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Abstract
Rationale  Although interest in the neurobiology of facial communication of pain has increased over the last decades, little 
is known about which neurotransmitter systems might be involved in regulating facial expressions of pain.
Objectives  We aim to investigate whether the serotonergic system (5-HT), which has been implicated in various aspects 
of pain processing as well as in behavioral response inhibition, might play a role in facial expressions of pain. Using acute 
tryptophan depletion (ATD) to manipulate 5-HT function, we examined its effects on facial and subjective pain responses.
Methods  In a double-blind, placebo-controlled within-subject design, 27 participants received either an ATD or a control 
drink in two separate sessions. Approximately 5-h post-oral consumption, we assessed pain thresholds (heat, pressure) as well 
as facial and subjective responses to phasic heat pain. Moreover, situational pain catastrophizing and mood were assessed 
as affective state indicators.
Results  ATD neither influenced pain thresholds nor self-report ratings, nor catastrophizing or mood. Only facial responses 
were significantly affected by ATD. ATD led to a decrease in pain-indicative as well as in pain-non-indicative facial responses 
to painful heat, compared to the control condition.
Conclusions  Decrease in brain 5-HT synthesis via ATD significantly reduced facial responses to phasic heat pain; possibly 
due to (i) diminished disposition to display social behavior or due to (ii) decreased facilitation of excitatory inputs to the 
facial motor neuron.
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Introduction

Facial expressions of pain play an important part in social 
interactions as well as in clinical settings (Craig et al. 2011; 
Kunz et al. 2007). Over the last decades, research interest in 
this behavioral indicator of pain and its underlying biopsy-
chosocial mechanisms has substantially increased (Had-
jistavropoulos et al. 2011). However, the neurobiological 
basis is still largely unknown with the exception of some 

findings on the functional neuroanatomy. It has been shown 
that next to primary motor areas and pain-related areas (pri-
mary somatosensory cortex, insula), facial expressions of 
pain are also closely linked to activation in prefrontal areas 
of the brain which seem to be involved in inhibiting or gat-
ing the facial expression (Karmann et al. 2016; Kunz et al. 
2011; 2020).

In contrast, there is a substantial lack of knowledge with 
regard to neurotransmitter systems being involved in facial 
expressions of pain. An interesting candidate in this con-
text might be the serotonergic system. First of all, serotonin 
(5-HT) plays an important role in nociceptive processing; 
among others, via descending inhibitory serotonergic pro-
jections from the nucleus raphe magnus to the spinal cord 
(Basbaum & Fields 1984; Feng et al. 2012). As animal 
studies have shown, these descending serotonergic pro-
jections can both inhibit as well as facilitate nociception, 
depending on the site of action and on the receptor subtype 
(Martins 2019). Given this complexity of action, it is not 
surprising that the role of 5-HT in experimental and clinical 
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pain could still not be finally clarified in human studies, 
although there is some indication that low central levels of 
5-HT might be associated with increased clinical pain com-
plaints (Goesling et al. 2013; Cooper et al. 2017, Nagata 
et al. 2007). A well-established method to experimentally 
investigate the role of 5-HT in humans is acute tryptophan 
depletion (ATD; Crockett et al. 2012; Young 2013); with 
tryptophan (Trp) being the direct precursor of 5-HT. ATD 
leads to a reduction in central 5-HT synthesis between 4 
and 7 h after oral administration of an amino acid mixture 
omitting tryptophan (Carpenter et al. 1998). Using ATD, it 
was shown that the acute decrease in 5-HT synthesis leads 
to enhanced experimental pain responses, as indicated by 
reduced heat pain thresholds and tolerance (Martin et al. 
2017) and reduced cold pain tolerance, but not threshold 
(Trotter et al. 2022). Thus, although contradictory findings 
have also been found (Abbott et al. 1992); ATD and hereby 
low levels of central 5-HT mainly seem to be associated 
with increased pain sensitivity.

