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j Abstract Previous studies suggest an important
role for serotonergic (5-HT) modulation of the
acoustic startle reflex (ASR) and prepulse inhibition
(PPI). Acute challenge of brain serotonin by means of
tryptophan depletion test (TDT) represents an
established human challenge tool for temporary
reduction of tryptophan ()TRP) levels and central
nervous serotonin. Under these experimental condi-
tions, PPI was found attenuated in males, but greater
biochemical effects of TDT in the central nervous
system of females are known. Therefore, in order to
explore influence of 5-HT on various standard startle
parameters in females, 16 young healthy females
participated in a double-blind, cross-over TDT study.
Acoustic stimuli were presented in 15 pulse-alone
trials (100 dB, 40 ms) randomly followed by 25 pulse-
alone or prepulse (70 dB, 30 ms; 120 ms interval)
trials alongside electromyographic eyeblink record-
ings and mood state assessments. During 81%
depletion of free plasma TRP, mean ASR magnitudes
were significantly reduced compared to control
(+TRP) condition while there were no differences in

habituation or PPI nor did startle parameters corre-
late with mood states. Changes of plasma TRP and
mood states correlated in tendency negatively in
()TRP) for depression and positively in (+TRP) for
fatigue. In conclusion, this first study of startle
parameters after TDT in a homogenous female pop-
ulation demonstrates that depletion of brain 5-HT in
women only influences ASR.

j Key words acoustic startle response Æ mood states
Æ prepulse inhibition Æ serotonin Æ tryptophan deple-
tion

Introduction

The startle reflex, used in acoustic response paradigms
(ASR), is the contraction of facial and skeletal muscles
following a sudden adverse loud stimulus [10]. Prepulse
inhibition (PPI)—i.e., the suppression of the startle re-
flex in response to an earlier and weaker non-startling
prepulse [19]—provides an operational measure of
‘‘sensorimotor gating’’, which is the ability to suppress
irrelevant sensory stimuli [6]. While the ASR can be
traced back to a three-synapse bulbopontine circuit with
projections to the craniofacial motor nuclei and spinal
cord, PPI modulation by the neural circuitry connecting
the limbic system and the basal ganglia is more complex
[34]. In humans, especially the PPI has gained impor-
tance due to disturbance in patients with schizophrenia
[6, 44] and others like obsessive compulsive disorder
[63], Huntington’s disease [65] and Tourette syndrome
[9], whereas the ASR is also used as a measure of emo-
tional valence, e.g. in schizophrenia [60].

Although—as in schizophrenia research—most
animal studies concentrated on dopaminergic path-
ways, glutamate antagonists, GABA and acetylcholine,
serotonergic influences on startle also were brought
into a major focus [13, 17, 34, 40, 47, 52]. Particularly,
manipulation of the serotonergic (5-hydroxytrypta-
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mine, 5-HT) system with 5-HT-releasing agents, like
selective 5-HT receptor stimulation and local admin-
istration of 5-HT1a and 5-HT2 agonists in the raphe
nuclei, i.e., 5-HT depletion, induced a clear disruption
of PPI [15, 41, 54, 58, 61]. Further support for the
hypothesis of a decreased 5-HT neurotransmission
was lent by the fact that PPI-disruptive effects were
prevented by 5-HT overactivation [33, 42].

However, a direct conclusion from animal data to
humans is not possible, and in humans knowledge of
serotonergic mechanisms in startle modulation is
fragmentary: 3,4-methylene-dioxy-N-methamphet-
amine (MDMA), a 5-HT-releaser, increased the startle
magnitude and PPI, while pretreatment with SSRI
(citalopram) enhanced baseline amplitude of ASR [37,
69]. Conversely, single dosages of SSRI (fluvoxamine)
did not alter ASR or PPI at all [50]. 5-HT2 antagonists
clozapine, ketanserin and quetiapine reduced ASR but
only ketanserin reduced electromyographic PPI [20–
22]. A clinical study of SSRI (sertraline) treatment in
patients with major depression showed an increased
ASR and attenuated habituation without any alteration
of PPI [56]. Changes of startle parameters were also
seen in patients suspected of having a 5-HT imbalance,
such as post-traumatic stress disorder [62], obsessive-
compulsive [36] or panic disorder [38], though not
confirmed in borderline personality disorder [27–29].

