www.nature.com/scientificreports

scientific reports

OPEN

W) Check for updates

Relationships between serotonin
availability and frontolimbic
response to fearful and threatening
faces

R. Janet?!, N. Costes?, I. Mérida?, E. Derrington® & J. C. Dreher™

Serotonin is a critical neurotransmitter in the regulation of emotional behavior. Although emotion
processing is known to engage a corticolimbic circuit, including the amygdala and prefrontal cortex,
exactly how this brain system is modulated by serotonin remains unclear. Here, we hypothesized that
serotonin modulates variability in excitability and functional connectivity within this circuit. We tested
whether this modulation contributes to inter-individual differences in emotion processing. Using a
multimodal neuroimaging approach with a simultaneous PET-3T fMRI scanner, we simultaneously
acquired BOLD signal while participants viewed emotional faces depicting fear and anger, while also
measuring serotonin transporter (SERT) levels, regulating serotonin functions. Individuals with higher
activity of the medial amygdala BOLD in response to fearful or angry facial expressions, who were
temperamentally more anxious, also exhibited lower SERT availability in the dorsal raphe nucleus
(DRN). Moreover, higher connectivity of the medial amygdala with the left dorsolateral prefrontal and
the anterior cingulate cortex was associated with lower levels of SERT availability in the DRN. These
results demonstrate the association between the serotonin transporter level and emotion processing
through changes in functional interactions between the amygdala and the prefrontal areas in healthy
humans.

Serotonin (5-hydroxytryptamine or 5-HT) is a critical neurotransmitter in the generation and regulation of
emotional behavior!?. The serotoninergic neurons project from the raphe nuclei to the subcortical and cortical
projection sites. Serotonergic neurotransmission has been an effective target for the pharmacological treatment
of depressive and anxiety disorders®. Increasing evidence implicates serotonin signaling in the modulation of
emotional behavior through its effects on a corticolimbic circuit that includes the amygdala and the prefrontal
cortex*®. Both of these structures are densely innervated by serotoninergic neurons and serotonin receptors are
abundant throughout the amygdala sub-nuclei and prefrontal regions®.

The amygdala is of particular importance for processing facial expressions®, especially those depicting fear and
anger®’. This probably reflects the intrinsic survival value of threatening stimuli and information about danger
in our environment. Amygdala serotonin synthesis correlates with the severity of social anxiety symptoms® and
was reduced, concomitantly, with stress-related amygdala activation, after successful pharmacological treatment’.
The serotonin reuptake transporter (SERT) plays a key role in serotonergic neurotransmission by facilitating
the reuptake of serotonin from the synaptic cleft and modulating serotonergic signaling by its central regula-
tion. Recently, it has been argued that SERT in the DRN regulates serotonin release at the projection sites, with
enhanced serotonin release in the synapse after inhibition by the selective serotonin reuptake inhibitors of the
DRN'. In addition, a negative relationship between amygdala reactivity to facial emotions and SERT availabil-
ity in the amygdala and/or raphe nucleus has been reported while participants were scanned in separate PET
and fMRI sessions'!"'. This established indirect evidence for a link between SERT availability and the brain
circuit engaged in processing emotional facial expressions. However, a more direct relationship between the
two signals, less dependent on external factors influencing their link is needed. The demonstration of a more
direct link between dorsal raphe nucleus 5HT and the neural response to emotional facial expression requires a
combination of SERT measure with BOLD signal recording in the same participants at the same time. Acquiring
PET-fMRI data simultaneously ensures that participants are in the same emotional and cognitive states when
the measurements are made, especially since mood, fatigue, and energy balance can all affect brain activity and
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serotoninergic transmission. Even if a multimodal paradigm can theoretically be performed using separated or
non-simultaneous PET/MR systems'*!¢, the simultaneous acquisition allows the derivation of correlation maps
that come from both modalities to describe the coupling of PET- and MR-derived parameters'’.

Moreover, it should be noted that the amygdala is not a homogenous structure. For this reason, it is important
to distinguish response properties of different amygdala subnuclei'®'?. The amygdala can be divided into the
medial and lateral parts on the basis of functional and connectivity analyses®. A greater density of SERT axons
was demonstrated in the human medial amygdala compared to the lateral amygdala®!, suggesting that these
subregions convey different types of information. We therefore expected a stronger link between SERT level
and amygdala BOLD signal in the medial amygdala. We also hypothesized that the SERT level may modulate
connectivity between subregions of the amygdala and frontal regions.