Second, besides its role in pain processing, 5-HT also 
seems to affect behavioral inhibition and impulse control 
(Cools et al. 2008). Using ATD, it was shown that reduced 
central 5-HT was associated with disinhibition of goal-
directed behavioral responses to reward (Walderhaug et al. 
2002; 2008; Crockett et al. 2009) which seems to co-occur 
with activity changes in the prefrontal cortex (Aquili 2020). 
Although facial expressions of pain are more reflex-like 
responses, they are also under inhibitory control, with 
prefrontal structures gating the degree of facial inhibition 
(Karmann et al. 2015, 2016; Kunz et al. 2011; 2020) due to 
learned social display rules (Larochette et al. 2006). Accord-
ing to these considerations, it is possible that ATD might 
also lead to a disinhibition of facial expressions of pain.

Taken together, 5-HT has the potential to modulate facial 
expressions of pain at least via two mechanisms, namely via 
changes in nociceptive processing as well as via changes in 
behavioral inhibition. The aim of the present study was to 
use ATD to investigate the role of 5-HT in facial expressions 
of pain in response to experimental pain. We hypothesized 
that ATD and thus, low levels of central 5-HT, will result in 
increased facial expressions of pain because of both a lower-
ing of nociceptive inhibition and a reduction of behavioral 
inhibition. For control, ATD related changes in pain ratings 
and in affective states were also assessed.

Materials and methods

Participants

Thirty female participants were recruited by bulletins put 
up throughout the campus of the University of Jena. Only 
women were recruited given previous evidence showing 

elevated behavioral as well as biochemical ATD responses 
in females compared to males (Ellenbogen et  al. 1996; 
Nishizawa et al. 1997). None of the participants had pre-
sent or past history of psychiatric or neurological disorders 
(assessed using the German version of the Mini-Interna-
tional Neuropsychiatric Interview (MINI) (Sheehan et al. 
1998)) and none had acute or chronic pain. All participants 
were right-handed. Three participants were excluded due to 
nausea occurring after consumption of the used amino acid 
mixture (ATD: N = 2; control: N = 1). Thus, the final sample 
consisted of 27 participants (age: mean = 24.1 ± 4.4 years). 
Informed written consent was obtained in accordance with 
the protocols approved by the Ethics Committee of the Uni-
versity of Jena and all participants received monetary com-
pensation (50€) for their participation.

Design

Acute tryptophan depletion (ATD) was applied in a dou-
ble-blind, placebo-controlled crossover design; thus, each 
participant was tested under the ATD (Trp −) and the con-
trol condition (Trp +). The order of both conditions was 
randomized and counterbalanced across participants. The 
two conditions were separated by a 7-day period to rule out 
potential carry-over effects.

Procedure

Participants were required to fast, starting from 7 p.m. the 
day prior to the experiment, with the exception of water 
consumption. Upon arrival, a first blood sample was taken 
(10 ml) to assess baseline tryptophan levels. Participants 
were then administered the amino acid beverage (ADT or 
control). Following the oral consumption, participants were 
asked to wait in a designated waiting area for 4 h, given that 
the maximum depletion effect takes at least 4 h to develop 
(Williams et al. 1999). During the waiting time, a study 
nurse regularly checked on the participants. At the end of the 
waiting time, participants completed the Self-Assessment 
Manikin (SAM, Bradley & Lang 1994) for mood assess-
ment (valence ratings). Moreover, a second blood sampling 
was conducted to again assess tryptophan levels. Directly 
afterward, participants took part in a 30–45 min MRI (mag-
netic resonance imaging) brain scan (these findings have 
been reported previously; Bär et al. 2020), followed by the 
pain testing block.