Still, first experimental human 5-HT challenge with
acute tryptophan depletion test (TDT) on ASR pro-
duced no alterations in magnitude but did suppress
PPI in healthy males [51]. In contrast, there were
elevated startle amplitudes in the only available ani-
mal model with TDT [70]. TDT is an established
human serotonergic research tool [11]: The ingestion
of a concentrated tryptophan (TRP)-free amino acid
drink induces a transient decrease first in plasma TRP
[3, 72], then in cerebrospinal fluid (CSF) TRP and its
major metabolite 5-hydroxyindolacetic acid (5-HIAA)
[8, 71]. This is also supported in animal studies
measuring CNS levels of 5-HT and 5-HIAA [59, 73].
Clinically, TDT was followed by mood changes with
transient return of depressive symptoms in vulnerable
or previously depressed subjects, reversal of antide-
pressive treatments effects [5, 7, 48, 72] and other
main predictors, i.e. suicidality, recurrence or chro-
nicity of depressive episodes, and especially female
gender [5]. Imaging studies (single-photon emission
computer tomography, SPECT, and on positron
emission tomography, PET) in remitted patients with
major depression revealed not only different patterns
of reduced 5-HT brain metabolism after TDT-induced
relapse, but with a greater vulnerability and activity
decrease in females [7, 48, 49]. Gender differences
with inconsistent findings of higher ASR and lower
PPI in females also seem to apply for humans [1, 4, 35,
39, 64] and are currently not fully understood, espe-
cially in the field of 5-HT research. Furthermore, the
impact of 5-HT challenge with TDT on startle char-
acteristics in females has not been addressed so far.

While 5-HT modulation of startle responses in
previous pharmacological studies was examined with
either male or smaller mixed-gender populations of
various ages, the purpose of this explorative study was
to investigate how acute experimental TDT would
affect different startle parameters (ASR, PPI, and
habituation) and different mood states (e.g. depres-
sion) in a homogeneous group of healthy females with
a narrow age range. Results of this kind of research
could give new insights into neuronal mechanisms of
functional information processing after serotonin
challenge in the particularly vulnerable group of fe-
males with future clinical relevance.

Methods

j Participants

A total of 16 healthy females (25.0 years, SD 2.0) volunteered twice to
ingest a highly concentrated amino acid mixture with TRP (control)
or without TRP (depletion). They were recruited from hospital staff,
trainees or university students. None of them had taken oral con-
traceptives during the last 6 months. No regular medication was al-
lowed during the preceding 6 months. Further exclusion criteria
were: pregnancy or lactation; BMI <20 or >24; severe previous so-
matic illness; any previous neurological or psychiatric disorder;
current or previous substance abuse; as well as any cognitive or
mental disorder due to a medical condition. None of the participants
had a family history of neuropsychiatric disorders.

All participants were individually interviewed, including a semi-
structured DSM-IV (SKID II) diagnostic interview [2], and their
affective status assessed using the Hamilton Rating Scale for
Depression (21 Item Version, HAM-D; Hamilton 1960). Initial
startle response tests were run to exclude non-responders from the
extensive study protocol (n = 1). One of the 16 females who were
then recruited for the study had to be excluded from analysis be-
cause she started vomiting during the second session after drinking
the amino acid mixture too quickly.

