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Abstract
Serotonin and dopamine are putatively involved in the etiology and treatment of anxiety disorders, but positron emission
tomography (PET) studies probing the two neurotransmitters in the same individuals are lacking. The aim of this multitracer
PET study was to evaluate the regional expression and co-expression of the transporter proteins for serotonin (SERT) and
dopamine (DAT) in patients with social anxiety disorder (SAD). Voxel-wise binding potentials (BPND) for SERT and DAT
were determined in 27 patients with SAD and 43 age- and sex-matched healthy controls, using the radioligands [11C]DASB
(3-amino-4-(2-dimethylaminomethylphenylsulfanyl)-benzonitrile) and [11C]PE2I (N-(3-iodopro-2E-enyl)-2beta-carbo-
methoxy-3beta-(4′-methylphenyl)nortropane). Results showed that, within transmitter systems, SAD patients exhibited
higher SERT binding in the nucleus accumbens while DAT availability in the amygdala, hippocampus, and putamen
correlated positively with symptom severity. At a more lenient statistical threshold, SERT and DAT BPND were also higher
in other striatal and limbic regions in patients, and correlated with symptom severity, whereas no brain region showed higher
binding in healthy controls. Moreover, SERT/DAT co-expression was significantly higher in SAD patients in the amygdala,
nucleus accumbens, caudate, putamen, and posterior ventral thalamus, while lower co-expression was noted in the
dorsomedial thalamus. Follow-up logistic regression analysis confirmed that SAD diagnosis was significantly predicted by
the statistical interaction between SERT and DAT availability, in the amygdala, putamen, and dorsomedial thalamus. Thus,
SAD was associated with mainly increased expression and co-expression of the transporters for serotonin and dopamine in
fear and reward-related brain regions. Resultant monoamine dysregulation may underlie SAD symptomatology and
constitute a target for treatment.
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Introduction

Social anxiety disorder (SAD) is a highly common psy-
chiatric condition associated with anxious and avoidant
behavior in any situation where the individual is subject to
scrutiny or becomes the center of attention. This is often a
lifelong problem affecting the personal as well as the
professional domain [1]. The biological basis of this dis-
order is still largely unknown although functional neu-
roimaging studies of SAD have reported aberrant
activation and functional connectivity of the amygdala,
and other nodes of the brain’s fear network, in response to
socially threatening stimuli [2].

Serotonin has long been implicated in the regulation of
mood and anxiety [3, 4] and because this neurotransmitter
is a major target for pharmaceuticals that are effective for
SAD [5] it may be of particular etiological relevance. In
earlier nuclear imaging research, patients with SAD
exhibited reduced serotonin-1A receptor binding in limbic
and paralimbic regions including the amygdala and dorsal
raphe nuclei [6]. Moreover, a PET study from our group
reported increased presynaptic serotonin synthesis in the
amygdala, raphe nuclei, striatum, hippocampus, and
anterior cingulate cortex (ACC) [7] and these results were
essentially replicated in a separate cohort of patients and
controls [8]. Interestingly, amygdala serotonin synthesis
capacity correlated with social anxiety symptom severity
[7] and was reduced, concomitantly with stress-related
amygdala activation, after successful pharmacological
treatment [9]. There are also two previous nuclear ima-
ging studies on the serotonin transporter (SERT), both
noting higher SERT binding potential (BP) in SAD
patients in the thalamus [7, 10] and additionally in the
raphe nuclei region, striatum, and insula [7]. The latter
findings were demonstrated by use of PET and [11C]
DASB (3-amino-4-(2-dimethylaminomethylphenylsulfa-
nyl)-benzonitrile), a highly selective ligand to the SERT
[11]. Based on these results, we previously suggested that
SAD entails an overactive presynaptic serotonergic sys-
tem [7, 8].