Acute tryptophan depletion

ATD inhibits serotonin synthesis by lowering the availability 
of the serotonin precursor, tryptophan. This is achieved by 
participants consuming a tryptophan-free amino acid drink, 
which results in a substantial decline in plasma tryptophan 
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(Trp) levels, with peak depletion occurring approximately 
4–7 h later (Williams et al. 1999, Carpenter et al. 1998). 
For this study, we used an ATD mixture and a balanced 
control mixture which contained all amino acids. The com-
positions of the drinks have been described in detail before 
(Bär et al. 2020). In short, we used a fixed collagen-based 
amino acid mixture following established methods by Evers 
et al. (2005). The powder was purchased from Abtei OP 
Pharma GmbH. The control mixture (Trp +) differed from 
the composition of the ATD mixture only in that the mixture 
was supplemented by l-tryptophan of 10.3 g (Young et al. 
1985). The powdered amino acids were mixed with 300 ml 
of water a few minutes prior to oral administration.

Venous blood samples (taken pre- and 4-h post-oral con-
sumption) were separated by centrifugation for 10 min at a 
relative centrifugal force (RCF) of 2500 g. Concentrations 
of free Trp, tyrosine (TYR), phenylalanine (PHE), valine 
(VAL), leucine (LEU), and isoleucine (ILE) in plasma were 
analyzed by Biochrom 30 Plus amino acid analyzer (Bio-
chrom Ltd., UK). VAL, LEU, and ILE levels were analyzed 
to calculate the ratio of plasma Trp to other large neutral 
amino acids (LNAAs). 5-HT depletion magnitude was 
calculated using the ratio of TRYP/ΣLNAAs before ATD 
at baseline minus T1 (after 4 h, immediately before fMRI 
experiment) (ATD baseline: TRYP/ΣLNAAs − ATDT1: 
TRYP/ΣLNAAs). The 5-HT supplementation magnitude 
was calculated using the ratio of TRYP/ΣLNAAs after 
TRYP supplementation at baseline minus T1 (TRYP + base-
line: TRYP/ΣLNAAs − TRYP + T1: TRYP/ΣLNAAs).

Pain testing

The pain testing block was composed of (i) pain threshold 
assessments (heat and pressure pain) followed by (ii) the 
assessment of facial and subjective responses to phasic heat 
stimulation (with intensities tailored to the individual pain 
threshold) and concluded (iii) with a questionnaire assessing 
situational pain catastrophizing.

Pain thresholds

Heat pain threshold  Thermal stimulation was applied to the 
left and right lateral lower leg by use of a Peltier-based, 
computerized thermal stimulator with a 3 × 3 cm2 contact 
probe (Medoc TSA-2001; Medoc Ltd, Ramat Yishai, Israel). 
Heat pain thresholds were determined using the method of 
limits. The temperature increased from 35 °C at a rate of 
1 °C/s until the participants felt the stimulus to be barely 
painful and responded by pressing a stop button. Each time 
they pressed the button, the temperature returned to 35 °C 
and the next trial started after an inter stimulus interval (ISI) 
of 20–25 s. Following two familiarization trial, there were 
four test trials and the average of these trials was used to 

constitute the threshold estimate. This procedure was con-
ducted on both legs, with the order of stimulation sides being 
randomized across participants.

Pressure pain threshold  Pressure stimuli were delivered 
by experienced investigators (MK, AJK) using a handheld 
pressure algometer (Algometer type II, Somadic Sales AB, 
Hörby, Sweden) with a probe area of 1 cm2. Stimulation 
sites where the left as well as the right volar forearm. Steady 
support was guaranteed by placing the participants’ arm on 
the table in front of the participant. Pressure pain thresh-
olds were assessed using the method of limits. The pressure 
increased at a rate of 50 kPa/s until the participants felt the 
stimulus to be barely painful and responded by pressing a 
stop button (ISI 20–25 s). For each stimulation side, two 
practice trials were presented followed by four trials which 
were averaged to deliver estimates of pressure pain thresh-
olds. Again, the order of stimulation sides was randomized 
across participants.

For further analyses, heat and pressure pain thresholds were 
averaged across right and left body sides, respectively.