Though mainly processed by the amygdala, facial emotions required a larger network to allow individuals
to organize and flexibly regulate their emotional responses and integrate threat information to orchestrate a
behavioral response. While abnormal amygdala reactivity to emotion is linked to emotional dysregulation®>??,
perturbation of the connectivity between the amygdala and frontal regions may also participate in the dysregula-
tion of negative emotion processing in clinical populations. We particularly focused on the connectivity between
the amygdala and the dIPFC regions and the ACC, because both regions are involved in regulating emotions and
the pattern of functional connectivity with the amygdala was reported to be perturbated in clinical populations.
Functional interactions between the dIPFC and amygdala are critical for processing facial signals of anger and
fear®*?’. A recent meta-analytic study revealed a decrease in dorsolateral prefrontal activity during reappraisal
in anxious individuals, suggesting dysregulation of this process®. Altogether, it appears that two distinct, but
interplaying abnormalities, are combined in emotional dysregulation: abnormal amygdala emotional reactiv-
ity and abnormal regulation of this reactivity via prefrontal regions®**. Similarly, the ACC, and particularly
the pregenual ACC (pgACC), is part of a network involved in regulating emotions*"*2. For example, a recent
investigation revealed a decrease in functional connectivity between the pgACC and the amygdala in depressed
individuals compared to healthy individuals®*. The pgACC is believed to play a central role in the appraisal of
emotions and serves as a hub to elaborate and conceptualize meaningful implications for self**. The pgACC
plays an important role in the evaluation of emotional faces and receives dense projections from the amygdala®.
The ventral ACC area, including the pgACC is a hub for emotional processes. Perturbation of the connectivity
between the pgACC and amygdala may participate in the dysregulation of negative emotional face processing
in clinical populations®. However, the relationship between the SERT level in the DRN and the connectivity
between the amygdala and the pgACC remains unknown.

Focusing our analysis on fearful and angry facial expressions, that are biologically salient for the individua
we tested whether increased SERT availability is linked to lower fronto-amygdala connectivity, especially with
the dIPFC and pgACC. Using a new scanner that simultaneously records ['!C]DASB PET and event-related 3T
fMRI in the same participants, we investigated the link between SERT levels in the DRN and dIPFC/pgACC-
amygdala connectivity directly. Our findings establish that the SERT level is linked to the dynamic interactions
between the amygdala and the dIPFC/pgACC, which are critical for efficient emotional processing. Moreover,
anxious traits were linked to amygdala reactivity to emotional faces.

37
17,

Methods

Participants. Thirty-two healthy volunteers (only males; age range from 19 to 32 years; and mean age (M)
23.5+(SD) 3.01) were recruited through a mailing list from the University Claude Bernard Lyon 1. For inclusion
in the study, participants were required to meet the following criteria: French-speaking, right-handed, no current
medical treatment, no history of neurological or psychiatric disorders, and no auditory, olfactory or visual defi-
cits. Furthermore, volunteers were screened for general MRI counter-indications. Two subjects were removed
from the analysis resulting in a final sample size of thirty subjects. As a control for attention, participants had to
answer a question at the end of each block by pressing a button box with their right index finger within a second.
These two subjects were removed because of excessive failures to respond to the question presented at the end
of each block suggesting that they did not pay attention to the stimuli. Among these two subjects, one explicitly
told us in the debriefing that he did not look at the task. A physician conducted medical examinations concern-
ing inclusion criteria such as physical and psychological health. Participants gave their written informed consent
and received monetary compensation for the completion of the study. This study was approved by the Medical
Ethics Committee (Comite de Protection des Personnes (CPP) Sud-Est IV, ID RCB: 2016-A01588-43) respect-
ing the terms of the Declaration of Helsinki. All experiment and data analyses were subsequently carried out in
accordance with the approved committee.

General procedure. For all participants, the experiment took place in the afternoon. Participants were
required to watch emotional faces using a pre-established Dynamic Facial Expression Task (a detailed descrip-
tion of the task is provided in the supplementary data, section Dynamic Facial Expression Task). The fMRI
acquisition started in the last 20 min of the PET acquisition. After scanning, they completed scales assessing
their state of anxiety and anxious traits: the two versions of the STAI (State-Trait- Anxiety-Inventory form Y), the
YT (form Y-trait) version to assess anxious traits, and the YS (form Y-state) version to assess anxious states*. The
injection of the radiotracer used in this study was performed before the beginning of the task and was followed
by a resting state, allowing the tracer to reach its binding site®.

