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Placebo may yield beneficial effects that are indistinguishable from those of active medication, but the factors underlying proneness to
respond to placebo are widely unknown. Here, we used functional neuroimaging to examine neural correlates of anxiety reduction
resulting from sustained placebo treatment under randomized double-blind conditions, in patients with social anxiety disorder. Brain
activity was assessed during a stressful public speaking task by means of positron emission tomography before and after an 8 week
treatment period. Patients were genotyped with respect to the serotonin transporter-linked polymorphic region (5-HTTLPR) and the
G-703T polymorphism in the tryptophan hydroxylase-2 (TPH2) gene promoter. Results showed that placebo response was accompanied
by reduced stress-related activity in the amygdala, a brain region crucial for emotional processing. However, attenuated amygdala
activity was demonstrable only in subjects who were homozygous for the long allele of the 5-HTTLPR or the G variant of the TPH2 G-703T
polymorphism, and not in carriers of short or T alleles. Moreover, the TPH2 polymorphism was a significant predictor of clinical placebo
response, homozygosity for the G allele being associated with greater improvement in anxiety symptoms. Path analysis supported that the
genetic effect on symptomatic improvement with placebo is mediated by its effect on amygdala activity. Hence, our study shows, for the
first time, evidence of a link between genetically controlled serotonergic modulation of amygdala activity and placebo-induced anxiety
relief.
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Introduction
In clinical drug development, randomized double-blind placebo-
controlled trials (RCTs) have become the standard method for
demonstrating superiority of an active drug over an inactive sub-
stance (i.e., a placebo). It is, however, well documented that the
beneficial effects of placebo may be as large as those observed with
active medication (Beecher, 1955; D. J. Stein et al., 2006). The
placebo response is a phenomenon of considerable theoretical
importance but also a major concern in clinical trials because it
causes difficulties in establishing the efficacy of active
compounds.

Functional neuroimaging techniques have been used for
studying neurobiological correlates of the placebo effect in con-
ditions such as pain, psychostimulant use, Parkinson’s disease,

and depression (for review, see Benedetti et al., 2005; Faria et al.,
2008). However, the majority of neuroimaging studies have in-
vestigated the acute placebo response, whereas studies using
pharmaceutical RCT designs with sustained placebo treatment
and statistical comparisons of placebo responders and nonre-
sponders are mostly lacking.

The aim of the present study was to examine the ability of
stress-induced brain activity and serotonin-related genes to pre-
dict the response to sustained placebo treatment in patients with
social anxiety disorder (SAD). This is a common and disabling
disorder characterized by fear of negative evaluation from others
(American Psychiatric Association, 1994). Several brain imaging
studies report enhanced responsiveness of the amygdala in SAD
patients compared with controls during anxiety provocation and
other aversive conditions (Tillfors et al., 2001, 2002; Stein et al.,
2002; Lorberbaum et al., 2004; Phan et al., 2006) and attenuated
amygdala responsiveness after successful treatment (Furmark et
al., 2002, 2005). Pretreatment activity levels in the amygdala may
also predict decreases in anxiety (Whalen et al., 2008). Because
neuroimaging studies suggest that placebo acts on essentially the
same neural pathways as those influenced by active treatment
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(Benedetti et al., 2005; Faria et al., 2008), an association between
placebo responsivity and attenuated amygdala excitability could
be expected in SAD.

Accumulating evidence suggests that amygdala reactivity is
modulated by serotonin-related genes. Both in healthy volun-
teers (Hariri and Holmes, 2006) and individuals with SAD (Fur-
mark et al., 2004), carriers of the short (s) allele of the serotonin
transporter gene-linked polymorphic region (5-HTTLPR) show
exaggerated amygdala responsivity to aversive stimuli compared
with those who are homozygous for the long (l) allele. Exagger-
ated amygdala activation in response to emotional facial stimuli
has also been reported in carriers of T alleles, compared with G
allele homozygotes, of the G-703T (rs4570625) single-nucleotide
polymorphism in the tryptophan hydroxylase-2 (TPH2) gene
(Brown et al., 2005; Canli et al., 2005).

Prompted by these findings, we investigated the association
between the 5-HTTLPR and TPH2 G-703T polymorphisms,
stress-related amygdala activity, and placebo-induced anxiety re-
lief in patients with SAD. Functional neuroimaging data were
extracted from two RCTs in which patients were genotyped and
treated with placebo for 8 weeks under double-blind conditions.
We hypothesized that placebo responders would show greater
attenuation of amygdala activity compared with nonresponders
and that the amygdala attenuation would be compromised in
carriers of s and T alleles.

Materials and Methods
Study population and recruitment
Twenty-five patients (9 males/16 females; age, mean � SD, 35.6 � 10.7
years; range, 22–55) diagnosed with SAD were included in the analyses.
Patients were taken from two previously unpublished RCTs that evalu-
ated changes in regional cerebral blood flow (rCBF) after 56 d of phar-
macological treatment by means of positron emission tomography
(PET). Both RCTs were designed similarly to a previous study (Furmark
et al., 2005). The clinical PET trials were performed in collaboration with
Uppsala Imanet GE Healthcare, Quintiles AB Uppsala, and GlaxoSmith-
Kline during 2003–2005, and included a total of 108 patients with SAD.
There were three treatment arms in the first study and six arms in the
second. Thirteen of 36 patients in the first study (cohort I) and 12 of 72
patients in the second (cohort II) were randomized to a placebo arm (see
Fig. 1). Only the pooled placebo data are included herein, whereas addi-
tional data on psychoactive drug treatment will be reported separately.