While mesocortical [12] and mesolimbic [13] dopa-
minergic neurons are also sensitive to aversive stimuli,
the dopamine system has a crucial role in driving pro-
social behavior, reward processing, positive affect, and
approach motivation [14–17]. Because it has been
reported that SAD is associated with diminished pleasure
from social activity and social-motivational dysfunction,
an etiologic role for dopamine has been suggested in this
disorder [18]. However, only a few nuclear imaging
studies have examined putative dopamine abnormalities
in SAD [19]. Altered striatal [20–22] and extra-striatal
[23] dopamine D2 binding have been evaluated but
findings have been mixed. Results from studies targeting

the dopamine transporter (DAT) are also inconclusive,
noting either increased [10] or decreased [24] transporter
availability in SAD as well as no difference between SAD
patients and healthy controls [22]. Interestingly, Warwick
et al. reported increased striatal DAT binding after the
treatment of SAD with the SSRI escitalopram [25] sug-
gesting serotonergic influences on dopamine signaling. It
should be noted that all previous nuclear imaging studies
targeting the DAT in SAD have used SPECT with ligands
that are not specific for DATs. In comparison, PET
images have higher resolution than SPECT and radi-
oligands that bind highly selectively to DAT, like [11C]
PE2I (N-(3-iodoprop-2E-enyl)-2b-carbomethoxy-3b-(4-
methyl-phenyl)nortropane), can now be used to improve
data quality [26].

Biopsychological theories of personality have proposed
that approach-avoidance conflicts in social situations, a
prominent feature of SAD symptomatology, reflect the
balance between serotonin and dopamine signaling in
neural pathways underlying fear and reward [27–30].
Consistent with these theoretical models, pharmacological
and anatomical studies support that the serotonin and
dopamine systems have reciprocal functional influences
on each other [31–34]. At the anatomical level, ser-
otonergic cell bodies in the raphae nuclei project to the
striatum where their axon terminals are in close proximity
to dopamine cells [35] and, in rats, there is evidence of a
direct serotonergic inhibitory input from the median raphe
nucleus to the dopaminergic substantia nigra neurons
[36]. However, it is not known if serotonin-dopamine
interactions are involved in the pathophysiology of anxi-
ety disorders like SAD, and nuclear imaging studies
directly addressing this topic are therefore needed.
Transporter functions may be particularly relevant targets
for such studies [37]. For example, SERT availability
predicts amygdala reactivity in healthy volunteers [38]
and polymorphisms in the genes encoding SERT and
DAT, influence amygdala responsiveness in patients with
SAD [39–41].

The principal aim of the present multitracer PET study
was to examine the intra-regional co-expression of ser-
otonin and DATs in patients with SAD, as compared with
healthy controls, by estimating the statistical interaction
effect of SERT/DAT binding in fear- and reward-relevant
brain regions. We used PET with [11C]DASB and [11C]
PE2I as radiotracers to determine if there is a different
brain SERT/DAT-balance in the two groups. In addition,
differences between SAD patients and controls were
evaluated within the two monoamine transporters sepa-
rately. We here sought to replicate our earlier results on
increased SERT availability in SAD [7] in a new and
larger sample of patients and controls. Due to the con-
tradictory results of earlier SPECT studies on DAT, we
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were also interested in putative SAD-related aberrations in
DAT binding when using a more sensitive method, i.e.,
[11C]PE2I PET.

Materials and methods

Participants

Twenty-nine patients with SAD and forty-three healthy
controls (HC) underwent [11C]DASB and [11C]PE2I PET
imaging. Two patients with SAD were excluded from all
analyses due to magnetic resonance imaging (MRI) con-
traindications and withdrawing from the study before
completed MRI, respectively, leaving 27 patients (17
men, 10 women; mean ± SD age, 31.10 ± 10.32 years),
and 43 HC (23 men, 20 women; 32.81 ± 11.56 years) in
the analyses. In addition, one male HC was excluded from
all SERT-related analyses because of no DASB signal in
large areas of the selected regions-of-interest (ROIs). The
mean duration of illness was estimated at 19.6 years. All
participants were right-handed except three participants in
the control group. To our knowledge, there is no evidence
that handedness affects SERT/DAT distribution. The
groups did not differ from each other in age (t= 0.655,
P= .51) or sex distribution (χ2 = 0.608, P= 0.60). Parti-
cipants were recruited through advertisements in news-
papers, public billboards, and the internet. Exclusion
criteria were age <18 or >65 years, earlier PET-scan,
contraindications for MRI, pregnancy, menopause, sub-
stance abuse or dependency, any ongoing severe somatic
disease or serious psychiatric disorder (e.g., major
depressive disorder, suicidality or psychosis), any ongo-
ing treatment for psychiatric disorders or treatment that
was terminated <3 months ago.