PET data acquisition. PET and fMRI were performed simultaneously on a Siemens Biograph mMR. PET
data were acquired in list-mode, over 90 min. The acquisition started with the intravenous injection of a bolus
of [''C]DASB, a radiotracer that binds SERT. Mean [''C]DASB injected activity was 273.68 MBgq, (SEM =5.39).
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PET data were submitted to list mode motion correction, then re-binned into 24-time frames (variable length
frames, 8 x15s, 3x60 s, 5x120 s, 1 X300 s, 7x 600 s) for dynamic reconstruction. Images were reconstructed
using OP-OSEM 3D incorporating the system point spread function using 3 iterations of 21 subsets. Sinograms
were corrected for scatter, random, normalization, and attenuation*!. Reconstructions were performed with a
zoom of 2, which yielded a voxel size of 1.04x 1.04 x2.08 mm? in a matrix of 344 x 344 x 127 voxels. Gaussian
post-reconstruction filtering (FWHM =2 mm) was applied to PET images.

PET preprocessing and kinetic modeling.  For each participant, anatomical T1 MPRAGE was co-reg-
istered, (rigid transform), onto the average PET image. Regional labeling of brain structures was performed
with the Hammersmith 83 Region Atlas*>*. This allowed to extract regional time-activity curves in the subject
space, by wrapping the atlas from MNI space to the subject space. Parametric images of non-displaceable bind-
ing potential (BPyp) were computed by applying the Simplified Tissue Reference Model (SRTM)*, and using
cerebellar grey matter, assumed to be devoid of SERT transporters, as a reference region45. BPyp, is defined as the
ratio at the equilibrium of specific binding to non-displaceable uptake, reflecting the level of SERT availability
(Fig. 1). PET parametric BPyp images were spatially normalized into the standard Montreal Neurological Insti-
tute (MNI) atlas space using DARTEL toolbox procedure (The Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra)*. The resulting anatomical template was set to a voxel size of 1.5x 1.5x 1.5 mm.

MRI data acquisition. All functional MRI acquisitions were performed using EPI BOLD sequences. Func-
tional scans were performed using the following parameters: single-shot EPI, TR/TE =2400/34, flip angle 85°, 52
axial slices interlaced 2 mm thickness 2 mm gap, FOV =192 x 192 x 125. A total of 300 volumes were collected in
an interleaved ascending manner. The first acquisition was performed after the stabilization of the signal.

Anatomical MRI acquisition consisted of 3D sagittal T1-weighted sequences, repetition time =2300 ms; echo
time =2.34 ms; flip angle =8; field of view = 256 mm; voxel size =1 x 1 x 1 mm?®. The anatomical volume covered
the entire brain using 256 adjacent slices of 1-mm thickness.

fMRI data preprocessing. Image analysis was performed using SPM12 (Wellcome Department of Imag-
ing Neuroscience, Institute of Neurology, London, UK, https://www.fil.ion.ucl.ac.uk/spm/software/spm12/).
Time-series images were registered in a 3D space to minimize any effect that could result from participant
head-motion. Once DICOMs were imported, functional scans were corrected for slice timing, realigned to the
first volume, and corrected for motion displacement and distortions (unwarping). First, we co-registered the
anatomical images with the parametric PET images. Second, we used these co-registered anatomical scans as
references and co-registered the functional MRI to them. Doing so, we ensured that the functional images are
in the same space as the PET images. Finally, to perform group and individual comparisons, EPI Images were
co-registered with structural maps, and normalized in the MNI space using the same DARTEL procedure as
for parametric PET images, resulting in a voxel size of 1.5x 1.5 x 1.5 mm. Images were then spatially smoothed
with an 8 mm isotropic full-width at half-maximum (FWHM) Gaussian kernel using the standard proce-
dures in SPM12. All functional images were inspected. We controlled for the motion between two interscan
[Mean <0.002, STD <0.003, Max=0.008, Min = - 0.006 for all x, y, and z translation and rotation]. According to
these results, we did not need to exclude further participants or scans.

Amygdala subregion reactivity to emotional faces. To identify amygdala reactivity to emotional
faces, we constructed a general linear model (GLM) including four regressors of interest denoting the Fixation
Cross, Happy Face, Angry Face, and Fear Face conditions. This GLM also included a regressor representing the

Dorsal raphe nucleus

_p

BPyp [11C]-DASB

Figure 1. Statistical map of the BPy, ['!C]DASB showing SERT availability. The dorsal raphe nucleus (DRN)
ROI used to assess SERT availability is shown in white.
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right index response given by the participant. For each participant, we created a contrast for each emotion con-
dition and the fixation cross separately. Next, we entered the BOLD signal extracted from the four conditions,
(Fixation and the three Emotion categories), in the four amygdala sub-regions (lateral and medial left and right
amygdala) in a repeated measure ANOVA to determine if all regions from the amygdala responded to emotion
conditions compared to the Fixation Cross condition. We also compared the contrast [Emotions > Fixation] cre-
ated at the first level and ran a one-sample t-test at the group level to confirm that the amygdala was activated
by emotions (Fig. 2).