Facial and subjective responses to non‑painful and painful 
heat stimulation

Phasic heat stimulation  Ten non-painful (− 1 °C below the 
pain threshold, right body side) and 10 painful (+ 3 °C above 
the pain threshold, right body side) heat stimuli (Medoc 
TSA-2001; Medoc Ltd, Ramat Yishai, Israel) were applied 
on the right lateral lower leg in a pseudo-randomized order. 
Each phasic heat stimulus (painful/non-painful) had the 
same characteristics (5 s (plateau); rate of change: 4 °C/s; 
baseline temperature: 38 °C; ISI of 15–20 s).

Subjective responses  Following each stimulus, participants 
were asked by the experimenter to provide a verbal pain 
intensity rating using a numerical rating scale (NRS; 0–100). 
Participants were instructed that “0” corresponded to “no 
pain” and “100” to “extremely strong pain,” respectively.

Facial responses  The face of the participants was videotaped 
throughout the phasic heat stimulation procedures. The cam-
era was located approximately 1.5 m from the participant. 
To mark the plateau phase of the stimuli, a LED visible to 
the camera, but not to the participant, was lit concurrently 
with the 5 s-thermal stimulation, starting when the target 
temperature was reached. During stimulation, participants 
were instructed not to talk and to look at a cross on the 
wall behind the camera to ensure that the face would always 
be recorded in an upright and frontal view. Facial expres-
sions were coded from the video recordings using the Facial 
Action Coding System (FACS; Ekman and Friesen 1987), 
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which is based on anatomical analysis of facial movements 
and distinguishes 44 different Action Units (AUs) produced 
by single muscles or combinations of muscles. Two certified 
FACS coder (qualified by passing an examination given by 
the developers of the system) who were blind to the condi-
tion (ADT vs. control drink) identified the frequency and the 
intensity (5-point scale) of the different Action Units. Inter-
rater reliability using the Ekman formula (Ekman & Friesen 
1987) was 0.82, which compares favorably to previous stud-
ies (Kunz et al. 2008a, b, 2012). A software designed for 
the analysis of observational data (the Observer Video-Pro; 
Noldus Information Technology) was used to segment the 
videos and to enter the FACS codes into a time-related data-
base. Time segments of 7 s (5 s beginning just after the 
stimulus had reached the target temperature at plateau + 2 s 
for return to baseline) were selected for scoring. In total, 
20 segments of thermal stimulation (10 non-painful and 10 
painful segments) were analyzed for each participant.

For the purpose of necessary data reduction, we fused AU-
frequency and AU-intensity values of each Action Unit by 
computing the product term (frequency × intensity) and 
also combined similar facial responses as has been done in 
preceding studies (Kunz et al. 2019). Those combinations 
include AU1_2, AU6_7, AU9_10, and AU25_26_27. For 
further analyses, we computed composite scores of “pain-
relevant AUs” and of “other AUs”. This distinction was 
based on our previous review article on facial expressions 
of pain (Kunz et al. 2019). “Pain-relevant AUs” encom-
passed AU4, AU6_7, AU9_10, AU25_26_27, and “other 
AUs” encompassed all remaining AUs. Composite scores 
of “pain-relevant AUs” and “other AUs” were computed by 
averaging the respective AUs. Composite scores for “pain-
relevant AUs” and “other AUs” were calculated separately 
for each condition (ATD, control) and separately for non-
painful and painful heat stimulation.

Affective state

In order to assess whether ATD might affect catastrophic 
thinking related to the experimental pain induction, we 
assessed a situational version of the Pain Catastrophizing 
Scale PCS (S‐PCS) (Campbell et al. 2010) after each ses-
sion (ADT & control). Participants were instructed to reflect 
on thoughts or feelings during the past experience of the 
experimental pain stimuli. The scale contains 6 items that 
are rated on a five-point scale, with the end points “not at 
all” and “all the time.” In this study, the internal consistency 
of the S-PCS was good (control: α = 0.87; ADT: α = 0.79). In 
addition to the S-PCS, we used the Self-Assessment Manikin 
(SAM) to measure mood ratings (Lang 1980). The SAM is a 
pictorial affective rating system and ranges from a smiling, 
happy figure (− 4) to a sad figure (+ 4) when representing 

the valence dimension (Bradley and Lang 1994), indicative 
of mood.

