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Generalized social anxiety disorder (GSAD) is characterized by aberrant patterns of amygdala-frontal connectivity to social signals of
threat and at rest. The neuropeptide oxytocin (OXT) modulates anxiety, stress, and social behaviors. Recent functional neuroimaging
studies suggest that these effects are mediated through OXT's effects on amygdala reactivity and/or amygdala-frontal connectivity. The
aim of the current study was to examine OXT's effects on amygdala-frontal resting-state functional connectivity (rsFC) in GSAD patients
and healthy controls (HCs). In a randomized, double-blind, cross-over design, 18 GSAD and 18 HC participants received intranasal OXT
(241U or 40.32 pg) or placebo (PBO) before resting-state functional magnetic resonance imaging. In individuals with GSAD, OXT
enhanced rsFC of the left and right amygdala with rostral anterior cingulate cortex (ACC)/medial prefrontal cortex (mPFC), and in doing
so, reversed (ie, ‘normalized’) the reduced amygdala-frontal connectivity observed relative to HCs evident on PBO. Higher social anxiety
severity in GSAD subjects correlated with lower amygdala-ACC/mPFC connectivity on PBO and higher social anxiety also correlated with
greater enhancement in amygdala-frontal connectivity induced by OXT. These findings show that OXT modulates a neural circuit known
for social threat processing and emotion regulation, suggesting a neural mechanism by which OXT may have a role in the

pathophysiology and treatment of social anxiety disorder.

INTRODUCTION

Oxytocin (OXT), a neuropeptide produced in the hypotha-
lamus, has been shown to have a prosocial effect on
behavior along with benefits on social cognition (Bartz et al,
2011). The social functions of OXT have been demonstrated
in various animal studies including its role in social
memory (Bielsky and Young, 2004), stress, and anxiety
(Carter et al, 2008). In humans, OXT has been demonstrated
to have a role in social memory, emotion perception, and
empathy (Bartz et al, 2011). This is consistent with the
distribution of OXT receptors in areas of the brain
associated with social and anxiety-related behaviors such
as the amygdala (Gimpl and Fahrenholz, 2001). While the
exact mechanism of OXT’s action is unknown, it has been
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postulated to exert an inhibitory effect via activation of
GABAergic interneurons within the amygdala (Ehrlich et al,
2009; Huber et al, 2005). In keeping with this hypothesis,
imaging studies in healthy human subjects have shown that
OXT attenuates amygdala response to faces showing anger
(Domes et al, 2007) and to fear conditioned socially relevant
faces (Petrovic et al, 2008).

Generalized social anxiety disorder (GSAD) is a common
psychiatric illness with exaggerated and pervasive fear of
negative scrutiny by others during social situations. It is
associated with significant psychiatric comorbidity, occupa-
tional, and social impairment (Stein and Stein, 2008). This
disorder is characterized by an exaggerated fear response
during the anticipation and perception of social evaluative
threat (Davidson et al, 2000; Phan et al, 2006). Functional
magnetic resonance imaging (MRI) studies have consis-
tently demonstrated amygdala hyperactivity in responses to
cues conveying threat in subjects with GSAD (Evans et al,
2008; Goldin et al, 2009; Phan et al, 2006; Stein et al, 2002).
The amygdala is anatomically and functionally connected to
areas of the frontal cortex, especially medial prefrontal
cortex (mPFC) (Ghashghaei et al, 2007; Kim et al, 2011)
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which is an area considered as a critical node in the brain’s
social cognitive network (Adolphs, 2009). Along with amyg-
dala hyperactivity, GSAD patients have also been demon-
strated to show exaggerated mPFC and anterior cingulate
cortex (ACC) activation in functional imaging studies (Amir
et al, 2005; Phan et al, 2006).

Convergent evidence suggests that OXT may have a key
role in disorders with social dysfunction including GSAD
and depression (Zink and Meyer-Lindenberg, 2012). Recent
neuroimaging studies looking at OXT effects in GSAD patients
found that, relative to healthy normal controls, OXT com-
pared with placebo (PBO) normalized the amygdala hyper-
activation elicited by fearful social stimuli (Labuschagne
et al, 2010). Similarly, OXT was also found to reduce the
heightened activation in the mPFC/ACC regions in GSAD
while processing sad faces (Labuschagne et al, 2011).