All subjects gave written informed consent after being informed
in detail. The study was approved by the ethics committee of the
Aachen Medical Faculty and was in line with the Helsinki decla-
ration of the World Medical Assembly.

j Design

This was a double-blind, cross-over study, with volunteers partic-
ipating twice randomly either ingesting the experimental ()TRP) or
the control (+TRP) amino acid mixture. They were tested
approximately 4 weeks apart, each during their first half of the
menstrual cycle (follicular phase), when estrogen levels were low, to
exclude premenstrual symptoms [45] and to control for the influ-
ence of menstrual cycle when plasma 5-HT is lowest [30].

j Amino Acid Mixture

The amino acid mixture—administered in 300 ml of water and to
be ingested within 2 h starting at 8:00 a.m.—contained approxi-
mately 75 g ()TRP, verum) resp. 78 g (+TRP, control) in the same
proportions as the original 100 g amino acid mixture [72]. It
therefore consisted of 4.125 g L-alanine, 2.4 g glycine, 2.4 g L-his-
tidine, 6.0 g L-isoleucine, 10.125 g L-leucine, 6.675 g L-lysine,
4.275 g L-phenylalanine, 9.15 g L-proline, 5.175 g L-serine, 4.875 g
L-threonine, 5.175 g L-tyrosine, 6.675 g L-valine, 3.675 g L-arginine,
2.025 g L-cysteine and 2.25 g L-methionine, plus 3.0 g L-tryptophan
in the control drink. This was the same mixture (Flex Pharma,
Roermond, Netherlands) as that used by Riedel et al. [57].
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j Protocol

Subjects arrived at 7:30 a.m., having fasted since 10:00 p.m. the
previous night. Before receiving a low-protein breakfast, a venous
blood sample was taken for TRP sampling (t0). Further blood
samples were taken at 1:00 p.m. (t1), 3:00 p.m. (t2), 5:00 p.m. (t4)
and 8:00 a.m. the next day (t5). The 10 ml samples were immedi-
ately centrifuged and refrigerated, and the concentration of free
plasma TRP determined later using high-pressure liquid chroma-
tography (Labor Eberhard & Partner, Dortmund, Germany).
Administration of amino acid mixture began at 8:00 a.m. and had
to be completed within 2 h. For lunch (12:00 a.m.) and any time
thereafter, participants were allowed to take low-protein meals and
drinks (low-protein bread, tomatoes, mints, etc.). At the end of the
study day, they received a high-protein dinner.

j Stimuli and session

Following standard procedure [16, 23], the acoustic startle was
generated by a function generator in a commercial startle system
and delivered binaurally through headphones. A continuous 52 dB
background noise level was used to mask extraneous sounds.
Startle probes consisted of a burst of white noise whose intensity
was calibrated by an artificial ear. Two types of pulse stimuli were
presented: first a block of 15 pulse-alone (PA) trials (100 dB,
40 ms), followed by a second and a third block of six pulse-alone
trials (100 dB, 40 ms) and six prepulse-pulse (ppP) trials (70 dB,
30 ms resp. 100 dB, 40 ms) applied in randomized order. The end
of the prepulse was separated from the onset of the pulse by a
120 ms interval [67]. The duration of interstimulus intervals was
randomly selected from a range of 22–28 s.

The startle reflex was recorded with silver/silver chloride disc
electrodes (Beckan Ag/AgCl) and directed by a preamplifier
(SYNAMPS; model 5083, NeuroScan) to a commercial comput-
erised startle monitoring system (San Diego Instruments, San
Diego, CA). In order to measure the eye blink component of the
startle response, two miniature electrodes were placed approxi-
mately 0.5 cm under the left eye and the outer canthus. The
ground electrode was placed over the right mastoid. Impedance
was kept at <5 kX. The time window after startle probe onset for
recording EMG activity of the orbicularis oculi muscle was set at
20–150 ms. Participants were asked to sit in an armchair, relaxed
but awake, the eyes open and the gaze fixed on a point straight
ahead. EMG activity was continuously recorded for 250 ms
(sampling rate 1 ms) starting with the onset of stimuli. EMG
activity was amplified by a factor of 10,000 with a 100–1,000 Hz
band-pass filter, digitized at 1 kHz in a 10–150 ms time window
from the start of the acoustic stimuli, then rectified and stored for
offline analysis.