Statistical analysis

Analyses were conducted with SPSS 28 (IBM SPSS Sta-
tistics) and findings were considered to be statistically sig-
nificant at α < 0.05. Shapiro–Wilk test was conducted to test 
for normality of distribution. In case of significant effects 
in the ANOVAs, Bonferroni-corrected post-hoc t-tests were 
calculated.

Manipulation check (analysis of plasma tryptophan)  Tryp-
tophan concentration values were not normally distributed 
in the ATD testing session; thus, the Wilcoxon signed-rank 
test was used to assess changes in concentration levels in the 
ATD and control testing sessions.

Affective state  To investigate the effect of ATD on mood 
and situational pain catastrophizing, SAM mood ratings 
(4-h post-oral consumption of the ADT/control drink) and 
S-PCS scores (assessed at the end of the pain testing) were 
compared between ATD and control testing session using 
paired t-tests.

Pain thresholds  Paired t-tests were used to compare heat 
and pressure pain thresholds, respectively, between ATD and 
control condition.

Subjective responses  An ANOVA with repeated measures 
(within-subject factors: heat intensity (non-painful, painful) 
and condition (ATD, control)) was conducted to investigate 
the effect of ATD on pain intensity ratings.

Facial responses  ANOVAs with repeated measures (within-
subject factors: heat intensity (non-painful, painful) and 
condition (ATD, control)) were conducted to investigate 
the effect of ATD on facial responses. Analyses were con-
ducted separately for “pain relevant AUs” and for “other 
AUs.” Given that the facial response data were not normally 
distributed (left-skewed), the data was square-root trans-
formed, as done in previous studies (Karmann et al. 2014; 
Kunz et al 2012).

Results

Plasma tryptophan (manipulation check)

In the ATD condition, tryptophan (Trp) concentration 
significantly decreased 4-h post-oral consumption (mean: 
4.6 ± 3.9  µmol/l) compared to baseline levels (mean: 
47.4 ± 11.6 µmol/l) (Wilcoxon signed-rank test Z =  − 4.5, 
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p < 0.001). In the control condition, a significant increase 
(Z =  − 4.4, p < 0.001) in Trp concentration was detected 
(mean: 702.9 ± 442.9 µmol/l) compared to baseline (mean: 
52.7 ± 13.8 µmol/l). The ratio of tryptophan to other large 
neutral amino-acids (LNAA’s), such as isoleucine, leucine, 
valine (Trp/LNAA)) is known to be a specific indicator 
of central 5-HT concentration. The Wilcoxon signed-rank 
revealed a significant decrease in the Trp/LNAA ratio in 
the ATD condition (Z =  − 4.5, p < 0.001) and a significant 
increase in this ratio in the control condition (Z =  − 4.4, 
p < 0.001) relative to the baseline level. The reduction in 
the Trp/LNAA ratio in the ATD condition relative to base-
line was 92.8% (ATD: 0.008 ± 0.009  µmol/l; baseline: 
0.12 ± 0.03 µmol/l). Thus, ATD resulted in a significant 
reduction in plasma tryptophan to levels known to markedly 
compromise central 5-HT neurotransmission.

Affective state

As can be seen in Fig. 1, ATD had no effect on mood (SAM 
valence scale; p = 0.836) nor on situational pain catastrophiz-
ing (S-PCS; p = 0.786) compared to the control condition.

Pain thresholds

As can be seen in Fig.  2, neither heat pain thresholds 
(T(26) =  − 0.571, p = 0.573) nor pressure pain thresholds 
(T(26) = 0.122, p = 0.243) significantly differed between 
ATD and control condition.