Participants were recruited through newspaper advertising. After a
short initial telephone interview, persons were asked to fill out a battery
of social anxiety questionnaires, to be returned by mail. Face-to-face
structured clinical diagnostic interviews (SCID) (First et al., 1998) were
thereafter administered by a clinical psychologist. In addition, a psychi-
atrist (K.W.) administered the MINI interview (Sheehan et al., 1998) to
exclude other serious psychiatric disorders than comorbid anxiety con-
ditions. Medical examinations were also performed.

Main criteria for exclusion were as follows: treatment of social anxiety
in the past 6 months, current serious or dominant psychiatric disorder
other than SAD (e.g., psychosis, major depressive or bipolar disorder),
chronic use of prescribed medication, abuse of alcohol/narcotics, preg-
nancy, menopause, left-handedness, previous PET examination, and any
somatic/neurologic disorder that could be expected to influence the out-
come of the study.

All participants met the Diagnostic and Statistical Manual of Mental
Disorders, Fourth Edition (American Psychiatric Association, 1994) cri-
teria for SAD and confessed to marked public speaking anxiety. Eighteen
(72%) of the patients receiving placebo were diagnosed with the gener-
alized subtype. For the remaining seven patients, it could not be estab-
lished with confidence that their fears encompassed most social situa-
tions, and, accordingly, they were classified as having the nongeneralized
subtype (American Psychiatric Association, 1994). Eight patients (33%)
qualified for at least one comorbid anxiety diagnosis (specific phobia,
n � 5; generalized anxiety disorder, n � 2; panic disorder, n � 1; mild

posttraumatic stress disorder, n � 1). SAD was, however, the main diag-
nosis for all participants.

Approvals were obtained from the Uppsala University Medical Faculty
Ethical Review Board, the Uppsala University Isotope Committee, and
the Swedish Medical Products Agency. A written informed consent was
obtained from all participants after the nature and consequences of the
study were explained.

Treatment procedure
GlaxoSmithKline supplied daily doses of study drugs and matching pla-
cebo for the two consecutive PET studies. Both studies used a fixed
dosing schedule and were performed under double-blind conditions
during an 8 week period. For all participants, the first dose was given
immediately after the first PET examination and the final dose was ad-
ministered 2– 4 h before the final PET assessment after 56 d (posttreat-
ment). Subjects did not receive any other form of treatment during the
study period. Patients visited the clinic biweekly for assessments of com-
pliance and side effects and to receive new supplies of medication. Vital
signs (heart rate, blood pressure) were checked, laboratory safety tests
(hematology, biochemistry, and urine analysis) were performed, and
anxiety scales were administered. Pregnancy tests and electrocardiogra-
phy were performed twice. Screening for alcohol and nonallowed drugs
were performed at a randomly selected visit. After study completion,
patients were offered additional psychiatric consultation and
pharmacotherapy.

PET assessments
PET investigations were performed at Uppsala Imanet, GE Healthcare.
The procedure for rCBF assessments, using [H2

15O]PET, closely fol-
lowed the protocol described by Furmark et al. (2005). Before and after
chronic placebo administration, all participants were scanned during an
anxiogenic public speaking task. Subjects were scanned using a 32 ring
ECAT EXACT HR� scanner (Thermo Fisher Scientific/CTI), which en-
ables acquisition of 63 contiguous planes of data with a distance of 2.46
mm resulting in a total axial field of view of 155 mm.

Subjects were positioned in the scanner with the head gently fixated
and a venous catheter for tracer injections was inserted. Patients were
instructed to prepare a 2.5 min speech about a vacation or travel experi-
ence �20 min before the initial emission scan. A 10 min transmission
scan was performed using three retractable 68Ge rotating line sources.
The 15O-water tracer, �10 MBq/kg body weight, was thereafter injected
intravenously. The emission scan started automatically in three-
dimensional mode when the bolus reached the brain (50,000 counts/s),
and consisted of three 30 s frames.

Immediately after tracer injection, patients were asked to start speak-
ing and continue until they received instructions to stop. The speech was
performed in presence of a silently observing audience of six to eight
persons. Patients were instructed to observe the audience. The speech
was recorded from close distance with a portable video camera to in-
crease observational anxiety. Directly after the speech, fear ratings were
obtained (i.e., subjects rated how frightened they felt during scans).

Emission scans were reconstructed with a filter back projection using
an 8 mm Hanning filter, resulting in a spatial resolution of �5 mm in the
field of view. Data were corrected for photon attenuation, decay, scat-
tered radiation, and random coincidences. After reconstruction, a sum-
mation image of the three frames was made to obtain a better statistical
reference for realignment and subsequent analyses.

Participants fasted 3 h, and refrained from tobacco, alcohol, and caf-
feine 12 h, before PET investigations. The PET procedure was the same at
posttreatment day 56, except that the speech topic was changed (i.e., this
time subjects spoke about a present or previous occupation).