j Psychometric assessments

Participants assessed their mood and somatic status whenever ve-
nous blood sample were drawn (see above). They completed self-
ratings, i.e. of Profile of Mood States Scale (POMS) [43] which
comprised a bipolar set of adjectives in four different mood scales
(see Results) ranging from 0–35. Using a visual analogous scale
with 10 items (adopted from [57]), they also determined the
severity of possible side effects (headache, chills, hot flushes,
sweating, dizziness, blurred vision, dry mouth, nausea, abdominal
pain, palpitations).

j Data processing

The startle response values were stored in arbitrary analogue–
digital units. A minimum of 10 units above baseline level was re-
quired for the EMG activity to be considered a startle response. The
criterion for startle non-responders was defined as <25 units for the
mean of response amplitude. Latency to onset of stimulus response
was determined as a shift of 6 digital units above baseline occurring

within 18–100 ms after the stimulus. The latency to the response
peak was defined as the maximum magnitude occurring within
150 ms from the onset of stimulus.

In the 40-trials design—including the 12 prepulse-pulse tri-
als—the first 15 pulse-alone trials (i.e. the first PA-block plus the
first trial of the second ppP-block) were applied to determine mean
magnitudes and habituation of EMG responses, while prepulse
inhibition was analysed in the second and third block. Habituation
was defined as the difference of amplitude between the first five (1–
5) and last five PA trials (11–15) relative to the first five PA trials
(1–5): [amplitude ((mean block 1A)mean block 1C)/mean block
1A) · 100]. The percentage PPI was calculated as defined by the
percent decrease in the startle magnitude if a prepulse was given:
[100)(100 · amplitude on prepulse trial/amplitude on PA trial)].

j Statistical analysis

To test the effects of TDT, order of treatment and sequence of ASR
blocks on acoustic startle responses, we calculated two-way anal-
yses of variance (ANOVA) with the factors group ()TRP, +TRP)
and order of treatment as between-subject factors and repeated
measurement of sequence of ASR blocks as within subject factors.
After that, for specific experimental parameters of electrophysiol-
ogy and psychometry two-tailed paired t-tests for dependent
samples were used in an explorative manner. Correlation analyses
between EMG parameters (amplitudes, latencies of ASR, PPI, and
habituation) and psychometric tested mood states (Depression/
Dejection, Fatigue/Inertia, Vigour/Activity, Anger/Hostility) were
calculated with Pearson correlation. Results were considered sig-
nificant at p < 0.05. SAS package 9.1 (SAS/STAT 2004) was used for
all statistical analyses.

Results

j Biochemical measurements

Only 0.6% of blood samples had to be recorded as
missing samples. Baseline levels of free plasma tryp-
tophan did not differ between the experimental
()TRP) and the control (+TRP) group (T = 1.46,
p < 0.21). In the experimental ()TRP) group, peak
free plasma TRP concentrations showed a mean de-
crease of 81.3% (±5.3%), or a peak decrease to 18.7%
relative to the individual basic values (Fig. 1). The
control (+TRP) group showed an increase of 328.4%
(±41.61%) of free plasma TRP. Regarding absolute
group means, participants showed in the experimen-
tal ()TRP) condition a significant decrease from 13.71
(±0.71) lg/ml to 2.47 (±0.92) lg/ml (T = )16.91,
p < 0.0001), and in the control (+TRP) condition a
significant increase from 12.84 (±2.55) lg/ml to 41.65
(±0.42) lg/ml (T = )12.06, p < 0.0001).