Advances in neuroimaging techniques have permitted the
examination of amygdala-frontal networks at rest. In the
absence of an overt task, resting-state functional MRI
(rsFMRI) permits the study of brain networks at baseline
and may allow for interpretation of a more pervasive deficit.
rsFMRI studies in GSAD patients have shown abnormal
amygdala-mPFC and amygdala-cingulate connectivity (Liao
et al, 2010; Prater et al, 2013). While previous neuroimaging
studies have primarily studied the effects of OXT on
activation of the amygdala, a limited number of studies
looking at effects of OXT on connectivity exist in the
literature. In a recent resting-state functional connectivity
(rsFC) study, Sripada et al (2013) demonstrated that OXT
enhanced connectivity between bilateral amygdala and
mPFC in healthy controls (HCs). Understanding the effects
of OXT on amygdala-cortical connectivity in GSAD would
therefore add to our understanding of the underlying
mechanisms of OXT’s central effects (Bethlehem et al, 2013)
and by which OXT may have a role in the pathophysiology
and/or treatment of GSAD.

The aim of this study was to explore the effects of OXT on
amygdala-frontal rsFC in GSAD patients and HCs. In a
randomized, double-blind PBO-controlled, cross-over design,
36 (18 healthy and 18 GSAD) male participants received
OXT or PBO 45min before rsFMRI. Given prior evidence
that amygdala and mPFC/ACC connectivity is disrupted in
GSAD, and that OXT reduced hyperactivation in the
amygdala and mPFC, we hypothesized that OXT would
‘normalize’ or reverse the pattern of altered amygdala-
mPFC/ACC connectivity in GSAD, such that the GSAD group
would exhibit reduced amygdala-mPFC/ACC at baseline
(under PBO) relative to the control group, and show
enhanced amygdala-mPFC/ACC connectivity on OXT.

MATERIALS AND METHODS
Subjects

This study included 18 right-handed males (29.9 +£10.2
years) with GSAD and 18 right-handed males (mean age
29.4 £ 9.0 years) who were HCs (Table 1). The participants’
age range was 19-55 years. Data from one HC participant
were excluded due to poor quality of data collected. A GSAD
diagnosis was determined by the Clinical International
Diagnostic Interview (CIDI) version 2.1 (WHO, 1997) and
the Liebowitz Social Anxiety Scale (LSAS) total score
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Table I Demographic and Clinical Characteristics

HC GSAD t-score®  p-Value
Age 29.89 (10.2)  29.39 (5.0) 0.156 0.877
Education 16.00 (2.5) 14.67 (1.6) 1.930 0.062
BDH-II 128 (1.9) 10.83 (7.5) —5265  <0.00l
BAI 2.17 (5.0) 16.89 (8.2) — 6503  <0.00l
State anxiety (STAI) 2359 (70) 3881 (15.8) —6.135  <0.00l
Trait anxiety (STAI®  27.35(82) 5044 (11.5) —7.785  <0.00l
LSAS: total 1394 (83) 8167 (175) —14828 <0.00l
LSAS: performance 689 (5.1) 3811 (11.0) —10916 <000I
LSAS: social situations ~ 7.06 (4.6) 43.56 (8.6) — 15876  <0.00I

Abbreviations: BAl, Beck Anxiety Inventory; BDI-Il, Beck Depression Inventory
version Il; GSAD, Generalized Social Anxiety Disorder subjects; HC, healthy
control subjects; LSAS, Liebowitz Social Anxiety Scale; STAI, State-Trait
Anxiety Inventory.

Data are expressed as mean (% SD; standard deviation); n= |8 per group.
“t-tests, two-tailed.

®Data missing from two GSAD (n= 16) and one HC (n=17) subjects.