Whole-brain gPPI connectivity of amygdala related to negative emotion arousal.. We per-
formed generalized psychophysiological interactions (gPPI) analysis to determine the connectivity of the amyg-
dala subdivisions with other regions of the brain. To do this, we used the Connectivity Toolbox (Conn)* and
conducted a Seed-to-Voxel analysis. We loaded the preprocessed fMRI data into the toolbox and applied the
de-noising step. This allowed us to de-noise the fMRI data by removing the signal relative to physiological
parameters based on the CompCor method*. A high-pass filter (0.008 inf) was applied to the data. During
the de-noising step, we added the motion parameters and their first derivative to eliminate the signal related
to subject movements during data acquisition. We added the task events (our fixation cross and the three facial
emotions) as confounds with no derivative. We also implemented SERT availability in the DRN as a covariate
for the second-level analysis.

Finally, we performed four gPPI analyses, one for each of our amygdala ROIs, to observe covariance in con-
nectivity between the fixation and negative emotions (fear and anger) conditions according to SERT availability
in the DRN.

ROI definition. Parametric images of BPy, were used to extract the regional BPyy, of the [!C]DASB, mir-
roring the SERT availability.
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Figure 2. Amygdala subregional BOLD signal in response to emotional faces or fixation cross. Repeated
measure ANOVAs were conducted to compare the sub-regional activation in the four conditions (fixation cross,
Fear Face, Angry Face, and Happy Face), except for the right medial and the left lateral amygdala for which

a Friedman test was conducted. These analyses showed that in all sub-nuclei, emotional faces significantly
increased the BOLD signal compared to fixation (*p <0.05, **p <0.01 and ***p <0.005; Bar graphs represent
mean bold signal and error bars represent SEM).

Scientific Reports |

(2023) 13:1558 | https://doi.org/10.1038/s41598-023-28667-0 nature portfolio



www.nature.com/scientificreports/

The Dorsal Raphe Nucleus (DRN) has the highest concentration of serotonin neurons in the brain*>. In
addition, inhibition of the SERT DRN by selective reuptake inhibitors is known to enhance serotonin release in
the terminalis'. Taking these results together, we reasoned that SERT DRN is an indicator of serotonin activity
and thus we defined the DRN ROI using the Automated Anatomical Labelling (AAL3) atlas* and computed
its mean BPyp.

The amygdala is a key region involved in emotional processing and is known to be strongly engaged by our
task, we therefore defined the amygdala as an ROI. Despite the fact that multiple sub-nuclei comprise the amyg-
dala, it has been argued that the amygdala can be functionally divided into two main regions, the medial amyg-
dala and the lateral amygdala®. Thus, we created two amygdala ROIs including the medial and lateral amygdala
(for both the left and right amygdala) based on the functional subdivision provided by the Brainnetome Atlas.
It allowed us to investigate the activity of the entire amygdala as well as the relative activity and connectivity of
the sub-regions of the amygdala according to the level of SERT from the DRN.

Moreover, the anterior cingulate cortex is comprised of several regions™. In particular, the pregenual anterior
cingulate cortex (pgACC) is known to participate in emotion processing, integration, and regulation®*%. A recent
meta-analysis conducted by Marusak et al., in 2016 has shown that the ACC, and specifically the pgACC (x, y,
2=0, 40, 0) plays a key role in the development of emotional psychopathology?. To investigate the relationship
between the SERT availability in the DRN and the amygdala-pgACC connectivity, we defined a sphere centered
on the pgACC from the meta-analysis, with a radius of 10 mm. Concerning the dIPFC, this region plays a key
role in the regulation of the emotional response. We used the term-based meta-analysis search function with
the term “cognitive regulation” from the Neurosynth website. Using the resulting brain map, we identified two
dIPFC regions, the left dIPFC (x, y, z=— 44, 22, 24), and the right dIPFC (x, y, =48, 18, 32). We thus defined a
sphere, with a radius of 10 mm, centered on these two dIPFC peaks determined by the meta-analysis.