j EMG startle responses

In the experimental ()TRP) condition, mean startle
magnitudes of the pulse-alone trials were reduced as
opposed to control (+TRP) condition (Table 1,
Fig. 2), and group differences could be found for the
mean magnitude (T = 3.82, p < 0.002). In detailed
comparison, all three individual blocks of pulse-alone
trial showed remarkable different peak amplitudes
(1st: T = 3.85, p < 0.002; 2nd: T = 4.16, p < 0.01; 3rd:
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T = 2.27, p < 0.04) between the experimental ()TRP)
and in the control (+TRP) condition. Nevertheless,
ANOVÁs showed no significant group effects ()TRP
vs. +TRP) (F = 2.38, p > 0.14) but repeated mea-
surement analysis demonstrated significant differ-
ences between the sequence of ASR blocks (F = 38.11,
p < 0.0001). Interaction effects between the groups
()TRP vs. +TRP) and the sequence of ASR-blocks as
well as the order of treatment on ASR amplitudes
were not significant. ANOVA’s also failed to show any
significant results concerning habituation, time
course of startle reactivity and PPI.

Nevertheless, habituation effects were observed in
both conditions, with the experimental ()TRP) con-
dition showing more of a decrease (Table 1). How-
ever, there were no group differences for habituation
(T = )0.55, p < 0.59). Interestingly, the range of
standard deviation showed a decrease from the first to

the third block under depletion ()TRP), whereas
controls (+TRP) showed an increase, pointing to
some instability of the magnitudes.

Regarding the time course of startle reactivity, the
onset latency (i.e., the time from stimulus onset to
reflex onset) of the pulse-alone trials did not differ
between the two conditions (Table 1), but partici-
pants in the experimental ()TRP) condition showed
slightly increased onset latencies compared to the
control (+TRP) group (T = )1.70, p < 0.11). Differ-
ences in results for individual blocks were most
prominent in the first of the PA-blocks, although not
significant (1st: T = )1.86 p < 0.08; 2nd: T = )1.29,
p < 0.22; 3rd: T = )0.51, p < 0.61). Results of peak
startle latency (i.e. the time from stimulus onset to
peak reflex amplitude) of startle PA trials were
comparable without any differences, neither in the
mean peak latency nor between the three blocks
(Table 1).

Analysis of prepulse inhibition did not reveal any
changes between the two conditions (T = )0.34,
p < 0.74). Prepulse amplitudes were reduced for
depletion ()TRP) as opposed to control (+TRP)
group, albeit not significantly (T = 1.47, p < 0.16).
Comparison of prepulse onset latencies revealed no
differences, nor did the peak latencies for prepulse
reactivity differ. However, startle magnitude of the
pulse-alone amplitude in the ppP/PA block also
showed clear difference between treatment conditions
(T = 3.40, p < 0.004) with reductions under ()TRP)
depletion.

j Mood assessment

Comparison of POMS dimensions at baseline and
after treatment showed differences for both condi-
tions which were either significant or indicated a
trend (Table 2) for decrease of depression/dejection
()TRP: T = )1.70, p < 0.11; +TRP: T = )2.74,
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p < 0.02), vigour/activity ()TRP: T = )2.39, p < 0.03;
+TRP: T = )2.01, p < 0.06) and anger/hostility
()TRP: T = )1.65, p < 0.12; +TRP: T = )2.59,
p < 0.02) while there was no change for fatigue/inertia
()TRP: T = )0.69, p < 0.50; +TRP: T = )0.18,
p < 0.86). The results of somatic analogous scales did
not differ between scores of treatment conditions or
differences of peak and baseline values (data not
shown).

j Correlation of parameters

Considering startle variables and changes in plasma
TRP levels (t1)t0) in the control (+TRP) group there
were only non-significant trends regarding the mean
difference in onset latency (r = )0.49, p < 0.06), but
none in the experimental ()TRP) condition
(r = )0.33, p < 0.24). We could not find any corre-
lations of differences in startle variables in the two
conditions (+TRP, )TRP) and changes in plasma TRP
levels (t1)t0). Further analyses of startle parameters
and mood states (POMS) at peak maximum or min-
imum plasma TRP levels (t1) revealed no correlations
for the two conditions. Changes (t1)t0) in both TRP
plasma levels and mood states (POMS) correlated

negatively in the experimental ()TRP) group, with a
tendency for depression/dejection (r = )0.48,
p < 0.067), and in the control (+TRP) group for fa-
tigue/inertia (r = )0.50, p < 0.061).