(Liebowitz, 1987), and the diagnosis was confirmed with a
physician interview. The LSAS features 24 items, 13 relating
to performance anxiety and 11 concerning social situations.
GSAD subjects had an LSAS total score of >70 and a score
of >30 on each subscale for performance and situational
anxiety. The CIDI was used to confirm that no GSAD parti-
cipant had another anxiety disorder (such as generalized
anxiety disorder or panic disorder) that was more prominent
than GSAD. GSAD subjects had not experienced a depressive
episode in the 6 months before testing and had not abused
alcohol or a substance in the year before testing. GSAD
subjects also had no history of other psychiatric disorders
such as bipolar disorder, post-traumatic stress disorder, and
schizophrenia. All participants were non-smokers, were not
on medication (and were not previously on medication),
and did not have allergies. Participants also had not
experienced head injury or neurological trauma that resulted
in a loss of consciousness and did not have mental retarda-
tion. All participants were screened for other psychiatric
disorders using the CIDI and anxiety and depression
symptomatology was assessed with the Beck Depression
Inventory (BDI-II; Beck et al, 1996), Beck Anxiety Inventory
(BAI; Steer and Beck, 1997), and the State-Trait Anxiety
Inventory (STAIL Spielberger, 1983) and also underwent a
brief physical exam by a physician before testing. This study
was approved by the Standing Committee on Ethics in
Research involving Humans of Monash University and all
the subjects provided written informed consent.

Study Design and Drug Administration

The current study was a within-subjects, randomized,
double-blind, PBO-controlled, counterbalanced study. Each
participant received two acute treatments separated by a
1-week wash-out period. The two treatments were intranasal
sprays of OXT (241U or 40.32 ug) or PBO (same ingredients
as OXT minus the peptide). Each participant arrived for the
treatment sessions 1h before MRI scanning. Participants
did not consume food 1h before MRI scanning and did not



consume caffeine or alcohol on the day of testing. At 45 min
before the MRI scanning, each participant self-administered
the treatment of either OXT or PBO. Each participant
delivered the treatment to himself in portions of three puffs
of 41U or 6.72 ug per nostril. The puffs were delivered to
each nostril in an alternating order and with a 45-s break
between each puff to each nostril. The MRI scanning
commenced 45min post treatment because this is the
predicted optimal time necessary for OT’s effects to be
observed (Domes et al, 2007; Kirsch et al, 2005). The
participants also performed two different emotional face
processing tasks that typically occurred before the resting-
state scan, one involving threat (angry/fearful) faces
(Labuschagne et al, 2010) and another involving sad/happy
faces (Labuschagne et al, 2011); these data were analyzed
separately from the resting-state results and previously
published. OXT effects on subjective mood were previously
reported (Labuschagne et al, 2010).

Resting-State fMRI

Each subject was positioned supine in the MRI scanner with his
head in a comfortable restraint to reduce movement. Subjects
were instructed to keep their eyes closed, relax and let their
minds wander, but not to fall sleep. The scan lasted 3 min 20s.

MRI Acquisition

A 3T Siemens Tim Trio scanner with 12-channel head coil
was used to perform MRI. Functional images employed a
gradient-echo echo-planar imaging (EPI) sequence that is
sensitive to blood oxygenated level-dependent (BOLD)
contrast (40 ms TE, 2s TR, 90° flip, 210 mm FOV, 128 x
128 matrix, 25 contiguous 5mm slices parallel to the
hippocampus and interleaved). We also acquired from all
participants whole-brain T1-weighed anatomical reference
images (2.15ms TE, 1.9s TR, 9° flip, 256 mm FOV, 176
sagittal slices, 1 mm slice thickness, perpendicular to the
anterior-posterior commissure line).