Statistical analysis. All statistical analyses were performed using SPSS v21.0 (SPSS Inc., Chicago, IL,
USA). First of all, normality was assessed using the Shapiro-Wilk test and histograms plots, and homoscedastic-
ity using the Levene test. To compare BOLD signals for Fixation Cross, Fear, Angry, and Happy Face conditions,
we used a repeated measure ANOVA with four factors except for the right medial and left lateral amygdala for
which the normality assumption was violated. For the right medial and left lateral amygdala, a non-parametric
Friedman test was performed. For multiple comparisons, post-hoc tests (with Bonferroni correction) were con-
ducted. For multiple comparisons of the amygdala subnuclei activity, post-hoc tests (with Bonferroni correc-
tion) were conducted within each subnuclei for the emotion (leading to a statistical threshold of p <0.0125). For
correlations, the same normality assessment was carried out using the Shapiro-Wilk test and histograms plots.
Then, according to the results of this test, either a Pearson (if the data were normally distributed) or a Spearman
(if not) correlation test was performed. Correlations were considered significant if they passed the statistical
threshold of p <0.05.

Results

Statistical maps of SERT availability. The Binding Potential Non-Displaceable (BPyp,) shows the
availability of SERT. The map of the non-displaceable binding potential BPyp revealed that the dorsal raphe
nucleus (DRN), the region most enriched in serotoninergic neurons, is the region with the highest level of SERT
(M =2.24, SD=0.38). We also observed a relatively high subcortical compared to the cortical concentration of
SERT (M=1.22 SD=0.28 and M =1.08 SD=0.28, for the right and left ventral striatum respectively, M=0.19,
SD=0.13 for the ventromedial prefrontal cortex). All these values were extracted from ROIs to illustrate this,
(see supplementary data, section ROIs BPyp, extraction for detail). The mean BPyy, of the amygdala region was
0.34 with a standard error mean of 0.05 (Fig. 1).

Amygdala and its sub-regional reactivity to emotional faces. The repeated measure ANOVA, con-
ducted on the mean BOLD signal extracted from the ROIs, revealed that the medial region of the left amygdala
and the lateral part of the right amygdala were significantly activated in the emotional face conditions compared
to the Fixation Cross condition (F(;g;y=10.85; p <0.001 for the left medial amygdala and F; ;)= 11.45; p<0.001
for the right lateral amygdala). A Friedman test conducted for the right medial amygdala revealed a significant
effect of the emotional conditions (%3 =33.56, p<0.001). A very similar effect of the emotion condition was
revealed using a Friedman test for the left lateral amygdala (%3 =21.4, p<0.001). Post-hoc tests revealed that
the BOLD signal significantly increased in all emotion conditions compared to the Fixation Cross condition (see
Supplementary Table 1 for p-value and comparisons). It is notable that the right medial amygdala, but not the
other regions of the amygdala, displayed significant differences in the Happy Face condition compared to the
Angry Face condition (Fig. 2, Supplementary Table 1) (t,9)=2.91, p=0.004). Note that applying a stronger cor-
rection accounting for the number of ROIs and Emotions, we do not find significant amygdala activity for Happy
faces, nor any differences between the Happy faces and Angry faces (Supplementary Table 2).

Dorsal raphe nucleus SERT availability correlates with BOLD signal related to emotions in the
right amygdala. The first step was to reproduce previous findings obtained by studies that investigated the
link between the amygdala BOLD signal and SERT level when these two modalities were acquired separately.
To this end, we analyzed whether the BOLD signal related to the contrast [Emotions > Fixation] in the amygdala
correlated with the SERT availability in the DRN. As predicted, the Pearson correlation revealed a significant
negative correlation between the BOLD signal [Emotion-fixation] from the entire right amygdala and SERT
availability in the DRN (p=0.015, r=— 0.439). However, there was no significant correlation between the BOLD
signal from the left amygdala as a whole and SERT availability in the DRN (p=0.128). This result confirms, by
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simultaneous PET-fMRI acquisition, the previously observed link between amygdala activity and the SERT level.
We also confirm that the observed results are not due to modulation of the cerebral blood flow by investigating
the effect of the [''C]DASB clearance and variations in relative perfusion between target region (DRN) and refer-
ence region (cerebellum), see supplementary material.

Focusing with higher resolution on the distinct amygdala subregions, we investigated the correlations between
the BOLD signal in the amygdala subregions and SERT availability in the DRN. Pearson correlation tests revealed
a significant negative correlation between SERT availability in the DRN and BOLD signal in the right medial
(p=0.048, r=- 0.364) and lateral amygdala (p=0.003, r=— 0.53). Such correlations were not found in the left
medial (p=0.114) or the left lateral amygdala (p=0.669).