All participants were screened for participation using an
extensive online form and those who did not meet the
exclusion criteria were administered an excerpt from the
Structured Clinical Diagnostic Interview for the DSM-IV
[42] and the full Mini-International Neuropsychiatric
Interview [43] via telephone to ensure that all patients in the
SAD group fulfilled the DSM-IV criteria for SAD as pri-
mary diagnosis, and that none in the control group had a
psychiatric diagnosis. Social anxiety symptom severity was
measured with the self-report version of the Liebowitz
Social Anxiety Scale (LSAS-SR) [44], with higher scores
indicating greater severity (range 0–144). SAD patients
(mean ± SD: 84.96 ± 20.37) and HC (7.93 ± 7.46) differed
significantly on this scale (t(66)= 22.13, P < 0.001). All
participants provided written informed consent and the
study was approved by the Regional Ethical Review Board
in Uppsala as well as the Uppsala University Radiation
Safety Committee.

Imaging procedure

Positron emission tomography

A Siemens ECAT EXACT HR+ (Siemens/CTI) was used to
acquire the PET images with 63 contiguous planes of data and
slice thickness of 2.46mm resulting in a total axial field of view
of 155mm. Participants fasted for at least 3 h and refrained
from alcohol, nicotine, and caffeine for at least 12 h before the
scan. Participants were positioned supine in the scanner with
their head gently fixated and a venous catheter for tracer
injections was inserted in the participants’ arm. A 10-min
transmission scan for attenuation correction was performed
using three retractable germanium (68Ge) rotating line sources.

The participants were injected with on average 334.43 ±
22.75 MBq of the [11C]PE2I tracer through an intravenous
bolus and 22 frames of data were acquired over 80 min of
data (4 × 60 s, 2 × 120 s, 4 × 180 s, 12 × 300 s). Following a
45–60min waiting period to allow for sufficient radio decay,
acquisition commenced for [11C]DASB using an identical
injection procedure and an average activity of 329.93 ± 29.70
MBq. In total, 22 frames of data were acquired over 60min
(1 × 60 s, 4 × 30 s, 3 × 60 s, 4 × 120 s, 2 × 180 s, 8 × 300 s).

Magnetic resonance imaging

The participants’ PET images were co-registered to their
individual T1-weighted MR image to make ROI analyses
possible. Thus, participants underwent an anatomical T1-
weighted MR scan (echo time= 50 ms; repetition time=
500 ms; Field of view= 240 × 240 mm2; voxel size= 0.8 ×
1.0 × 2.0 mm3; 170 contiguous slices) on a Philips Achieva
3.0 T whole body MR-scanner (Philips Medical Systems,
Best, The Netherlands) with an 8-channel head-coil. Five
SAD and twenty-four HC participants were scanned with a
32-channel head coil due to scanner upgrade.

Data preprocessing

With regard to PET data, ordered subset expectation max-
imization with six iterations and eight subsets and a 4mm
Hanning post filter with appropriate corrections were used to
reconstruct dynamic images. The dynamic PET images were
realigned to adjust for inter-frame movement using VOIager
software 4.0.7 (GE Healthcare, Uppsala, Sweden). Voxel-
wise parametric images of non-displaceable BP (BPND) were
calculated for both radioligands with the cerebellum as
reference region. Reference Logan [45] was used for [11C]
DASB (time interval 30–60min), where BPND was estimated
as the distribution volume ratio (DVR)-1 (DVR-1=BP).
Receptor parametric mapping [46], a basis function imple-
mentation of the simplified reference tissue model, was used
for [11C]PE2I [47]. Cerebellar gray matter was selected as
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reference region for both radioligands because it has none to
negligible levels of SERT and DAT. BPND-images were
automatically outlined on each participant’s anatomical T1-
weighted image using the PVElab software [48].

The [11C]DASB BPND and [11C]PE2I BPND images were
co-registered to the anatomical T1-weighted MR image using
Statistical Parametric Mapping 8 (SPM8; (Wellcome
Department of Cognitive Neurology, University College
London, www.fil.ion.ucl.ac.uk) implemented in Matlab
(Mathworks Inc., Nantucket, MA, USA). The T1-image was
then segmented and normalized to the Montreal Neurological
Institute standard space and the transformation parameters
applied to the [11C]DASB and [11C]PE2I BPND images,
resulting in parametric images with 2 mm isotropic voxels.
Images were then smoothed using a 12mm Gaussian kernel.