Clinical outcome measures
Response rate was determined by the Clinical Global Impression im-
provement item (CGI-I) (Zaider et al., 2003) administered biweekly by a
psychiatrist (K.W.). Patients having a score of 1 or 2 (very much or much
improved) on the CGI-I at posttest were classified as responders, whereas
those having scores of 3 (minimally improved) or higher were considered
to be nonresponders. Additional changes in the social anxiety symptom
profile were evaluated by the clinician administered Liebowitz Social
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Anxiety Scale (LSAS) (Liebowitz, 1987) as well as self-report instru-
ments, the Social Phobia Scale (SPS) and the Social Interaction Anxiety
Scale (SIAS) (Mattick and Clarke, 1998). Changes in subjective fear rat-
ings from pretreatment to posttreatment were evaluated using a 0 –100
(minimum to maximum) visual analog scale administered after each
public speaking challenge. LSAS data were collected biweekly, and other
measures were collected at pretreatment and posttreatment only by in-
dependent and blinded assessors. Clinical outcome was assessed before
the study had been unblinded.

Genotyping
Blood samples for genotyping were available from 24 of the 25 subjects.
To avoid mass comparisons, analyses were focused on the 5-HTTLPR
and TPH2 G-703T polymorphisms only. Genomic DNA was extracted
from plasma samples using a Qiamp DNA extraction kit (QIAGEN).
Amplification was made by means of PCR on a PerkinElmer 9700 ther-
mal cycler.

The primer sequences used for the 5-HTTLPR, reported by Gelernter
et al. (1997), were 5�-ATGCCAGCACCTAACCCCTAATGT-3� (for-
ward primer) and 5�-GGACCGCAAGGTGGGCGGGA-3� (reverse
primer), resulting in a 419-bp-long PCR product for the 16-repeat-allele
(long), and a 375-bp-long PCR product for the 14-repeat-allele (short).
The 15 �l reaction mixture contained 50 ng of genomic DNA, 1.5 mM

MgCl2, 0.3 �M of each primer, 300 �M dNTPs, and 1 U of HotStarTaq
polymerase from QIAGEN. The temperature profile consisted of an ini-
tial denaturation at 95°C for 15 min, followed by 45 cycles of 30 s at 95°C,
30 s at 66°C, and 60 s at 72°C, followed by final incubation for 7 min at
72°C. PCR products were separated on a 3% agarose gel supplemented
with ethidium bromide and visualized by ultraviolet transillumination.

The primer sequences used for the TPH2 G-703T (rs4570625) poly-
morphism were 5�-TGTGGCTAAATTGAACCCTTACCT-3� (forward
primer) and 5�-TGTGCTCCCGAACACTAGATCTTA-3� (reverse
primer). The 20 �l reaction mixture contained 50 ng of genomic DNA,
1.5 mM MgCl2, 0.15 �M of each primer, 200 �M dNTPs, and 1 U of
HotStarTaq polymerase from QIAGEN. The temperature profile con-
sisted of initial denaturation at 95°C for 15 min, followed by 45 cycles of
15 s at 95°C, 30 s at 62°C, and 30 s at 72°C, followed by final incubation
for 7 min at 72°C. Genotyping of the TPH2 polymorphism was per-
formed by a Pyrosequencer PSQ 96MA and the PSQ 96 SNP Reagent kit
(Pyrosequencing AB). To identify the polymorphism, 15 pmol of the
sequencing primer 5�-gctttttctgacttgacat-3� was used.

Neither the genotype distribution for 5-HTTLPR nor that for the
TPH2 polymorphism differed significantly from Hardy–Weinberg equi-
librium ( p � 0.75 for 5-HTTLPR and p � 0.21 for TPH2).

Statistical analyses
PET data. PET images were realigned to correct for different positions
between scans (pretreatment vs posttreatment) and normalized to the
stereotactic template of the Montreal Neurological Institute (MNI), us-
ing SPM2 (Wellcome Department of Cognitive Neurology, London,
UK). Images were then smoothed using a 12 mm Gaussian kernel and
scaled to give all scans the same global signal. PET data were statistically
evaluated using within- and between-group comparisons defined in
SPM2 with rCBF data fitted to the general linear model (Friston et al.,
1995). Differential treatment effects between groups were evaluated by
group by time interactions in the form of double subtractions, for exam-
ple, [responderspre � responderspost] � [nonresponderspre � nonre-
sponderspost]. Contrasts generated t maps, subsequently converted to z
scores for interpretation. Brain locations are described as xyz coordinates
in the Talairach space, obtained by affine transformation of the MNI
coordinates in SPM2 (www.mrc-cbu.cam.ac.uk/Imaging/mnispace.html).

Effects on rCBF were evaluated at the voxel level (1 voxel � 2 � 2 � 2
mm) by examining statistically significant changes ( p � 0.05) corrected
family-wise for multiple comparisons and with a minimum extension of
10 voxels. Small-volume correction was used for region-of-interest
(ROI) analyses (i.e., for the amygdala and opioid network described
below). In addition, exploratory whole-brain analyses were performed.
Anatomical localization was guided by the Talairach atlas (Talairach and
Tournoux, 1988), the Talairach Daemon (Lancaster et al., 2000), and the
detailed medial temporal lobe atlas of Mai et al. (2004).

In line with our a priori hypothesis, primary analyses were focused on
the amygdala. The amygdala volume was defined by the WFU PickAtlas
(http://www.fmri.wfubmc.edu/), an automated method to generate re-
gion of interest masks (Maldjian et al., 2003) implemented within SPM2.
Mean voxel values from the whole amygdala volume were extracted for
all individual using MarsBaR (http://marsbar.sourceforge.net) and treat-
ment effects were visualized as percentage change from pretreatment to
posttreatment.