Negative emotions, including fear and anger, are biologically relevant for the individual, therefore we also
tested whether the SERT level correlated with the BOLD signal evoked by such emotions in the right medial
and lateral amygdala. Results revealed that SERT level in the DRN negatively correlates with the activity elicited
by the Angry faces (p=0.046, r=— 0.367) and Fear faces (p=0.03, r=— 0.396) in the right medial amygdala but
not in the right lateral amygdala (p=0.075 and p=0.077 for the Angry faces and Fear faces respectively). Similar
negative correlations between activity and SERT level in the DRN were observed in the right medial amygdala
(p=0.006) and the right lateral amygdala (p =0.046) when individuals were exposed to happy faces.

Anxiety traits positively correlate with medial amygdala activity during emotion process-
ing. We investigated the link between amygdala reactivity and anxious personality traits. A positive cor-
relation between the score of the STAI-YT (trait) scale and reactivity to emotional conditions (all emotions
included) was observed in the right medial part of the amygdala (r=0.377, p=0.040) (Fig. 3), but not in the
lateral part of the right amygdala (p=0.32). Excluding the happy faces stimuli and repeating the analysis, we
found a similar relationship between trait anxiety and amygdala activity (r=0.337, p=0.034, one-tailed Pearson
correlation). The same analyses were performed with the left medial and lateral amygdala and no significant
correlations were observed (p=0.588 and p=0.705 for the left medial and lateral amygdala respectively). Finally,
no link was observed between the level of SERT availability in the DRN and anxiety trait scores (p =0.8) (Fig. 3).

Effect of the DRN SERT availability on the functional connectivity of a prefronto-amygdala
circuit when viewing negative emotions. We performed seed-to-voxel gPPI analyses to investigate the
functional connectivity patterns of the amygdala subregions (medial vs lateral) that revealed significant activity
in response to negative emotional faces stimuli. To do so, we analyzed the covariation of the connectivity differ-
ences between the Fixation Cross condition and the Fear and Anger Face conditions related to DRN SERT avail-
ability using the Conn Toolbox. We focused our attention on the negative emotion only because they exhibited
greater amygdala activity in response to biologically salient stimuli (fearful or threatening facial expressions).
The right medial amygdala showed a significant negative correlation between SERT availability in the DRN and
its connectivity with the left dIPFC (Pgy<0.05, FWE corrected within the small volume sphere, with a radius
of 10 mm, centered on previous meta-analysis activation x, y, z=— 44, 22, 24, peak activation x, y, z=— 40, 24,
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Figure 3. Correlation between anxious traits and right medial amygdala activity (left) and correlation between
anxious traits and SERT availability in the dorsal raphe nucleus (right). A positive correlation is observed
between the right medial amygdala activity (p <0.05, r=0.377) and anxious traits assessed using the STAI-YT.
No correlation is observed between anxious traits and SERT availability in the dorsal raphe nucleus (p=0.8).
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26, t=4.74), but not for the right dIPFC (Fig. 4). The gPPI analysis conducted with the left medial amygdala
revealed a significant decrease of its functional connectivity with the anterior cingulate cortex (Psyc <0.05, FWE
corrected within the small volume sphere centered on previous meta-analysis activation x, y, z=0, 40, 0, with a
radius of 10 mm, peak activation x, y, z=38, 40, 6) (Fig. 4). All these results are summarized in Supplementary
Table 3. No significant influence of SERT availability in the DRN was observed for the functional connectivity of
either left or right lateral amygdala with other brain regions.

Discussion

Using PET and fMRI simultaneously allowed us to investigate how inter-individual variations in SERT availabil-
ity modulate brain activity engaged in processing fearful and angry faces. Our results indicate that individuals
exhibiting higher BOLD response in the amygdala showed lower SERT availability while viewing emotional faces.
Moreover, SERT availability in the DRN decreased the functional coupling between the right medial amygdala
and the left dIPFC while viewing negative facial expressions. Furthermore, the right medial amygdala response
to negative facial emotions was associated with increased anxious traits.

Our results revealed a negative correlation between the right amygdala activity and SERT availability in the
DRN. This result, mirrors previous findings'*!* confirming that amygdala activity and the SERT level are linked.
In a previous study, a negative relationship was observed between right amygdala BOLD fMRI activity and
midbrain SERT". In another study, a negative relationship was reported between amygdala reactivity and SERT
in the amygdala, but not in DRN'% However, mood, fatigue, energy balance, and even circadian rhythm can all
affect brain activity and the serotoninergic system®"*2. Here, our simultaneous PET-fMRI acquisition ensures
that participants were in the same emotional and cognitive states when the two measurements are made. The
simultaneous acquisition also allows increased control of factors that could affect the link between the SERT
level and the BOLD signal. Compared to these previous reports, which performed two separate acquisitions (one
for the fMRI and one for the PET scans), our results are free from temporal inconsistencies between the two
acquisitions. In addition, we investigated not only the relationship between the amygdala activity according to
the SERT level in the DRN but how the connectivity of the amygdala is related to this SERT level.