Statistical analysis

ROIs were selected based on expected radioligand uptake
and earlier neuroimaging research in SAD and anxiety dis-
orders [6, 7, 10, 22–24, 49, 50]. The a priori defined ROIs
for both tracers were the amygdala, hippocampus, caudate
nucleus, putamen, nucleus accumbens (NAcc), pallidum,
and thalamus. The [11C]PE2I uptake is largely limited to
these regions. For [11C]DASB the ACC, insula cortex, and
raphe nuclei were added as additional ROIs. All anatomical
regions except NAcc and raphe nuclei were defined using
the automated anatomical labeling (AAL) library from the
Wake Forest University Pickatlas [51]. The AAL library
does not contain any definitions of NAcc or raphe nuclei and
therefore the Hammersmith atlas [52] and PVElab were used
for these regions, respectively. NAcc was included to enable
the evaluation of differential effects in the ventral versus
dorsal striatum.

Patient and control group BPND distributions were tested
for normality and heterogeneity and were deemed to be well
in range for using parametric analyses.

To examine group differences (SAD vs. HC) in BP, two-
sample t tests were performed for SERT and DAT BPND
separately in SPM8 with age, sex, and scanner version as
covariates. The analyses were corrected for familywise error
(FWE) within the ROIs using random field theory and the
statistical threshold was set at PFWE < 0.05.

Group differences in regional co-expression were asses-
sed by comparing SERT-DAT partial Pearson’s product-
moment correlations (R) between groups, with age, sex, and
MR-scanner version partialled out. Correlations between
SERT and DAT BPND were calculated at the voxel level for
the SAD group and HC group separately, as a measure of
regional co-expression using the same methodology as in a
previous multitracer PET study [49]. Correlation coeffi-
cients were then Fisher transformed to Z-values which were
subsequently used in voxel-wise group comparisons with

the statistical threshold set to P < 0.05 [49]. Analyses were
performed in MatlabR2018a.

To evaluate the relation between SAD symptom severity
within SAD patients and BP, a multiple regression was per-
formed in SPM8 with LSAS-SR score as a predictor for
SERT and DAT BPND separately with age and sex as cov-
ariates and the statistical threshold set at PFWE < 0.05. To
examine the effect of SERT-DAT regional co-expression on
symptom severity within the patient group in our a priori
defined ROIs, BPs for SERT, DAT, and their statistical
interaction were entered as predictors into voxel-wise
regression models with symptom severity (LSAS-SR) as
outcome variable in Matlab with the threshold set to P < 0.05.

Results

Serotonin transporter availability

Mean BPND values for each ROI are listed in Supplemen-
tary Table 1. SAD patients as compared with HC had sig-
nificantly higher SERT availability ([11C]DASB BPND) in
the left NAcc (Table 1, Fig. 1c) and, at uncorrected level, in
all of the investigated ROIs except the raphae and pallidum
(Supplementary Table 2, Supplementary Fig. 1). SERT
availability did not correlate with symptom severity (LSAS-
SR) within patients at the a priori p-level, while there were
several positive correlations within our ROIs at P < 0.05
uncorrected (Supplementary Table 2).

Dopamine transporter availability

There were no significant between-group differences in DAT
binding levels ([11C]PE2I BPND) in any of the specified ROI:s
at the a priori statistical threshold. At the more liberal p < 0.05
uncorrected level, there was higher DAT availability in the
patient group in the left amygdala, and bilateral hippocampus
and striatum (Supplementary Table 2, Supplementary Fig. 1).
In the SAD group, symptom severity (LSAS-SR) correlated
positively with DAT availability in the right amygdala, left
hippocampus and in a cluster in the right putamen extending
into pallidum, see Table 1 and Fig. 1h. A trend in the same
direction was evident in several of the investigated ROIs
including the left amygdala (PFWE= 0.081), left putamen
(PFWE= 0.055), left pallidum (PFWE= 0.065), and bilateral
NAcc (PFWE= 0.098)—see Supplementary Fig. 1.