We also performed a directed search for altered rCBF in the opioid
network previously implicated in placebo responsivity in pain and neg-
ative affect (Petrovic et al., 2002, 2005; Wager et al., 2004). This search
encompassed four ROIs: the anterior cingulate cortex, orbitofrontal cor-
tex, lateral prefrontal cortex (area 9, 10), and the brainstem, defined by
the method described above (Maldjian et al., 2003). Covariations be-
tween these ROIs and the amygdala were evaluated in SPM2, using amyg-
dala mean voxel values as the covariate of interest.

Clinical outcome and gene data. Clinical data were scanned for viola-
tions of normality and heterogeneity of variance, and between-group
differences at baseline were evaluated by unpaired t tests. Differential
outcome at posttreatment for CGI responders versus nonresponders
were evaluated using repeated measurement ANOVA for the LSAS, and
analyses of covariance (ANCOVAs) with the pretest value as covariate in
the statistical model for the SPS, SIAS, and fear measures.

Consistent with previous studies (Hariri et al., 2002), the 5-HTTLPR
genotype was dichotomized such that subjects carrying at least one short
allele (s group) were compared with subjects who were homozygous for
the long allele (ll group). With regard to the TPH2 G-703T polymor-
phism, homozygotes for G allele (GG group) were compared with T allele
carriers (T group) (Brown et al., 2005; Canli et al., 2005). To investigate
the predictive power of baseline neural activity and the serotonin-related
polymorphisms, a logistic regression analysis was performed with the
CGI response (responder/nonresponder) on day 56 as dependent vari-
able and 5-HTTLPR (ll/s), TPH2 (GG/T), as well as left and right amyg-
dala rCBF (mean voxel values day 0) as the independent variables. Shared
variance between polymorphisms and amygdala change scores were cal-
culated using ordinary least-squares regression.

Path analysis was performed to test the directionality of genetic and
amygdala influences on clinical improvement (CGI-I day 56). The left
and right amygdala were treated as a latent variable. Genotype was
treated as independent variable, and errors were assumed to be uncorre-
lated. To avoid overfitting, models with more than two paths were not
evaluated. The Bayesian information criterion (BIC) was used to evaluate
model fit, the best fitting model having the lowest BIC value (Raftery,
1993). Moreover, the best fitting model should fulfill the criteria of a � 2

statistic corresponding to p 	 0.05 and a standardized root mean square
residual value of �0.08.

Statistical analyses were performed using SPSS 12.1 (SPSS) and
Mplus5 (Muthen and Muthen, 2008).

Results
Clinical placebo response
After unblinding, it was revealed that 25 patients, 13 in the first
study and 12 in the second, hereafter referred to as cohorts I and
II, had been randomized to a placebo arm (Fig. 1). The psychiat-
ric assessment, based on the CGI-I (Zaider et al., 2003), showed
that 10 patients had responded to placebo (40%) and 15 had not
(60%) (Fig. 2A) (descriptive characteristics in Table 1).

Because of a different number of treatment arms, the likeli-
hood of receiving placebo was 13 of 36 (36%) in cohort I and 12
of 72 (17%) in cohort II. However, this did not affect trial out-
come differentially because there were five responders in both
cohorts (Fisher’s exact, p 	 0.99). Also, cohorts I and II did not
differ with regard to baseline (day 0) scores on clinical outcome
measures (0.04 � t � 1.15; df � 23; p 	 0.26), age (t � 1.12; df �
23; p 	 0.27), sex distribution (Fisher’s exact, p 	 0.41), and
whole-brain or amygdala rCBF. Hence, to increase the statistical
power, the two cohorts were merged in the subsequent analyses.
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Patients defined as placebo responders and nonresponders by
means of the CGI-I exhibited significant differences on all clinical
outcome measures at posttreatment. On the LSAS (Liebowitz,
1987), a repeated measurement ANOVA yielded a significant
main effect of time (F � 22.97; df � 4, 92; p � 0.0001; partial � 2

� 0.50) and a significant group by time interaction (F � 7.51;
df � 4, 92; p � 0.0001; partial � 2 � 0.25) driven by continuous
improvement in the responder group only (Fig. 2A). On social
anxiety self-report instruments, ANCOVAs yielded significant
effects of the group (responders/nonresponders) factor after ad-
justing for pretest values (SPS: F � 10.53, df � 1, 22, p � 0.004,
partial � 2 � 0.32; SIAS: F � 9.53, df � 1, 22, p � 0.005, partial � 2

� 0.30). Adjusted mean scores indicated lower anxiety levels (i.e.,
greater improvement) in responders. The same was true for sub-
jective fear ratings during the public speech (F � 4.45; df � 1, 22;
p � 0.047; partial � 2 � 0.17) (Fig. 2B).

PET data: amygdala
Placebo responders versus nonresponders
The rCBF response to public speaking decreased significantly
more in placebo responders relative to nonresponders in the left
amygdala [(x y z) � (�12 �3 �13); z � 2.64; p � 0.048; 24
voxels; Cohen’s d � 1.21] (Fig. 3). A similar tendency was noted
for the right amygdala [(x y z) � (26 1 �20); z � 2.61; puncorr �
0.005; 98 voxels; Cohen’s d � 1.19].