We observed differences between left and right medial amygdala activation (cf Supplementary section
Amygdala emotional reactivity lateralization). The right amygdala, especially the medial part, is less involved in

Right medial amygdala Left medial amygdala

Anterior
cingulate
Left dIPFC cortex

T value T value

| |
3.5 4 3.5 4

Figure 4. SERT availability in the dorsal raphe nucleus modulates the strength of the coupling between

the medial amygdala and dorsolateral prefrontal/ ACC when viewing negative emotional faces. A negative
correlation was observed between the SERT level in the DRN and BOLD response in the comparison (Fear
Face and Angry Face) > Fixation Cross. The connectivity between the right medial amygdala and the left dIPFC
(x,y, z=— 40, 24, 26; t=4.74) decreased as the SERT availability level in the DRN increased. (p <0.05, family-
wise error [FWE] small volume corrected in a sphere of radius of 10 mm centered on a meta-analysis peak x, y,
z=— 44,22, 24). In addition, results show that the connectivity between the left medial amygdala and the ACC
(x,y, 2=8, 40, 6; t=4.38) decreased as the SERT availability level in the DRN increased (p <0.05, family-wise
error [FWE] small volume corrected in a sphere of radius 10 mm centered on the meta-analysis peak x, y, z=0,
40, 0).
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processing positive emotions, because its response to happy faces was significantly different from its response to
angry faces. This is consistent with the hypothesis that the amygdala is functionally asymmetric. It has been sug-
gested that the right amygdala is involved in the rapid detection of emotional stimuli, whereas the left amygdala
plays a role in the processing of more elaborate stimuli and sustained response evaluation®>**. The right amygdala
may process emotional stimuli through a fast, automatic route, whereas the left amygdala processes emotional
stimuli through a slower and regulated route®>’. This may explain why we observed significant differences in
activation of the right amygdala in the Happy Face compared to the negative emotion face conditions, as this
region is focused on rapid adaptation to stimuli, particularly those predicting negative situations. We can exclude
that such differences are due to different levels of SERT in these regions because a direct comparison of the SERT
levels in the right and left amygdala revealed no significant difference (p =0.906).

The right amygdala activity correlated with anxious trait scores and was modulated by SERT availability in
the dorsal raphe nucleus. This suggests that anxious traits are related to rapid, automatic processing of emotion
and that the right amygdala reactivity towards facial emotions may be a neuronal marker of susceptibility to
anxiety in the healthy population. No significant correlation was found between SERT availability in the DRN
and anxious traits. This is in contrast with pathologically anxious individuals who have been shown to display an
upregulation of SERT expression in the DRN, striatal and limbic regions®*®. Our results suggest that in healthy
individuals, amygdala response is a better marker of anxious traits, whereas the overexpression of SERT con-
tributes to pathological anxiety. Hyperreactivity of the amygdala to faces showing fear or anger expressions may
result in inadequate treatment of the perception of internal states and environmental stimuli, potentially leading
to anxiety and depression®. Many psychiatric disorders are associated with dysfunctional reactivity towards
emotional faces, including anxiety disorders, depression and social phobia®-2, Furthermore, recent PET studies
suggest an upregulated availability of SERT is associated with a pathological anxious state”*%%*. These findings
strongly support a relationship between anxious traits in the healthy population and amygdala reactivity toward
emotional stimuli. In addition, the similarity of the amygdala activity in all the amygdala subregions except the
right medial part of the amygdala, for happy faces compared to fear and angry faces, can be explained by the
fact that the amygdala is known to be engaged with increased salience (both positive and negative events)®’.