Regional co-expression of serotonin and dopamine
transporters

SERT-DAT regional co-expression was almost exclusively
positive within both groups, and no significant negative
co-expressions were found in any region (Fig. 2a, b). Group
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Table 1 Serotonin (SERT; [11C]
DASB) and dopamine (DAT;
[11C]PE2I) transporter binding
potential (BPND) differences in
patients with social anxiety
disorder (SAD) as compared
with healthy controls (HC).
Relations between transporter
binding and symptom severity
Liebowitz social anxiety scale
(LSAS) self-report within SAD
patients are also listed.

Hemisphere MNI x, y, z Z PFWE Cluster volumea

SERT; SAD >HC

Nucleus accumbens Left −6 12 −8 2.65 0.018 512

DAT; SAD vs. HC

n.s

SERT-LSAS

n.s

DAT-LSAS; positive

Amygdala Right 32 −2 −12 2.85 0.033 88

Hippocampus Left −20 −38 −2 3.34 0.026 32

Putamen Right 30 0 −6 3.25 0.031 240

Pallidum Right 26 0 −6 3.07 0.019 208

MNI Montreal Neurological Institute
aCluster volume in mm3

Fig. 1 Altered expression of serotonin and dopamine transporters
in social anxiety disorder. The left panel shows mean serotonin
transporter (SERT) binding potential (BPND) in (a) social anxiety
disorder (SAD) patients and (b) healthy controls. c A cluster with
significantly enhanced SERT binding potential (BPND) was found in
the SAD group in the nucleus accumbens but (d) no clusters where
symptom severity was significantly related to SERT BPND were
detected at corrected p-levels. The right panel shows corresponding
mean dopamine transporter (DAT) BPND in (e) SAD patients and

(f) healthy controls. g No clusters where SAD differed significantly
from controls on DAT BPND were detected at corrected p-levels but
(h) clusters with a significant positive correlation between symptom
severity, as measured with the Liebowitz social anxiety scale
(LSAS-SR), and DAT BPND were found in the amygdala, hippo-
campus, pallidum, and putamen. Coordinates are in Montreal Neu-
rological Institute space. The colorbar indicates binding potentials
for the two top rows. Parametric images are overlaid on a standard
MRI image.
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comparisons showed significantly higher SERT-DAT co-
expression, as reflected by higher positive transporter cor-
relations, in the SAD group relative to HC in the left
amygdala, and the right-sided caudate, putamen, NAcc and
posterior ventral thalamus—see Table 2 and Fig. 2c. A
lower co-expression in the dorsomedial thalamus was found
in the SAD group (<HC). A follow-up logistic regression
analysis of these clusters showed that SAD diagnosis was
significantly predicted by the interaction between trans-
porters in the amygdala (P= 0.032, Z=−2.15), putamen
(P= 0.036, Z=−2.09), and dorsomedial thalamus (P=
0.013, Z= 2.49). In addition, inclusion of transporter
interaction terms in the model increased the model fit,
compared with main effects of transporters, as reflected by
McFadden R2 values (interaction/main effects: amygdala=
0.25/0.18; putamen= 0.24/0.19; thalamus= 0.25/0.15).
Within the patient group, SERT × DAT interactions did not
predict social anxiety symptom severity (LSAS-SR).

Discussion

We used multitracer PET, with validated and highly specific
radioligands, to evaluate differences in regional expression

and co-expression of serotonin and dopamine transporters
between patients with SAD and healthy controls. There
were indices of upregulated transporter expression within
each transmitter system, and significantly higher SERT/
DAT co-expression, in SAD patients in brain regions
involved in fear and reward processing. Significant statis-
tical interactions between the transporters, indicating
increased SERT/DAT co-expression in SAD relative to HC,
were prominent in the amygdala, a structure heavily
implicated in fear and anxiety [53, 54] strongly influenced
both by serotonin [55] and dopamine [56]. This was also
noted in the putamen which is involved in reinforcement
learning [57] and may be structurally enlarged in SAD [58].
The thalamus was the only brain region exhibiting a mixed
direction pattern since a higher positive SERT-DAT corre-
lation in patients than controls was noted in the posterior
ventral region while the reverse was true in the dorsomedial
thalamus where the transporter interaction term also sig-
nificantly predicted SAD diagnosis. In addition, higher
positive SERT-DAT correlations in SAD (>HC) were noted
in the right caudate nucleus in the dorsal striatum as well as
the NAcc in the ventral striatum. The NAcc has been found
to be important both for aversion and reward behaviors [59]
and, together with the amygdala, it is considered to be part
of a ventral system of emotion regulation [60, 61].