To test the robustness of these findings,
we reanalyzed amygdala rCBF data with
the addition of a third placebo cohort of 12
subjects (one responder), taken from a
similarly designed PET study (Furmark et
al., 2005). Results confirmed a signifi-
cantly greater bilateral amygdala rCBF
diminution in placebo responders (n �
11) compared with nonresponders (n �
26). This effect was significant both in the
left [(x y z) � (�12 �3 �13); z � 3.10; p �
0.014; 80 voxels; Cohen’s d � 1.13] and
right [(x y z) � (28 1 �22); z � 2.68; p �
0.044; 116 voxels; Cohen’s d � 0.96]
amygdala. Because this third cohort had a
shorter treatment period (6 weeks instead
of 8), and gene data were not available, it
was not included in the subsequent
analyses.

Effects of the serotonin
transporter polymorphism
Thirteen subjects (54%) carried one or
two copies of the 5-HTTLPR s allele,
whereas the remaining 11 were homozy-
gous for the l allele (Table 1). Analyses of
rCBF changes from pre- to post-placebo
treatment showed a significantly greater
rCBF-decrease in ll relative to s carriers in
the left amygdala [(x y z) (�28 �7 �15);
z � 3.57; p � 0.004; 197 voxels; Cohen’s
d � 1.80] (Fig. 4A).

Effects of the tryptophan
hydroxylase-2 polymorphism
Sixteen (67%) subjects were homozygous
for the TPH2 G allele, whereas 8 subjects
were carriers of the T allele (Table 1). Anal-
yses showed a significantly greater rCBF
decrease for the GG relative to T carriers in

the right amygdala [(x y z) � (24 �1 �20); z � 3.49; p � 0.005;
207 voxels; Cohen’s d � 1.75] and a similar tendency for the left
amygdala [(x y z) � (�20 1 �14); z � 2.39; puncorr � 0.009; 78
voxels; Cohen’s d � 1.10] (Fig. 4B). The effect of the TPH2
polymorphism on reduced amygdala rCBF with placebo treat-
ment was not confounded by 5-HTTLPR status and vice versa as
the distribution of ll and s alleles was not different across the GG
and T genotypes (Fisher’s exact, p � 0.29).

Gene– gene effects
Nine subjects (38%) carried both the ll and GG genotypes (ll/GG
group), whereas the other 15 subjects were carriers of at least one
of the s or T genotypes previously associated with enhanced
amygdala reactivity (ll/T, n � 2; s/GG, n � 7; s/T, n � 6). When
using this grouping of genotypes in an analysis of the combined
effects of the two polymorphisms, the ll/GG group exhibited a
significantly greater placebo-related rCBF decrease in the left
amygdala [(x y z) � (�26 �7 �15); z � 3.36; p � 0.008; 209
voxels; Cohen’s d � 1.77] in comparison with subjects carrying at
least one s or T allele (Fig. 4C).

Pre-post differences within groups
Within the groups mentioned above, significantly reduced amyg-
dala rCBF from pretreatment to posttreatment was observed only
in responders, ll homozygotes, and GG homozygotes (supple-

Figure 1. Study design. Patients with social anxiety disorder (N � 108) were randomized to 8 weeks of drug treatment or
placebo under double-blind conditions in two separate studies. All participants underwent PET scanning during an anxiety-
provoking public speaking task before and after treatment. Statistical analyses were based on pooled data from the two placebo
cohorts.

Figure 2. Mean scores (�SE) of clinical outcome measures for placebo responders and nonresponders. A, Clinician adminis-
tered outcome measures: patients having a posttreatment (day 56) score of 1–2 on the CGI-I were classified as responders (n �
10), and remaining patients (CGI-I � 3) as nonresponders (n � 15). The two groups did not differ initially, but responders scored
significantly lower on the LSAS at posttreatment. B, Social anxiety self-report instruments: After treatment, responders and
nonresponders were significantly differentiated on the SPS, SIAS, and fear ratings during the scanned public speaking task.
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mental Table S1, available at www.
jneurosci.org as supplemental material).

Predictors of the clinical
placebo response
In a logistic regression analysis, the TPH2
polymorphism emerged as the only signif-
icant variable that could reliably predict
clinical placebo response (CGI-I) on day
56 (Table 2), homozygosity for the G allele
being associated with better outcome.
Eight of the nine placebo responders
(89%), for whom TPH2 gene data were
available, were GG homozygotes. To avoid
overfitting the regression model, we did
not include other predictor variables than
the TPH2, 5-HTTLPR, left and right amygdala at baseline. The
Hosmer and Lemeshow test indicated that the model adequately
fitted the data (� 2 � 9.40; df � 8; p � 0.31). The model accounted
for between 26.0 and 35.4% of the variance in CGI response
(omnibus � 2 � 7.21; df � 4; p � 0.12), and overall 70.8% of the
predictions were accurate. The TPH2 polymorphism remained a
significant predictor ( p � 0.05) of the clinical placebo response
after excluding all other predictor variables from the model ex-
cept the right amygdala.

To test whether the influence of the TPH2 polymorphism on the
clinical placebo response (CGI-I score) was dependent on its influ-
ence on the amygdala, path analysis was performed with the aim to
find the best-fitting model from three possible candidates: (1) TPH2
3 amygdala3CGI-I; (2) TPH23CGI-I3 amygdala; (3) TPH2
3 amygdala, TPH23CGI-I. The lowest BIC value, indicating the
best fit (Raftery, 1993), was obtained for the model with paths from
the TPH2 to the amygdala and from the amygdala to CGI-I ( p �
0.29) (Fig. 5). The TPH2 polymorphism explained 13% of the vari-
ance in CGI-I at posttreatment and 33% of the variance in amygdala
change scores, which dropped to 22% when the variance shared
between the TPH2 polymorphism and clinical improvement was
partialed out. This suggests that the variance in amygdala activity

explained by the TPH2 is not independent of the variance shared
between the TPH2 and CGI-I, supporting that the genetic effect on
placebo improvement is mediated by its effect on amygdala activity.