Functional connectivity analyses revealed that in addition to its link with the amygdala activity, the SERT level
is related to the coupling between the amygdala and left dIPFC and pgACC when individuals process negative
emotions. The relative increase in SERT availability in the DRN was associated with reduced connectivity between
the right medial amygdala and the dIPFC on one hand, and with reduced connectivity between the left medial
amygdala and the pgACC, on the other. No similar functional connectivity effect was identified concerning the
lateral amygdala. The medial part of the amygdala is more highly innervated by serotonergic neurons than the
lateral part?'. This difference in serotoninergic synapse density may explain the specific modulatory role of SERT
availability in the functional circuitry engaging the medial amygdala. Amygdala-prefrontal connectivity has been
associated with perseverative behavior and excessive worry in anxious individuals®, who also exhibited altered
dIPFC activity?**°. When anxiety achieves pathological levels, this circuit is perturbated®****. Disregulation of
the SERT level could participate in the disruption of this functional coupling, contributing to pathological states.
In turn, the dIPFC, which contributes to the appraisal of ongoing affective states triggered by subcortical regions,
may regulate emotional responses to fearful/threatening stimuli in this circuit?***. In rodents, the mPFC, a
prefrontal area related to the human dIPFC, exerts an inhibitory influence on the amygdala outputs during fear
conditioning®>%. This suggests that the SERT-modulated reduction in coupling between the dIPFC/pgACC and
the medial amygdala that we observed in participants reflects that SERT shapes a functional feedback circuitry
that regulates amygdala processing of environmental adversity. We did not include positive emotions in this gPPI
analysis because negative events are more relevant to the literature on amygdala/serotonin and behaviors related
to normal fear as well as pathological anxiety®”*®. However, we also performed similar gPPI analysis using only
the happy faces (c.f. Supplementary Data). Results revealed a significant negative correlation between SERT avail-
ability in the DRN and the connectivity with the ACC (x, y, z=6, 36, — 4, t=4.09) for the right medial amygdala
only. Confirming previous reports showing connectivity between the amygdala sub-divisions and both positive
and negative affect® our results suggest that the amygdala activity and its connectivity with the ACC covaried
with the SERT level in the DRN when viewing positive facial emotions.

Our findings clarify previous reports derived from genetic studies revealing that individuals with the short
5-HTTLPR showed either stronger coupling between the amygdala and the ventromedial prefrontal cortex”,
or decreased coupling between the amygdala and the subgenual cortex”' during perceptual processing of fearful
stimuli. Although these early studies provide indirect evidence of an association between genetic polymorphism
of the SERT gene and functional interactions in the amygdala-frontal network involved in fear conditioning,
there are many steps to establishing a link between these two measures (gene interactions, epigenetic variations,
post transcriptional regulation, protein—protein interactions etc.). Our findings provide direct evidence by using
a simultaneous multimodal neuroimaging approach that SERT availability modulates the functional coupling
in the amygdala-frontal network. They support the idea that reduced availability of the SERT within the DRN,
might model a relative reduction in gene function that is observed in individuals carrying the short variant of
the 5-HTTLPR”2. This would alter the network that mediates emotional reactivity via the amygdala, by reducing
the functional connectivity between the amygdala and prefrontal regions.

Finally, our data also elucidates inter-individual differences in amygdala activity and SERT availability in the
healthy population and possibly the reason for the variability in the treatment response in terms of efficacy and
rapidity”®>~>. In fact, disrupted emotional processing present in anxiety and depression, a core clinical feature
of these neuropathological disorders, is linked to SERT availability. SERT is the target of the Serotonin Selective
Reuptake Inhibitors (SSRIs), commonly used to treat depression’®. Treatment efficacy and rapidity differ greatly
among individuals. Those who have higher SERT modulation by SSRI, respond faster and better’*~7>. It is rea-
sonable to believe that individuals with low or high SERT availability in our study might develop such disorders
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during their life. However, they will probably experience differences in recovery. One possible reason for this is
the different balance between amygdala activity and SERT availability, which does not offer the same flexibility
after SSRI, affects the recovery process. Higher pretreatment diencephalic SERT availability is correlated with
treatment response to SSRI 4 weeks later””. Increased susceptibility to depression and anxiety occurs/might be
expected to occur in individuals with low SERT availability. A stronger fronto-amygdala coupling could, during
stressful situations (i.e. facing an angry person), result in lower adaptability of the circuit and consequently a
lower capacity to regulate emotional states.

Limitations. While confirming previous reports concerning a link between the amygdala activity and SERT
levels in the DRN while individuals view emotional facial expression, we extend this to the functional connectiv-
ity between the amygdala and frontal regions. However, the results are correlational and further pharmacological
approaches are required to confirm causality. Moreover, the present sample only includes males. Increasing the
number of participants and adding females to the group would reinforce the observed results and also allow the
investigation of possible gender differences.

Together, our multimodal neuroimaging approach established a direct role of SERT availability in regulat-
ing the amygdalo-frontal circuit which is crucial for integrating threatening stimuli. We also highlight inter-
individual differences in the amygdalo-frontal network essential for effective emotion processing and clarify the
link between SERT levels and functional coupling in this circuit. Understanding how between-subject variability
in SERT levels influence brain activity and the circuitry at the system level may hold the key to a better under-
standing of associations between amygdalo-frontal functions, SERT and anxiety behavior.
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