While our results on transporters are interesting in the
light of pharmacologic and anatomical studies demonstrat-
ing functional reciprocity between serotonin and dopamine
[31–34, 62, 63], the functionality of the altered SERT/DAT
co-expression in SAD is not known. Transporter interac-
tions may, however, impact the equilibrium between neural
activations in fear and reward networks of the brain with
resultant proneness for approach-avoidance conflicts at the
behavioral level. Local coinciding increases of dopamine
and SERT availability could thus play a causal or mod-
ulatory role in SAD, however we cannot determine if
altered monoamine functions result in or from SAD.

Looking at the membrane transporter proteins separately,
the increased SERT availability in patients with SAD is in
line with previous reports from our [7] and other groups
[10]. We recently reported increased striatal SERT avail-
ability in patients with SAD, and we here extend these
findings by specifically targeting and reporting higher
SERT availability in the NAcc, in the patient group. The
NAcc has a high density of serotonergic neurons in its shell
[64], and it is an important region for hedonic reward pro-
cessing [17, 61]. Communication between the amygdala
and NAcc has also been found to modulate reward-seeking
behavior in rodents, where amygdaloid innervation of the
NAcc reinforced additional reward-seeking mediated by
dopamine D1-type receptor signaling [65]. At a lenient
statistical threshold, SERT availability was increased in the
SAD group in all ROIs except the pallidum and raphae,

Fig. 2 Altered co-expression of serotonin and dopamine trans-
porters in social anxiety disorder. Regional co-expression of ser-
otonin (SERT; [11C]DASB BPND) and dopamine (DAT; [11C]PE2I
BPND) transporters, indexed by positive voxel-wise Pearson’s product-
moment correlation coefficients, for (a) patients with social anxiety
disorder (SAD), and (b) healthy controls. c Clusters of significantly
higher regional co-expression in the SAD group in the amygdala,
caudate, putamen, nucleus accumbens, and thalamus as compared with
the healthy controls. The colorbar indicates Pearson’s correlation
coefficients for the two top rows. Parametric images are overlaid on a
standard MRI image.
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along with positive correlations with symptom severity in
the amygdala, hippocampus, putamen, pallidum, and cau-
date nucleus (Supplementary Table 2). Because these
results did not survive correction for multiple comparisons,
they should be interpreted with caution. Consistently,
however, other [11C]DASB PET studies have also noted
positive associations between anxiety-related tempera-
mental traits and higher SERT binding in the amygdalo-
hippocampal region in rhesus monkeys [66] and the thala-
mus in humans [67].

The current data additionally support that DAT availability
moderates SAD symptomatology as we noted significant
positive correlations between symptom severity in SAD
patients and DAT binding in the amygdala, hippocampus,
putamen, and pallidum. However, a group difference (SAD>
HC) in DAT availability was only observed in the amygdala,
hippocampus, and striatum at the uncorrected p-level. Simi-
larly, in a SPECT study on Parkinsonian patients, Moriyama
et al. [68] noted no group differences in DAT BP values
between SAD and non-SAD participants although SAD
symptom severity correlated positively with increased DAT
density in the bilateral putamen and left caudate. On the other
hand, van der Wee et al. [10] noted higher striatal DAT
binding in SAD patients than controls, but no correlation with
behavioral measures. There are also SPECT studies of SAD
reporting either null findings [22] or findings pointing in the
opposite direction, i.e., lowered DAT density in patients [24].
However, in the present trial, using a larger sample and a more
sensitive PET methodology with high transporter specificity,
there were no brain regions demonstrating higher DAT or
SERT binding in controls (>SAD) even at liberal statistical
levels.