PET data: opioid network
At corrected p levels, no differences in activity were found in placebo
responders compared with nonresponders in four selected opioid-
relevant ROIs (the anterior cingulate, orbitofrontal, and lateral pre-
frontal cortices, as well as the brainstem). At the uncorrected ( p �
0.005) level, we noted higher placebo-induced activations in re-
sponders than nonresponders in the left prefrontal cortex [(x y z) �
(�32 62 6); z � 2.70; 52 voxels; Cohen’s d � 1.24; area 10], and
conversely a relatively higher activation in the nonresponder group
in the right orbitofrontal [(x y z) � (16 44 �14); z � 2.79; 419 voxels;
Cohen’s d � 1.28; area 11], right anterior cingulate [(x y z) � (6 28
21); z � 2.81; 400 voxels; Cohen’s d � 1.29; area 24] and left pre-
frontal [(x y z) � (�32 23 36); z � 2.71; 82 voxels; Cohen’s d � 1.24;
area 9] cortices. We did not find significant positive or negative co-
variations between rCBF in the amygdala and the selected regions.

PET data: whole-brain analyses
Exploratory analyses did not reveal significantly different
treatment-induced patterns of change in responders versus non-

Table 1. Descriptive characteristics of the participants that received placebo in two different clinical trials (cohorts I and II)

Variable Cohort I (n � 13) Cohort II (n � 12) Total (n � 25)

Sex Male 
n (%)� 6 (46.2) 3 (25.0) 9 (36.0)
Female 
n (%)� 7 (53.8) 9 (75.0) 16 (64.0)

Age Mean (SD) 37.8 (9.1) 33.1 (12.1) 35.6 (10.7)
Range (min–max) 24 – 49 22–55 22–55

Subtype Generalized 
n (%)� 9 (69.2) 9 (75.0) 18 (72.0)
Nongeneralized 
n (%)� 4 (30.8) 3 (25.0) 7 (28.0)

CGI response Responder 
n (%)� 5 (38.5) 5 (41.7) 10 (40.0)
Nonresponder 
n (%)� 8 (61.5) 7 (58.3) 15 (60.0)

Genotypea

5-HTTLPR ll 
n (%)� 4 (33.3) 7 (58.3) 11 (45.8)
s 
n (%)� 8 (67.7) 5 (41.7) 13 (54.2)

TPH2 GG 
n (%)� 8 (67.7) 8 (67.7) 16 (67.7)
T 
n (%)� 4 (33.3) 4 (33.3) 8 (33.3)

5-HTTLPR/TPH2 ll/GG 
n (%)� 4 (33.3) 5 (41.7) 9 (37.5)
ll/T, s/T, s/GG 
n (%)� 8 (67.7) 7 (58.3) 15 (62.5)

CGI responder by genotype
5-HTTLPR ll 
n (%)� 1 (25.0) 3 (42.8) 4 (36.4)

s 
n (%)� 3 (37.5) 2 (40.0) 5 (38.5)
TPH2 GG 
n (%)� 3 (37.5) 5 (62.5) 8 (50.0)

T 
n (%)� 1 (25.0) 0 (0) 1 (12.5)
5-HTTLPR/TPH2 ll/GG 
n (%)� 1 (25.0) 3 (60.0) 4 (44.4)

ll/T, s/T, s/GG 
n (%)� 3 (37.5) 2 (28.6) 5 (33.3)
aGenotyping was performed on 24 of the 25 subjects. 5-HTTLPR, Serotonin transporter polymorphism (ll, long allele homozygotes; s, short allele carriers); TPH2, tryptophan hydroxylase-2 gene (G allele homozygotes vs T allele carriers).

Figure 3. Placebo-induced alterations of rCBF during public speaking in the left and right amygdala. Placebo responders,
compared with nonresponders, exhibited a significantly greater attenuation of rCBF in the left amygdala, and a subthreshold
effect in the same direction was noted for the right amygdala. The mask threshold corresponds to z 	 2, and alterations that
remained significant after correction for multiple comparisons are displayed within squares.
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responders. Significant within-group alterations outside the
amygdala region were noted only in nonresponders, who had
increased (pre � post) rCBF in the right cerebellum [(x y z) � (28
�42 �23); z � 4.73; p � 0.038; 182 voxels] and in a cluster
encompassing the right primary motor and somatosensory cor-
tices [(x y z) � (38 �28 62); z � 4.20; p � 0.001; 1201 voxels].