Subjective responses to phasic heat stimuli

As can be seen in Fig. 3, ATD had no effect on NRS rat-
ings compared to the control condition (F(1,26) = 0.90; 
p = 0.351). Furthermore, there was no significant interaction 
between “condition” and “heat intensity” (F(1,26) = 0.16; 
p = 0.693). Only the factor “heat intensity” yielded a sig-
nificant effect (F(1,26) = 176.01; p < 0.001), with intensities 
of + 3 °C above pain threshold being rated higher than the 
non-painful intensities (− 1 °C below pain threshold).

Facial responses to phasic heat stimuli

The effect of ATD on facial responses was analyzed sep-
arately for pain-relevant AUs (AU4; AU6_7, AU9_10, 
AU25_26_27; Kunz et al. 2019) and for the remaining AUs 
(“other AUs”).

With regard to pain-relevant AUs (Fig.  4, left side), 
we found that pain-relevant facial responses significantly 
increased from non-painful to painful heat stimulation, 
given the main effect for “heat intensity” (F(1,26) = 46.35; 
p < 0.001). Although ATD had no overall significant 

Fig. 1   Effect of acute tryptophan depletion (ATD) on affective state 
indicators (mean, SD)

Fig. 2   Effect of acute trypto-
phan depletion (ATD) on heat 
and pressure pain thresholds 
(mean, SD)
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effect on pain-relevant AUs (main effect for “condition” 
F(1,26) = 0.26, p = 0.612), we found a significant interaction 
between “condition” and “heat intensity” (F(1,26) = 12.24, 
p = 0.002). Bonferroni-corrected post-hoc t-tests were con-
ducted separately for non-painful and painful heat stimuli. 
Whereas no effect of ATD was found for non-painful heat 
(p = 0.102), we found a significant decrease in pain-relevant 
facial responses to painful heat during ATD compared to the 
control condition (p = 0.040).

With regard to the other (non-pain-relevant) AUs (Fig. 4, 
right side), we found that the remaining AUs also signifi-
cantly increased from non-painful to painful heat stimula-
tion (F(1,26) = 10.64; p = 0.003). Although ATD had no 
overall significant effect on the other AUs (F(1,26) = 1.16, 
p = 0.292), we again found a significant interaction between 
“condition” and “heat intensity” (F(1,26) = 7.78, p = 0.010). 
Bonferroni-corrected post-hoc t-tests were conducted sepa-
rately for non-painful and painful heat stimuli. Whereas no 
effect of ATD was found for non-painful heat (p = 0.262), 
we found a significant decrease in other facial responses 
to painful stimulation during ATD compared to the control 
condition (p = 0.014).

In summary, ATD led to a significant decrease in facial 
responses to painful stimulation that was apparent both 
for pain-relevant as well as for non-pain-relevant facial 
responses.

Discussion

The present study examined whether the serotonergic sys-
tem plays a role in facial expressions of pain by deplet-
ing plasma Trp concentrations in healthy volunteers via 
ATD in a double blind, placebo-controlled within-subject 
design. Blood analysis showed a substantial reduction in 
total plasma Trp levels and in the Trp/LNAA ratio after 
ATD; thus, indicating a markedly reduced central 5-HT 
neurotransmission (Crockett et al. 2012). We found no sig-
nificant changes in pain thresholds, pain ratings, or in affec-
tive state indicators. Moreover, facial responses to pain were 
not—as hypothesized—increased but decreased after ATD 
compared to the control condition. We will discuss these 
findings in detail below.

ATD effects on pain thresholds, pain ratings, 
and affective state

With regard to pain thresholds, we investigated ATD effects 
on two types of pain thresholds, namely heat as well as pres-
sure pain thresholds. Using two different types of experi-
mental pain modalities allows for assessing how reliable 
5-HT effects are across two different pain modalities that 
partially target different nociceptor populations. Whereas 
heat stimuli mainly activate skin nociception, pressure 
stimuli target both skin and to a greater degree deep tissue 
nociceptors (Kosek et al. 1999; Yu and Mense 1990). Given 
that deeper tissue nociceptors might be more affected by 
descending serotonergic pathway, even greater ATD effects 
might be expected with regard to pressure pain thresholds. 
In contrast to our expectation, ATD neither affected heat 
nor pressure pain thresholds. To the best of our knowledge, 
the effect of ATD on pain thresholds has been investigated 