Discussion

Results from this first study of TDT in an all-female
study group point to a 5-HT modulation of specific
parameters of the human startle response, indicating
early information processing. The major finding is a
reduction of mean ASR after TDT in females. Inter-
estingly, this effect was not seen in healthy males fol-
lowing TDT challenge [51]. Earlier observations in
women of a higher probability of startle reflex (towards
tactile stimuli) by Blumenthal and Gescheider [4] as
well as a higher acoustic ASR [35] may also underline
different influences of gender in the two TDT studies.
Moreover, while higher age has been identified to affect
ASR [39] our female group was of almost uniformly
young age as opposed to a wider age range (21–
52 years) in the TDT study by Philips et al. [51].

The interesting finding from an early TRP deple-
tion study on incubated rats showed an enhanced

Table 1 Comparison of the effects of
tryptophan depletion on the EMG
eyeblink response (startle), i.e.,
different parameters of the acoustic
startle response and PPI in healthy
females: group means and standard
deviations (SD) of participants in
experimental ()TRP) and control
(+TRP) condition as well as the
difference of the two conditions
()TRP))(+TRP); t-test, p < 0.05

Startle )TRP +TRP ()TRP))(+TRP) p

Amplitude
Magnitudea 163.31 (88.90) 215.73 (92.19) )52.42 (53.12) 0.002

Block 1b 214.38 (103.83) 262.10 (84.17) )47.72 (47.96) 0.002
Block 2c 151.25 (93.76) 206.85 (92.72) )55.59 (51.72) 0.01
Block 3d 132.40 (88.33) 185.88 (108.42) )53.48 (91.12) 0.04

Habituatione 37.91 (30.52) 32.71 (21.89) 5.20 (36.42) –
Onset latency 33.94 (6.45) 32.6 (5.35) 1.35 (3.07) (0.11)

Block 1b 32.65 (6.13) 31.2 (4.59) 1.45 (3.03) (0.08)
Block 2c 34.81 (6.79) 33.04 (6.40) 1.77 (5.35) –
Block 3d 34.29 (8.03) 33.53 (5.81) 0.75 (5.73) –

Peak latency 61.23 (5.90) 60.77 (5.47) 0.46 (4.19) –
Block 1b 63.67 (7.45) 61.39 (7.74) 2.28 (8.67) –
Block 2c 60.44 (6.34) 60.19 (5.46) 0.25 (6.41) –
Block 3d 59.48 (8.49) 60.69 (6.68) )1.21 (5.83) –

Prepulse
Prepulse amplitude 42.7 (45.70) 61.05 (48.86) )18.35 (48.27) (0.16)
Pulse amplitude 107.14 (71.92) 159.21 (88.32) )52.07 (59.29) 0.004
Prepulse inhibitionf 57.15 (25.62) 53.14 (49.06) 4.02 (45.90) –
Prepulse onset latency 33.45 (6.41) 33.43 (5.86) 0.02 (7.66) –
Prepulse peak latency 49.69 (5.46) 51.18 (7.45) )1.48 (6.97) –

aAll pulse-alone trials 1–15, bPulse-alone trials 1–5, cPulse-alone trials 6–10, dPulse-alone trials 11–15, eHabituation:
[amplitude ((mean block 1 ) mean block 3)/mean block 1) · 100]
fPrepulse inhibition: [amplitude ((mean pulse-alone ) mean prepulse)/mean pulse-alone) · 100]

Table 2 Profile of Mood States (POMS) scores at baseline and 5 h after amino acid drinks of participants in experimental ()TRP) and control (+TRP) condition:
group means and standard deviations (SD); t-test, p < 0.05