Previous neuroimaging data on increased serotonin
synthesis capacity in the amygdala and limbic areas [7, 8],
downregulation of serotonin-1A autoreceptors [6], and

increased SERT availability [7, 10] in SAD could reflect an
elevated presynaptic serotonergic activity in this disorder,
consistent with animal and human data showing anxiogenic
effects of serotonin in the amygdala [38, 69, 70]. Our data,
demonstrating increased striatal SERT availability together
with increased DAT expression correlating with social
anxiety, could indicate a generally overactive presynaptic
monoaminergic system, possibly due to an increased num-
ber of monoamine nerve terminals, in SAD. However, in
contrast to serotonin, there are reasons to suspect dopamine
hypoactivity in SAD. PET studies of Parkinson’s disease
have demonstrated that greater DAT levels are associated
with lower dopamine turnover and lower synaptic dopamine
concentrations that cannot be explained solely by dopami-
nergic terminal loss [71]. Studies of DAT knockout mice
consistently show that decreased DAT levels correspond to
increased dopamine turnover and increased synaptic dopa-
mine levels [72]. DAT knockout mice also appear less
anxious in the elevated plus maze and other anxiety-relevant
paradigms [73]. Hence, it is plausible that upregulation of
the DAT leads to the increased clearance of dopamine from
the synaptic space, lowered dopamine concentration and
lowered dopamine turnover, possibly contributing to
reduced motivational drive for, and pleasure from, social
interactions. Indirect evidence for this notion has also been
provided by fMRI activation studies noting reduced acti-
vation of the NAcc during social reward anticipation in
individuals with SAD relative to healthy controls [18, 74]. It
should be noted that the previous nuclear imaging studies of
striatal DAT in SAD are inconclusive [10, 22, 24] but, to
our knowledge, our study is the first one addressing this
topic using PET. Additional multitracer PET studies, e.g.,
using measures of dopamine synthesis capacity and release,
are needed to clarify if SAD is associated with presynaptic
dopaminergic over- or under-activity.

Table 2 Regional co-expression
of serotonin and dopamine
transporters, as assessed with
voxel-wise correlations of
binding potentials (BPND) using
[11C]DASB and [11C]PE2I PET,
in patients with social anxiety
disorder (SAD) as compared
with healthy controls (HC).

Hemisphere MNI x, y, z HC ra SAD ra Diff rb Diff p value Cluster volumec

SAD >HC

Amygdala Left −30 0 −26 −0.176 0.405 0.582 0.024 576

Caudate Right 16 22 −8 0.280 0.726 0.445 0.019 1344

Putamen Right 34 4 4 0.362 0.742 0.380 0.033 1088

NAcc Right 10 12 −12 0.252 0.694 0.442 0.026 320

Thalamus Right 18 −24 0 0.071 0.546 0.475 0.044 384

HC > SAD

Thalamus Right 8 −20 8 0.608 0.120 0.488 0.030 512

MNI Montreal Neurological Institute, NAcc nucelus accumbens
aRegional co-expression indexed by Pearson’s product-moment correlation coefficient, r
bDifferences in Pearson’s r correlation coefficient between groups: rHC—rSAD, as an index of difference in
regional co-expression
cCluster volume in mm3
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A limitation of the current study is that, while the sample
size is comparatively large for a PET study, lack of power
should be taken into consideration. This is one possible
reason why a steady pattern of group differences along with
correlations between transporter availability and symptom
severity, was not always observed. Another reason could be
heterogeneity within the SAD sample as there may be
considerable individual differences in personality traits, for
example in neuroticism facets like impulsivity, or extra-
version facets like excitement seeking. Monoamine trans-
porter parameters could be more strongly related to some of
these traits than others [75]. A related caveat is that we had
no scales for behavioral approach specifically in our study,
and because of the uptake profile of the [11C]PE2I radio-
tracer, we could not study DAT availability in all relevant
nodes of the brain’s reward pathway such as the orbito-
frontal and ventromedial prefrontal cortices. Also, the pre-
sent PET data on transporter levels do not provide
mechanistic insights into how serotonergic and dopami-
nergic signaling is altered during situational demands faced
by socially anxious individuals. This question could be
addressed with fMRI activation studies together with PET.
A feasible way for further insight into SERT-DAT inter-
actions could also be to study concomitant changes in both
systems after effective treatment.

Conclusion

We demonstrate increased expression and co-expression of
the transporters for serotonin and dopamine in SAD, rela-
tive to healthy controls, in fear- and reward-relevant brain
regions. Presynaptic serotonergic and dopaminergic activity
may be important biological factors underlying excessive
social anxiety, putatively affecting aversive as well as
appetitive motivation. These findings may cast further light
on the pathogenesis of SAD and prove useful for the
development of future anxiolytic treatments targeting the
interaction between the serotonin and dopamine systems.
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