Data Analysis

Connectivity analyses were performed using Statistical
Parametric Mapping software (SPM8: Wellcome Trust Centre
for Neuroimaging, London, UK) and the Functional
Connectivity (CONN) toolbox (Whitfield-Gabrieli and
Nieto-Castanon, 2012). All subjects met minimum move-
ment threshold of <3 mm in any direction to be included in
the analyses. Maximum total head movement and averaged
scan-to-scan (ie, between scan) head motion was measured
and compared between-sessions and between-groups to
ensure motion did not differ between conditions (see
below); averaged scan-to-scan head motion was incorpo-
rated as covariates in the fMRI analyses at the second level.
The preprocessing of the images included slice-time correc-
tion, motor realignment, normalization, and smoothing.
Using the component-based method, noise signals, such as
cerebrospinal fluid, white matter, movement parameters,
and time-series predictors of global signal, were removed
from the images (Behzadi et al, 2007). In the seed-based
analyses, temporal correlations of the resting-state BOLD
signal time series were examined between the left and right
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amygdala seed regions (anatomically derived regions of
interest/ROIs from the Automated Anatomical Labeling
toolbox based on the atlas of Tzourio-Mazoyer et al (2002)
and the rest of the brain. During first-level processing, an
individual contrast image was created for each participant.
During second-level processing, whole-brain voxel-wise
repeated measures analyses of variance (ANOVAs) were
performed in order to test for main effects of drug (OXT,
PBO), of group (GSAD, HC), and drug-by-group interac-
tions. To test our main prediction that GSAD would exhibit
reduced amygdala-mPFC/ACC at baseline (under PBO)
relative to controls and show enhanced amygdala-mPFC/
ACC connectivity on OXT, we focused on the results
showing significant drug-by-group interactions; however,
we also report significant main effects of drug and of group
for completeness. To determine significance within a priori
regions (mPFC, ACC) in which we had a strong hypothesis,
we restricted our analyses to these relevant using an
anatomically derived (AAL atlas) partial brain mask of
entire prefrontal cortex/frontal lobe (search volume =451
840 mm°, encompassing 56 480 voxels). For the ANOVA of
left and right amygdala connectivity, cluster-based signifi-
cance thresholding was used to adjust for multiple compa-
risons within the search volume. On the basis of simulations
(10000 iterations) and estimated smoothness (FWHM of
44mm x 5.6 mm x 5.6mm) performed with 3DClustSim
(http://afni.nimh.nih.gov/pub/dist/doc/program_help/
3dClustSim.html), a family-wise error correction at
2<0.05 is achieved with a voxel threshold of p<0.005 and
a cluster size of at least 44 voxels (352 mm?®). For a priori
areas showing drug-by-group interactions, we extracted
parameter estimates/i weights (connectivity values, arbi-
trary units) from the entire cluster for each subject to
conduct post hoc paired and independent samples t-tests
and illustrate the direction of effects. To investigate the
relationship between connectivity differences and clinical
symptom severity, we conducted Pearson’s correlation co-
efficient analyses to examine the relationship between
amygdala connectivity and social anxiety symptom severity
as measured by the total score of the LSAS (LSAS-Total) and
given the predicted function of OXT ‘prosocial’ effects, the
social situations subscore of the LSAS (LSAS-Social). Across
the rest of the brain, for completeness to obviate bias
and to generate new hypotheses, we show significant main
effects and interactions at p<0.005 (uncorrected) and a
minimum cluster extent threshold of 40 contiguous voxels
(volume = 320 mm®).

RESULTS

A significant drug-by-group interaction in rsFC was
observed between the left amygdala and the rostral ACC
(Brodmann Area (BA) 32) (MNI peak [12, 46, 0], F(1,65) =
11.16, p=0.001), encompassing a cluster (volume = 1008
mm’) extending anteriorly toward the rostral mPEC (BA 10,
subpeak at [4, 50, 2], F(1,65) =10.38, p=0.002) (Figure 1a;
Table 2). As predicted, post hoc t-tests revealed that: (1)
GSAD patients exhibited reduced left amygdala-ACC/mPFC
connectivity relative to HCs at baseline (on PBO),
t(1,33) = —2.58, p=10.015; (2) OXT (compared with PBO)
enhanced left amygdala-ACC/mPFC connectivity at a trend
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Resting-state functional connectivity brain maps for left and right amygdala showing: drug-by-group interactions exhibited from left amygdala to

ACC (a) and right amygdala to mPFC (b) connectivity. Extracted connectivity strength from left amygdala to ACC (c) and right amygdala to mPFC (d) for
each group in session. GSAD, generalized social anxiety disorder group; Healthy, healthy control group; OXT, oxytocin; PBO, placebo.

level in GSAD patients, #(1,17) =2.06, p=0.055), an effect
that was observed to be reversed in HCs, #(1,16) = — 2.63,
p=0.018; and (3) GSAD patients exhibited significantly
greater left amygdala-ACC/mPFC connectivity relative to
HCs on OXT alone, #(1,33) =2.47, p=0.019 (Figure lc).