Pretreatment differences
There were no significant differences between placebo respond-
ers and nonresponders in sex distribution (Fisher’s exact, p 	

0.22), age (t � 0.11; df � 23; p 	 0.91), or
on the clinical outcome measures (0.31 �
t � 1.36; df � 23; p 	 0.19) at baseline (day
0). Moreover, there were no significant
differences between the genetic subgroups
[ll vs s; GG vs T; ll/GG vs (ll/T, s/GG, s/T)]
for any of these variables (all p values 	
0.27). Similarly, whole-brain analyses did
not reveal significant rCBF differences at
baseline between responders and nonre-
sponders, or between the genetic sub-
groups mentioned above, and in the
amygdala volume the only significant ef-
fect was a higher baseline activity in ll ho-
mozygotes relative to s carriers in the left
hemisphere [(x y z) � �16 �5 �15; z �
2.75; p � 0.033; 51 voxels; Cohen’s d �
1.30].

Discussion
The present study demonstrates that the
magnitude of the placebo response, after
prolonged treatment of patients diagnosed
with SAD, is tied to attenuated amygdala
excitability, which in turn is linked to se-
rotonergic genetic variation. Stress-related
activity in the amygdala was significantly
more reduced in placebo responders than
in nonresponders and only the patients
who were homozygous for the l allele of
the 5-HTTLPR and the G allele of the
TPH2 G-703T polymorphism exhibited
significantly attenuated amygdala respon-
siveness after placebo treatment, whereas

carriers of the s and T alleles did not. Intriguingly, allelic variation
in the TPH2 gene could accurately predict the clinical placebo
response, and path analytic models supported that the genetic
influence on symptom improvement with sustained placebo
treatment is mediated by its influence on amygdala activity. Me-
diation analysis of this kind is an important advance in the field of
imaging genetics.

The present results are consistent with the notion that placebo
and active pharmacological agents act on the same, or at least
overlapping, neural pathways (Mayberg et al., 2002; Petrovic et
al., 2002, 2005; Benedetti et al., 2005; Faria et al., 2008). Pharma-
cological as well as cognitive– behavioral treatments of SAD have
previously been shown to attenuate amygdala hyperactivity dur-
ing aversive conditions (Furmark et al., 2002, 2005). Congru-
ently, the current study found significantly greater reduction of
stress-related amygdala activity in placebo responders compared
with nonresponders and the robustness of this finding was fur-
ther supported when merging data from a shorter but otherwise
similarly designed clinical RCT (Furmark et al., 2005).

There are some reports of reduced amygdala responsiveness
after successful therapy in other anxiety disorders (Goossens et
al., 2007; Peres et al., 2007) as well as in depression (Sheline et al.,
2001; Fu et al., 2004). Also in healthy volunteers, amygdala deac-
tivation has been noticed after chronic administration of phar-
macological agents with anxiety-reducing properties like seroto-
nin reuptake inhibitors (Harmer et al., 2006; Arce et al., 2008)
and benzodiazepines (Paulus et al., 2005; Arce et al., 2006). Acute
drug exposure, however, may lead to potentiated amygdala reac-
tivity (Bigos et al., 2008). Nonetheless, in a more long-term per-

Figure 4. Placebo-induced alterations of rCBF during public speaking in the left and right amygdala in genetic subgroups. A
significantly greater reduction of amygdala rCBF from pre- to post-placebo treatment was observed in the following: long allele
(ll) homozygotes compared with short (s) allele carriers of the serotonin transporter gene (5-HTTLPR) (A); G allele (GG) homozy-
gotes compared with T allele carriers of the TPH2 G-703T polymorphism (B); and long and G allele homozygous patients (ll/GG
group) compared with patients carrying s and/or T alleles (ll/T, s/GG, s/T group) (C). The mask threshold corresponds to z 	 2, and
alterations that remained significant after correction for multiple comparisons are displayed within squares.

Table 2. Results from logistic regression analysis 
i.e., coefficients (B), SE, Wald
statistic, df, and probability values for predictor variables of the clinical placebo
response at posttreatment�

Variable B SE Wald df p value

TPH2 3.88 1.90 4.16 1 0.04
5-HTTLPR 1.44 1.33 1.18 1 0.28
L Amygdala 7.10 9.16 0.60 1 0.44
R Amygdala �18.24 11.38 2.57 1 0.11
Constant 12.44 14.31 0.76 1 0.39

L, Left; R, right.

Figure 5. Path coefficients (SE) for the best fitting model that had paths from the TPH2
polymorphism to the amygdala and from the amygdala to the placebo response phenotype as
assessed by the CGI-I.
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spective, lowered amygdala responsiveness may be important for
anxiety alleviation, regardless of treatment modality.

The current results point to a modulatory role for serotonin in
placebo-induced anxiety relief. The amygdala is densely inner-
vated by serotonergic fibers (Bauman and Amaral, 2005), and
imaging data support that amygdala responsiveness is influenced
by synaptic serotonin (Fisher et al., 2006; Rhodes et al., 2007). As
mentioned, studies of healthy volunteers have demonstrated that
the serotonin-related 5-HTTLPR and TPH2 G-703T polymor-
phisms modulate the amygdala response to emotional stimuli. In
this respect, the s and T variants appear to be “high-response”
alleles, whereas the l and G variants (i.e., ll and/or GG homozy-
gosity) are “low-response” alleles (Hariri et al., 2002; Brown et al.
2005; Canli et al., 2005; Hariri and Holmes, 2006). Congruently,
the present data showed that the neural placebo effect, indexed by
attenuated stressed-related activity in the amygdala after treat-
ment, was more pronounced in patients who were ll and/or GG
homozygotes compared with carriers of the s and T alleles. Pa-
tients carrying both “low-response” alleles (i.e., the ll/GG group)
exhibited a significantly greater placebo-related rCBF decrease in
the left amygdala in comparison with subjects carrying at least
one s or T allele. Notably, an additive effect of the s and T alleles
on neural responding to emotional stimuli has been reported
previously (Herrmann et al., 2007; Canli et al., 2008).