Fig. 3   Effect of acute tryptophan depletion (ATD) on subjective 
responses to phasic heat stimuli of non-painful (− 1  °C below pain 
threshold) and painful (+ 3  °C above pain threshold) intensities 
(mean, SD)

*: p<0.05; sqrt, square-root transformed values (given that facial response data were not 
normally distributed, square-root transformation was conducted, so that the normality 
assumption was not violated)  

Fig. 4   Effect of acute tryptophan depletion (ATD) on pain-relevant 
and other facial responses to phasic heat stimuli of non-painful 
(− 1 °C below pain threshold) and painful (+ 3 °C above pain thresh-
old) intensities (mean, SD)
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in three previous studies (Abbott et al. 1992; Martin et al. 
2017, Trotter et al. 2022). In two of these studies, cold pres-
sure pain was used to assess ATD related changes in pain 
thresholds and in both studies no significant changes in pain 
thresholds were found (Abbott et al. 1992; Trotter et al. 
2022) which is an accordance with our findings. Only Mar-
tin and colleagues (2017) who similarly to us, used a heat 
pain protocol to assess pain thresholds, found a significant 
reduction of heat pain thresholds after ATD. More precisely, 
Martin used the staircase method to assess pain thresholds 
and found that pain thresholds decreased from a mean of 
44.0 °C (control) to 43.03 °C (ATD) (Martin et al. 2017). 
In our study, we used the method of adjustment and found 
that heat pain thresholds remained stable with a mean of 
44.9 °C for both ATD and control conditions. It is possible 
that methodological differences (e.g., staircase method vs. 
method of adjustment) or sample characteristics (e.g., differ-
ent gender distribution) could explain the different findings. 
However, given that—including the present study—three 
out of four studies do not find ATD related changes in cold 
(Abbott et al. 1992; Trotter et al. 2022) and in heat and pres-
sure pain thresholds (our study) is an indication that central 
reduction of 5-HT via ATD does not have a strong effect on 
pain threshold estimates.

Besides pain thresholds which target more the lower 
range of pain sensitivity, we also assessed pain intensity rat-
ings of supra-threshold heat stimuli. We found that ATD also 
had no effect on pain intensity ratings of these stimuli. The 
supra-threshold intensities were tailored to the individual 
pain threshold (+ 3 °C) and were on average rated as elicit-
ing moderate pain sensations. Considering supra-threshold 
pain intensities, previous ATD studies found reduced toler-
ance thresholds after ATD in two cases (Martin et al. 2017; 
Trotter et al. 2022). Thus, it is possible that central reduction 
of 5-HT mostly affects the upper range of pain sensitivity 
(tolerance thresholds), whereas the lower range or the mid-
range is less affected.

We also assessed the effect of ATD on mood and situ-
ational pain catastrophizing as indicators of potential changes 
in affective states. Again, no effect of ATD was found which is 
in accordance with previous findings, demonstrating that the 
effect of ATD on affective states seems negligible in healthy 
individuals with no history of depression (Young 2013).

ATD effects on facial expressions of pain

We hypothesized that facial responses to painful stimuli 
are increased after ATD, given previous findings that 
ATD can lead to heightened pain sensitivity (Martin et al. 
2017; Nagata et al. 2007) as well as to a disinhibition of 
(goal-oriented) behavioral responses (Walderhaug et al. 
2002; 2008; Crockett et al. 2009). However, ATD did not 
result in an increase but in a decrease of facial responses 