POMS )TRP Baseline (t0) )TRP + 5 h (t1) p +TRP Baseline (t0) +TRP + 5 h (t1) p

Depression/ Dejection 17.50 (4.21) 16.27 (3.54) p < 0.11 17.36 (3.71) 15.53 (2.33) p < 0.02
Fatigue/ Inertia 15.63 (6.27) 14.27 (4.38) p < 0.50 16.86 (6.85) 16.00 (6.36) p < 0.86
Vigour/ Activity 35.22 (5.90) 31.80 (7.35) p < 0.03 34.07 (6.60) 31.73 (7.07) p < 0.06
Anger/ Hostility 11.21 (5.54) 9.27 (4.11) p < 0.12 11.21 (4.15) 9.40 (4.50) p < 0.02
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startle magnitude after being fed an L-tryptophan free
diet for 13 days, and their startle magnitude returned
to control levels after L-tryptophan was again added
to the diet [70]. However, heterogeneity of species-
specific effects on startle—for example after treatment
with MDMA with opposite findings of either en-
hanced or reduced startle magnitude in mice and rats,
but enhanced ASR in humans—remains an unsolved
issue [13, 69].

In this study, habituation of ASR—i.e. reduction
after repeated presentation of startle without any
influence by muscle fatigue or blunting of sensory
receptor responsiveness [24]—tended to decrease
more in the depletion ()TRP) condition even though
group differences were not significant. In parallel,
the range of standard deviation decreased from the
first to the third pulse alone block under ()TRP)
whereas it increased in (+TRP), pointing to some
instability of the magnitudes by the strong manip-
ulation of metabolism by amino acids including
TRP. Otherwise, severity of MDMA abuse seemed to
produce some effects with enhanced sensitisation in
the heavy users but habituation of ASR was not af-
fected by MDMA [25, 37, 55, 69]. No specific
habituation effects of acute administration of 5-HT
agonists in healthy humans have been reported [26,
37, 50], whereas after long-term SSRI treatment de-
pressed patients showed a strong disruption of their
initial habituation [56]. These findings need cor-
roboration by further studies.

In our study, we observed a lack of any significant
alteration of PPI (except for a trend towards a per-
centage PPI more marked in TDT). Contrary results
of significantly attenuated PPI in males were found by
Phillips et al. [51]. Previously, a decreased PPI re-
sponse has also been observed in females compared to
males [64]. In fact, the more recent findings from
human studies of an unchanged PPI after stimulation
with SSRI [50, 56] weaken the assumed predictive
value of the 5-HT influence on PPI disruption based
on animal studies [17]. For example, an enhanced PPI
in humans on MDMA [69]—or psilocybin, a halluci-
nogenic 5-HT1A/2 agonist [18]—was also observed
after long-term use of MDMA but rather believed to
indicate alterations of neurotransmission other than
lowered 5-HT or a chronic 5-HT deficiency condition
[55]. On the other hand, reduction of PPI in humans
by some atypical antipsychiotics with antiserotoner-
gic properties (clozapine, ketanserin) was rather re-
lated to their sedative properties [20, 21], similar to
the same effect of the tricyclic antidepressant ami-
triptyline [50]. Hence, the non-significant reduction
of PPI in our female cohort may also result from some
sedation of +TRP mixture as this group showed some
interrelation in tendency between control (+TRP)
treatment and increased fatigue. Thus, we believe that
the so-called ‘‘control’’ or ‘‘placebo’’ situation of the
(+TRP) condition must be questioned regarding
alterations of brain metabolism.

With respect to methodological issues, this study
focused on healthy females without a family history of
major affective disorder. However, we found some
weak correlations failing significance of changes of
plasma TRP under ()TRP) depletion, with a negative
trend towards subtler depressive feelings of sadness.
At the same time, interactions of mood states with
startle parameters remained unaffected presumably
because these mood changes were too low compared
to clinical populations like depressed patients. Thus,
the psychometrically tested non-clinical changes of
mood states may indicate an endogenous emotional
vulnerability with a low temporal stability in females
for this challenge test [5, 14].