Similarly, a significant drug-by-group interaction in rsFC
was observed between the right amygdala and the rostral
mPFC (BA 10) (MNI peak [10, 60, 4], F(1,65)=12.46,
p=10.001), encompassing a cluster (volume = 640 mm”) that
extended posteriorly toward the rostral ACC (BA 32,
subpeak at [6, 52, 8], F(1,65)=10.15, p=10.003) (Figure 1b;
Table 3). As predicted, post hoc t-tests revealed that: (1)
GSAD patients exhibited reduced right amygdala-mPFC/
ACC connectivity relative to HCs at baseline (on PBO) at
trend-level significance, #(1,33) = 1.911, p =0.065; (2) OXT
enhanced right amygdala-mPFC/ACC connectivity signifi-
cantly in GSAD patients, #(1,17) =4.889, p<0.001, an effect
opposite in HCs, #(1,16) = — 1.813, p =0.089; and (3) GSAD
patients exhibited greater right amygdala-mPFC/ACC con-
nectivity relative to HCs on OXT alone #(1,33) =3.135,
p=0.004 (Figure 1d).

Neuropsychopharmacology

Significant main effect of drug and main effect of group
on resting-state connectivity between left and right amyg-
dala with rest of brain (ie, outside a priori ACC/mPFC
regions) are also reported in Tables 2 and 3, respectively. Of
note, no between-group differences in movement were
observed for either maximum total movement (GSAD vs HC
on OXT: p=0.360; SAD vs HC on PBO: p=0.342) or
average movement between scans (GSAD vs HC on OXT:
p=0.664; GSAD vs HC on PBO: p =0.924). Neither group
showed session differences in either maximum total (OXT
vs PBO in GSAD: p =0.662; OXT vs PBO in HC: p =0.229)
or average movement between scans (OXT vs PBO in GSAD:
p=0.570; OXT vs PBO in HC: p=0.563).

In a post hoc exploratory analysis, we conducted
Pearson’s correlation coefficient analyses to examine the
relationship between amygdala-frontal rsFC and social
anxiety symptom severity as measured by the total score
of the LSAS (LSAS-Total) and given the predicted function
of OXT ‘prosocial’ effects, the social situations subscore of
the LSAS (LSAS-Social). At baseline (on PBO), there were
trend-level negative correlations between the left amygdala-



Oxytocin and resting amygdala connectivity in social anxiety
S Dodhia et al

Table 2 Whole-Brain Voxel-Wise ANOVA of Resting-State Functional Connectivity with Left Amygdala

Region MNI coordinates Voxels (k) F-score Z-score
X Y z

Drug-by-group interaction
L fusiform gyrus —40 —46 —-22 245 17.24 372
L inferior parietal lobule —26 —20 26 92 14.65 344
R heschl gyrus 46 —24 8 160 14.50 342
L superior temporal gyrus —44 -6 — 12 45 14.03 336
L anterior cingulate gyrus/ACC” — 10 42 6 126 [1.81 3.08

Main effect of drug
L precuneus — 18 —48 0 105 21.34 4.12
R cerebellum 44 —-80 —38 135 16.94 3.69
R cerebellum 54 —52 —40 52 16.44 3.64
L superior medial frontal gyrus — 10 28 54 42 13.48 330

Main effect of group
L middle frontal gyrus —26 28 54 220 19.14 392
R superior frontal gyrus 16 64 —18 41 17.03 3.70
R precuneus 4 -72 46 199 16.70 3.67
R superior temporal gyrus 40 4 —18 44 16.57 3.65
R cerebellum 24 —-90 —28 41 16.40 3.64
Cerebellum 0 —56 -50 144 16.03 359
L calcarine -6 —78 6 44 14.80 346
L middle frontal gyrus —34 10 62 48 14.49 342
R frontal subgyral 20 6 30 62 13.63 332
R angular inferior parietal lobule 40 —56 42 89 12.28 314

Abbreviations: ACC, anterior cingulate cortex; L, left; MNI, Montreal Neurologic Institute; R, right.
Reporting of all clusters exhibiting significance threshold at p <0.005 (uncorrected) with a cluster extent threshold of k (number of contiguous voxels) >40.
“Italics represent a priori areas of interest for significant drug-by-group interaction, corrected for multiple comparisons.

