours). 

Changes induced by TRP depletion were superim
posed on the endogenous cycle of TRP. These condi
tions may explain the observations of lower TRP levels 
with the 1 / 4 strength control drink administered in the 
morning compared to the early afternoon. This may 
also clarify why signs and symptoms of depression 
were noted previously when the 1 / 4 strength drink was 
given in the morning to vulnerable subjects (Moreno et 
al. 1995). In contrast to the control drinks, the TRP lev
els between the modified and original techniques were 
similar with the full-strength preparation (Delgado et 
al. 1990). As Figure 1 indicates, the active drink was po
tent enough to deplete TRP effectively, even with the 
contribution of the TRP diurnal rhythm. 

Given the relatively small sample size of seven sub
jects, the statistically insignificant change in the TRP / 
LNAA ratio may represent a type II error. Nonetheless, 
the observation that the TRP /LNAA ratio is slightly 
lower in the control condition at the first two blood 
draws before returning to baseline at the 7-hour mark 
merits examination. This change is consistent with the 
interpretation of the TRP diurnal rhythm discussed pre
viously. In effect the TRP /LNAA ratio defines the amount 
of TRP that enters the brain (Weltzin et al. 1994). In con
trast, during the active experiment, the ratio is 25 times 
lower than baseline 2 hours after administration and re
mains low for another 8 hours. Previous studies used a 
100-mg AAM with 2.3 g of TRP (Delgado et al. 1990, 
1994). The dose of TRP was intended to keep the TRP / 
LNAA ratio close to the baseline ratio. Recently, it was 
shown that such a mixture significantly reduced the 
plasma TRP /LNAA ratio to about 45% of baseline for at 
least 7 hours after the drink was ingested (Weltzin et al. 
1994). Therefore, the TRP /LNAA ratios induced with 
the 1 / 4 preparation are very similar to those reported 
using Delgado's technique (Delgado et al. 1994). 

The concentration of LNAA increased slightly with 
the 1/4 drink, from 43.9 µmol/ml to 78.3 µmol/ml 3 
hours after the drink and then fluctuated around 50.0 
µmol/ml. In contrast, during the administration of the 
active drink the concentration of LNAA increased to 
over 2,000 µmol/ml and returned to baseline only 15 
hours later. These data indicated that the LNAA that 
competes with TRP for transport across the blood-brain 
barrier might inhibit TRP transport slightly during the 
control condition. 

Subjects were unable to distinguish between the two 
preparations. In general they reported mild to moderate 
nausea with both drinks. Their inability to discern dif
ferences in taste, texture, or side effects was likely en
hanced by the 4 weeks between the two study phases. 
This time interval was selected to limit the study to the 
early follicular phase of the menstrual cycle and ensure 
normalization of the relevant circadian rhythms. 
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Consistent with earlier studies (Zimmermann et al. 
1993), the urinary metabolite of melatonin 6-MS de
creased significantly during the active versus control. 
This finding indicated that the synthesis of melatonin 
and 6-MS, whose production depends on TRP and sero
tonin, was less affected by the 1 / 4 strength drink. To 
clarify whether the 1/ 4 drink indeed acts a true control, 
it would be necessary to repeat the study with an inac
tive control. 

In summary this study demonstrated that changes in 
TRP, LNAA, TRP /LNAA ratio, and 6-MS during the ac
tive experiment were consistent with the original tech
nique. More important, compared with the original, the 
modified control drink administered at 15:00 hours in
duced only a minor decrease in TRP, a slight increase in 
LNAA, and less change in the TRP /LNAA ratio. Fi
nally the 1 / 4 strength drink did not alter the stable me
tabolite of indoleamine synthesis 6-MS. This observa
tion is consistent with findings from a previous study 
with a similar control drink (Zimmermann et al. 1993). 
Because subjects reported that they could not differenti
ate between the two drinks, this modified procedure 
permits rapid TRP depletion in double-blind, placebo
controlled studies without using TRP. Study partici
pants are therefore not at risk for eosinophilia myalgia 
syndrome. Studies using this modified technique to 
study vulnerable subjects are in progress. 
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