One limitation in the laboratory analysis was that
plasma ratios for large amino acids other than TRP
could not be determined, nor was it possible to con-
trol for cortisol or other hormone levels during the
study. The time point of the menstrual cycle, however,
was carefully controlled—our results exclusively ap-
ply to women in the first half of menstrual cycle—
because of interactions of estrogens with the mono-
aminergic system and the assumed influences of al-
tered dopamine receptor sensitivity during the luteal
phase on PPI [31, 66]. The impact of lower inhibitory
gating in women under experimental and clinical
conditions—e.g., cognitive alterations or depressive
disorder—can only be speculation.

The main advantage of the TDT paradigm is
inducing a transient 70–90% decrease in plasma TRP
[3, 72]. However, although levels of TRP in plasma
and CSF correlated closely in humans, the factual CSF
nadirs of TRP and metabolites did not dip until sev-
eral hours after the plasma values did, i.e. 8–12 h after
taking the TRP free amino acid drink with only
moderate decrease (31%) of 5-HIAA in CSF from
baseline [8]. Thus, the ideal time-point to estimate the
5-HIAA nadir following depletion remains unclear
[46], and it is possible that our results might have
been clearer at a later point in time. Still, the study
began about 6 h after the amino acid drink was
started, which was even after the established time
window of 4–6 h following TDT.

From our serial plasma measurements it also be-
came obvious, that 6 h after start of study procedure
the peripheral TRP turnover began to show an
increasing interindividual variability with progression
over time, pointing to higher variances in 5-HT brain
depletion which may account for diverse results in
different study populations and time points, too. Also,
it has be kept in mind that due to factors influencing
transport and catabolism of 5-HIAA, its levels were
assumed to be a poor index of dynamic changes in 5-
HT synthesis in brain tissue [49], and effects were
even shown to be unrelated to neuronal activity [59].
These observations may go in line with the unex-
pected lack of effect of TDT on 18F-MPPF PET in
healthy subjects or remitted patients with major
depressive disorder despite some relapses [53, 68]. In
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our study, the dosage of amino acids of 75 g did not
induce any severe somatic symptoms, but it did cause
a decrease >81% in the ()TRP) condition, which is
considered an extensive and sufficient decline in
peripheral TRP. A larger study cohort would be
instructive despite the extensive TDT protocol.

Comparing our results to current findings from
other human ASR studies, it becomes clear that several
aspects must be taken into account, including age,
gender, hormones and menstrual cycle, as well as their
potential interaction with interindividual differences in
affective response. Still, it remains unclear if suspected
gender differences may exist considering methodo-
logical differences between previous studies (e.g. range
of age, amino acid composure or medication and
electrophysiological study design). Furthermore, ASR
appears to depend on various factors and does not show
a normal distribution, as is generally assumed. In view
of the inconsistent data from clinical startle studies,
research would need to focus more on these factors as
well as on symptomatology [32] and eventually con-
sistency of treatment. Accordingly, a higher baseline
ASR in patients with major depression which was re-
lated to a better improvement under sertraline medi-
cation [56] suggests that the ASR might serve as a
neurobiological predictor for therapy response. Previ-
ous animal studies on ASR and PPI must be surveyed
regarding the complex neuroanatomy as well as the
pharmacology of multiple 5-HT receptor subtypes and
their mechanisms in the modulation of startle param-
eters [61] in contrast to a more general manipulation of
the human 5-HT system by TDT, as evident from dif-
ferent responses to various antidepressant treatments
[12].

In conclusion, this first study of startle parameters
after acute TDT in a homogenous female population
demonstrates that depletion of brain 5-HT in women
only influences ASR but does not alter PPI or habit-
uation. More research is needed on the relevance of
human 5-HT modulation on ASR and PPI as a psy-
chobiological marker for early attentional sequencing
and a protective buffer for information processing,
particularly in the clinical context.
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55. Quednow BB, Kühn KU, Hoenig K, Maier W, Wagner M
(2004a) Prepulse inhibition of acoustic startle response in male
MDMA (‘Ecstasy’) users, cannabis users, and healthy controls.
Neuropsychopharmacology 29:982–990
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