ACC/mPFC connectivity and LSAS-Social score (r= — 0.410,
p=0.091) as well as LSAS-Total scores (r= —0.422,
p=0.081) in GSAD patients (Figure 2a). The magnitude of
change seen on OXT compared with PBO in left amygdala-
ACC/mPFC connectivity in GSAD patients was also
positively correlated with their LSAS-Social score at trend
level (r=0.429, p=0.076) such that greater connectivity
after OXT administration was observed in those with higher
LSAS-Social scores. At baseline (on PBO), there was a
significant negative correlation between the right amygdala-
mPFC/ACC connectivity and LSAS-Social score (r= — 0.504;
p=0.033) in GSAD patients (Figure 2b). A trend-level
correlation was also observed between magnitude of change
in right amygdala-mPFC/ACC connectivity and LSAS-Social
score (r=0.407; p=0.094).

DISCUSSION

To our knowledge, this is the first study of OXT effects on
amygdala-frontal connectivity in an anxiety disorder. The
findings show that in individuals with GSAD, OXT enhances

rsFC of the left and right amygdala with rostral ACC/mPFC,
thereby reversing (ie, normalizing) the reduced amygdala-
frontal connectivity observed relative to healthy comparison
subjects. Arising from significant drug-by-group interac-
tions, these focal effects of OXT in similar frontal areas
(ACC and mPFC representing BAs 32 and 10, respectively)
from both left and right amygdala seed regions are note-
worthy. We also found that in GSAD subjects, higher social
anxiety correlates with lower amygdala-ACC/mPFC connec-
tivity on PBO and that higher social anxiety also correlated
with greater enhancement in amygdala-frontal connectivity
induced by OXT. These findings shed some light on a
putative neural target and mechanism for OXT’s effects.
The current results show that the resting-state connectiv-
ity from left and right amygdala to specific regions of the
frontal cortex (ACC and mPFC/rACC) is reduced in GSAD
patients when compared with HCs at baseline (on PBO).
These findings are consistent with two prior papers from
independent cohorts (Hahn et al, 2011; Prater et al, 2013).
Our findings of decreased amygdala mPFC/rACC connec-
tivity are further strengthened by the finding of significant
negative correlations between anxiety severity in social

Neuropsychopharmacology
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Table 3 Whole-Brain Voxel-Wise ANOVA of Resting-State
Functional Connectivity with Right Amygdala

Region MNI Voxels F- z-
coordinates (k) score score
X Y Zz

Drug-by-group interaction
L superior temporal gyrus —66 —42 18 67 18.42 3.85
L inferior temporal gyrus  —44 —12 —46 83 17.63 376
R superior occipital lobe 20 —88 36 70 13.22 326
R medial frontal gyrus/mPFC* 10 60 4 80 12.46 317
L calcarine -4 -9 —12 43 12.42 316

Main effect of drug
L inferior temporal gyrus =50 —6 —44 11| 18.46 3.85
R precentral gyrus 40 —6 40 64 17.16 372
L cerebrospinal fluid —16 —38 18 98 17.12 371
R Inferior Parietal Lobule 38 —46 28 53 15.19 3.50
R inferior parietal lobule 60 —26 34 47 14.08 337
R sublocar 24 —=30 14 40 13.32 328
R middle cingulum 4 -2 40 45 I1.28 301

Main effect of group
R superior frontal gyrus 18 50 12120 23.65 4.32
L frontal orbital gyrus —12 48 26 64 18.50 3.85
L brainstem -6 —26 —36 43 16.22 36|
R inferior frontal gyrus 36 26 14 123 1599 359
R paracentral lobule 6 —32 74 93 15.80 357
R medial frontal gyrus 18 46 -6 63 13.76 333

Abbreviations: L, left; MNI, Montreal Neurologic Institute; mPFC, medial
prefrontal cortex; R, right.

Reporting of all clusters exhibiting significance threshold at p <0.005
(uncorrected) with a cluster extent threshold of k (number of contiguous
voxels) >40.