It could be speculated that dopaminergic or opioid processes
are involved in the placebo response. PET studies have linked at
least some types of placebo responses to reward expectancies and
increased dopamine release (de la Fuente-Fernández et al., 2001;
Scott et al., 2007), and other studies have tied placebo analgesic
effects to activation of the endogenous opioid system (Petrovic et
al., 2002; Zubieta et al., 2005) (but see Wager et al., 2007), which
may be deficient in anxiety-disordered patients (Sher, 1998).
Petrovic et al. (2005) examined the effect of experimental placebo
on affective face processing in healthy volunteers who were led to
expect differential emotional effects of either a benzodiazepine or
a benzodiazepine receptor antagonist. The emotional placebo ef-
fect shared several key regions with those previously found in
placebo analgesia, regions that have been interpreted to be parts
of an opioid neuromodulatory system (Petrovic et al., 2002). In-
terestingly, and consistent with the present findings, the individ-
ual placebo response correlated with decreased activity in the
amygdala (Petrovic et al., 2005). However, we could not demon-
strate unequivocal evidence for involvement of the opioid-
relevant brain areas previously implicated in imaging studies of
placebo analgesia (Petrovic et al., 2002; Wager et al., 2004).

To the best of our knowledge, serotonin-related or other func-
tional polymorphisms have not previously been linked to placebo
response. One study noted inferior response in carriers of the
5-HTTLPR s allele during a placebo run-in period preceding se-
rotonergic drug treatment (Rausch et al., 2002). The s allele has
also been related to poorer response to antidepressants in clinical
populations (Serretti et al., 2006) including SAD (M. B. Stein et
al., 2006). In contrast, we could not verify predictive accuracy for
the serotonin transporter polymorphism with regard to clinical
improvement. However, TPH2 genetic variation was associated
with the placebo response both neurally and behaviorally. It is
noteworthy that the TPH2 GG homozygotes, who strongly dom-
inated the responder group, exhibited bilateral rCBF decrement
in the amygdala, and, in contrast to ll carriers, the statistical max-
imum was in the right hemisphere. However, it is unclear how
hemispheric asymmetries in the amygdala relate to treatment
outcome because left and right as well as bilateral rCBF reduc-

tions have previously been associated with reduced anxiety in
SAD patients (Furmark et al., 2002, 2005).

The current data imply that placebo-induced attenuation of
amygdala activity can be regarded as an endophenotype linked to
the clinical response, which in turn is under the influence of the
TPH2 polymorphism. In a similar way, enhanced baseline amyg-
dala responsivity, characteristic for carriers of the 5-HTTLPR s
and TPH2 T alleles (Hariri et al., 2002; Brown et al. 2005; Canli et
al., 2005; Hariri and Holmes, 2006), may underlie refractoriness
to placebo treatment. Consistent with this notion, a recent study
of generalized anxiety disorder reported that lesser pretreatment
reactivity in the amygdala predicted greater decreases in anxiety
after 8 weeks of treatment with venlafaxine (Whalen et al., 2008).
Because our neuroimaging paradigm did not include a neutral
control task, we could not properly evaluate pretreatment amyg-
dala reactivity. Also because of this limitation, we could not eval-
uate whether the attenuated amygdala activity with placebo re-
flects reduced reactivity to the stressful task or a lowered trait-like
activity level. However, in a previous study, we found some sup-
port for the notion that amygdala deactivation is specifically re-
lated to state anxiety reduction (Furmark et al., 2005).

The present study adds to the existing imaging-placebo liter-
ature by evaluating genetic influences on the placebo response, by
statistically comparing placebo responders and nonresponders,
by using a typical double-blind pharmaceutical RCT model and
by assessing prolonged rather than acute placebo treatment.
However, our study was not powered to detect associations with
modest effect sizes, for example, potential small-size effects of the
5-HTTLPR on the clinical placebo response. Moreover, to avoid
mass comparisons, we focused on only two polymorphisms with
known modulatory effects on the amygdala. There are, however,
several relevant serotonin-related and other genes that could be
addressed in future work, such as the serotonin-1A-receptor gene
(5-HT1A-1019C/G) (Dannlowski et al., 2007) and the catechol-
O-methyltransferase gene (COMT Val158Met) (Smolka et al.,
2005). Functional connectivity analyses could be used in future
studies to examine how genes affect not only the amygdala re-
sponse to placebo but also pathways in a larger affective process-
ing network. It should also be noted that there are probably many
types of placebo responses with varying biological underpinnings
(Benedetti et al., 2005), and the current findings on placebo may
or may not be relevant for other settings, populations, and target
behaviors.

Although the present report demonstrates that serotonin-
related polymorphisms influence amygdala activity and the pro-
pensity to respond to placebo in patients with SAD, additional
work is necessary to elucidate the generalizability of the findings.
We predict, however, that studies combining neuroimaging and
molecular genetic techniques will reveal similar genetic influ-
ences also on other placebo-responsive conditions, which could
have important consequences for the planning and conduct of
RCTs. Meanwhile, the data presented here show the first evidence
of a link between serotonin-related genotypes, activity in a brain
region crucial for emotional processing, and the placebo response
phenotype in individuals treated for social anxiety.
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