to painful stimuli. This decrease in facial responses was 
not specific to pain-related facial responses but was also 
apparent for facial responses with little association to 
painful experiences. This separation of facial responses 
into pain-related and not-pain related is based on pre-
vious evidence showing that there is a subset of facial 
responses that is predominantly displayed during experi-
mental and clinical pain states (Kunz et al. 2019; Prkachin 
1992). Finding that lower levels of 5-HT led to a decrease 
in pain-relevant as well as in all other facial responses 
is directly contrary to our hypothesis but interestingly, a 
similar association between serotonin and facial expres-
siveness has recently been reported (Bershad et al. 2019). 
Bershad and colleagues found that the administration of 
N-Methyl-3, 4-methylenedioxyamphetamine (MDMA), 
which induces rapid 5-HT release, was linked to a non-
specific increase in zygomatic activation both to pleas-
ant touch (slow stroking) as well as to less-pleasant touch 
(fast stroking) (Bershad et al. 2019). How can this positive 
association between 5-HT activity and affect-unspecific 
facial expressiveness be explained?

One possible explanation might be found in the effect 
of serotonin on social behavior. In human and rodent 
studies, low 5-HT levels have been shown to be linked to 
decreased social play, to dampened perception of social cues 
and to reduced social behavior (Kiser et al. 2012). Facial 
expressions of pain are social signals that have the poten-
tial to serve as a “social lubricate” by eliciting empathetic 
responses and help in others (Hadjistavropolous et al. 2011). 
It is thus, possible that the low 5-HT levels due to ATD in 
our study reduced the disposition for social behavior, includ-
ing the disposition to facially communicate one’s pain expe-
rience to the social environment.

Another possible explanation might be the linkage between 
5-HT and motoneuron activity in the brainstem. There is a 
widespread network of brain areas involved in generating 
facial responses to pain, including motor areas (M1, striatum), 
pain-related areas (S1, insula, anterior cingulate cortex), and 
areas involved in regulation of prosocial behavior (prefron-
tal areas) (Kunz et al. 2011). All the activity within these 
areas converges at the end on the motor nucleus of the facial 
nerve (cranial nerve VII) situated in the brainstem (Cattaneo 
& Pavesi 2014) to elicit facial responses. The excitability of 
motoneurons, including the motor nucleus of the facial nerve 
has been shown to be linked to 5-HT activity in animal stud-
ies (McCall & Aghajanian 1979; White & Neuman 1980). 
Interestingly, 5-HT does to directly lead to increased excit-
ability but brings about this outcome indirectly by enhancing 
the effects of excitatory afferent inputs to the facial nucleus. 
McCall & Aghajanian (1979) could show that intravenous 
administration of 5-HT agonists or 5-HT releasing agents 
facilitated the effects of excitatory inputs (e.g., motor cortex 
stimulation) to facial motoneurons in rats. Thus, in our study 
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the reduced central 5-HT might have led to a decreased facili-
tation of excitatory inputs to the facial motor neurons which 
resulted in reduced facial responses to pain.

Limitations

There are some limitations to our study. First of all, the sam-
ple studied was of limited size and only included female par-
ticipants, given that elevated behavioral as well as biochemi-
cal ATD responses have been found in females compared 
to males (Ellenbogen et al. 1996; Nishizawa et al. 1997). 
In case of more positive findings, verification for men and 
in a larger sample might become necessary that would also 
allow for more complex statistical analyses. Moreover, we 
analyzed facial responses using FACS which relies on vis-
ible facial movements and has the advantage that it allows 
to reliably differentiate between different facial muscles and 
muscle groups, respectively. However, it has the disadvan-
tage that it is not able to capture subtle facial muscle activity 
that would have been better captured using electromyogra-
phy (EMG). Therefore, the assessment of EMG might be 
promising in future studies to further investigate how ATD 
affects facial expressiveness.

Conclusions

Using ATD to reduce central 5-HT levels in healthy females, 
we found a significant decrease in facial responses to experi-
mental pain stimuli. Given that this decrease was not specific 
for pain-related facial responses and given that we found no 
ATD related changes in any of the other pain outcomes (pain 
thresholds as well as supra-threshold pain ratings) suggests 
that 5-HT mostly affects the last step of facial encoding of 
pain; possibly due to (i) a diminished disposition to dis-
play social behavior or due to (ii) a decreased facilitation of 
excitatory inputs to the facial motor neuron.
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