“ltalics represent a priori areas of interest for significant drug-by-group
interaction, corrected for multiple comparisons.

situations (LSAS-Social score) and ACC/mPFC connectivity
with both left and right amygdala-ACC connectivity at
baseline (on PBO). This shows that GSAD patients with
relatively more severe levels of social interactional anxiety
have lower amygdala-ACC/mPFC connectivity than those
with less severe social interactional anxiety. Other studies
have suggested that the rACC has a regulatory role via top-
down control of amygdala reactivity in the processing of
negative emotions (Bishop et al, 2004; Etkin and Schatzberg,
2011). It has been posited that specifically the rostral ACC
and amygdala dynamically interact to regulate the proces-
sing of social signals of threat (Kim et al, 2011) and
resolving interference from social threat (Etkin et al, 2006),
which are processes highly relevant in GSAD (Goldin et al,
2009; Klumpp et al, 2012). Abnormalities involving the
mPFC/ACC in GSAD patients are not limited to resting-state
studies and have been shown in tasks involving emotion
appraisal. This suggests that the rACC/mPFC may have a

Neuropsychopharmacology
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mPFC (b) and severity of social anxiety as indexed by the Liebowitz Social
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role in regulating the processing of emotions, and that this
role may be compromised in GSAD patients (Klumpp et al,
2013b). The reduced left amygdala-rACC connectivity we
found in GSAD patients at resting state may indicate an
abnormal threat-emotion processing circuit in these patients
at baseline and may be a marker of the pathophysiology of
GSAD at rest and during threat perception (Prater et al,
2013).

Importantly, the findings also show that acute OXT
treatment significantly increases rsFC of left and right
amygdala to ACC/mPFC in GSAD patients. Remarkably, this
enhanced connectivity of amygdala bilaterally under the
influence of OXT was seen in a similar, but focal area of the
frontal cortex in contiguous BAs 32 and 10, both previously
known to interact with the amygdala during threat and
emotion regulation (Banks et al, 2007; Etkin et al, 2006;
Wager et al, 2008). Our findings of enhanced connectivity
suggest that OXT may have a role in ameliorating abnor-
malities associated with emotion regulation pathways in
GSAD observed at rest (Prater et al, 2013), suggesting a
neural mechanism by which OXT may exert its effects
acutely. Interestingly, some evidence has suggested that
OXT can be an effective treatment for GSAD (Guastella et al,
2009). The current findings and previous studies including
our own provide a neurobiological mechanism for a
potential behavioral effect. We had previously shown that
acute OXT exerted effects on the amygdala and mPFC/ACC
during the processing of threat and other negative emotions
(Labuschagne et al, 2010, 2011). Both the amygdala and
rostral ACC/mPFC are putative neural ‘targets’ of psycho-
social and pharmacological treatments known to be
effective in GSAD (Evans et al, 2009; Goldin et al, 2013;
Klumpp et al, 2013a; Phan et al, 2013). Furthermore, our
correlation analysis found that in GSAD patients, the
magnitude of change induced by OXT (from PBO) in left
amygdala-ACC/mPFC is correlated with the severity of
social interactional anxiety such that those with the highest
levels of anxiety may benefit the most from OXT treatment.
This suggest that OXT’s prosocial and/or anti-anxiety
effects may have its greatest effects in GSAD individuals
who exhibit the most attenuated amygdala-ACC/mPFC
connectivity at baseline.

We had previously shown that OXT enhances amygdala
connectivity to rostral ACC at rest in healthy volunteers
(Sripada et al, 2013). Interestingly, Zink and Meyer-
Lindenberg (2012) found that vasopressin, which is thought
to have an effect opposite to OXT by enhancing fear and
anxiety (Viviani and Stoop, 2008), decreased amygdala to
medial prefrontal connectivity in group of healthy volun-
teers. Augmentation of connectivity between ACC and
amygdala suggests increased interaction between these
regions under the influence of OXT. Therefore, this effect
of OXT may possibly be due to its ability to facilitate
enhanced interaction between two key brain regions
involved in the evaluation of social stimuli. Prior studies
including those involving GSAD patients have shown OXT
effects on these two brain regions. In two recent task-based
studies, we showed that OXT attenuates heightened activity
in the amygdala of GSAD patients after viewing fearful faces
(Labuschagne et al, 2010) and in the mPFC/ACC after they
view sad faces (Labuschagne et al, 2011). Our findings
therefore might provide a mechanistic explanation of the
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underlying processes involved in the dampening of amygdala
and medial frontal hyperactivity as has been reported
previously. These observations of enhanced connectivity
may be pertinent in other disorders associated with
amygdala-mPFC disruption and associated social dysfunc-
tion like depression, autism, and schizophrenia. Indeed,
OXT has been suggested as a novel therapeutic agent to
enhance socialization in autism (Farmer et al, 2013). This
therapeutic benefit may be due to improved amygdala-
mPFC connectivity.

Resting-state connectivity analysis assesses correlations
between spontaneous, slow (<0.1 Hz) fluctuations in brain
activation—regions exhibiting high degrees of coherence
during the resting state are thought to be functionally
interconnected in terms of flow of neural information and/or
mutual regulation (Fox and Raichle, 2007). This approach
helps identifying the brain regions coupled with each other
before task. Amygdala and ACC have been postulated to be
essential components of the brain’s ‘salience network’,
whereby it has a role in evaluating approaching stimuli and
have been considered to be critical nodes for social-affective
functioning. Deficits in amygdala-ACC connectivity have
been suggested to have a role in the brain models of GSAD.
There have been suggestions of possible tonic and phasic
alterations in this network (Prater et al, 2013). While OXT
appears to enhance resting-state connectivity in GSAD
patients, it would be interesting to see whether this would
also occur during tasks pertaining to emotion processing
and regulation. As this study assessed connectivity at a
resting state, further studies are needed to assess effects of
OXT on connectivity during emotion processing and
regulation.

The current findings should be considered in the context
of several limitations. First, we assessed amygdala con-
nectivity during the resting state. Future studies should
ascertain whether OXT affects connectivity during socio-
emotion processing and regulation tasks and to explore
whether this would be associated with social and/or emo-
tional functioning. Second, OXT has been shown to have
differential effects on emotional responding in males and
females (Domes et al, 2010). Our study explored OXT’s
effect only in males at rest, thus further studies are needed
to see whether our findings would generalize to women.
Third, this study does not permit identification of the
neurochemical mechanisms by which intranasal OXT affects
resting-state amygdala connectivity. Previous studies have
shown that OXT receptors in the amygdala potentiate
GABAergic inhibition (ie, Huber et al, 2005; Viviani et al,
2011). Whether this mechanism has a role in OXT modula-
tion of connectivity of the amygdala is however currently
unknown. Fourth, although the current sample is one of the
largest acute pharmaco-fMRI studies of an anxiety dis-
ordered patient population, our findings are limited by the
small sample size, introducing greater risk for Type II
errors, which is also contributed to by the shorter scan
duration (3 min 20s), relative to other resting-state studies
(Fox and Raichle, 2007); however, expected amygdala
connectivity patterns to mPFC, cingulate cortex, and insula
were still evident on the resting-state scans in HCs on PBO
session (data not shown). It should be noted the current
design does not allow us to disambiguate the effect of PBO
and thus the ‘baseline’ measure may not represent a true
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baseline and would more accurately be interpreted as
functional connectivity under PBO. The design also involved
the resting-state scans typically occurring after the emo-
tional faces processing scans, which could exert effects on
the resting-state condition; however, this is partly mitigated
by our PBO-controlled design. Finally, while acute PBO-
controlled pharmacological fMRI studies provide insight
into the effects OXT on rsFC, interpretations about mech-
anisms are limited and additional research is needed to
determine how these connectivity patterns relate to clinical
outcomes or to underlying dysfunctional processes, and to
measure test-retest reliability.

In conclusion, we coupled resting-state fMRI with an
acute pharmacological OXT challenge to examine the effects
of OXT on amygdala-frontal connectivity at rest in patients
with GSAD. We found that OXT enhanced functional con-
nectivity between amygdala and specific areas of the frontal
cortex (ACC and mPFC) in our patients with GSAD, which
constitute the neural circuit known for its role in social
threat processing and emotion regulation. These findings
add to our understanding of the neural mechanisms by
which OXT may have a role in the pathophysiology and/or
treatment of social anxiety disorder.
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