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Several lines of research have illustrated that negative environments can precipitate psychopathology,
particularly in the context of relatively increased biological risk, while social resources can buffer the
effects of these environments. However, little research has examined how social resources might buffer
proximal biological risk for psychopathology or the neurobiological pathways through which such buffer-
ing may be mediated. Here we report that the expression of trait anxiety as a function of threat-related
amygdala reactivity is moderated by perceived social support, a resource for coping with adversity. A

i‘r?; ‘;‘g;ds" significant positive correlation between amygdala reactivity and trait anxiety was evident in individuals
Social support reporting below average levels of support but not in those reporting average or above average levels.
Amygdala These results were consistent across multiple measures of trait anxiety and were specific to anxiety in
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that they did not extend to measures of broad negative or positive affect. Our findings illuminate a biolog-
ical pathway, namely moderation of amygdala-related anxiety, through which social support may confer
resilience to psychopathology. Moreover, our results indicate that links between neural reactivity and
behavior are not static but rather may be contingent on social resources.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

A substantial literature highlights the critical role of stressful
or adverse circumstances in precipitating psychopathology, par-
ticularly in relation to individual differences in personality, brain
function, and genetic predisposition (Caspi, Hariri, Holmes, Uher,
& Moffitt, 2010; Caspi et al., 2003; Costello et al., 2002; Monroe &
Simons, 1991). In general, epidemiological studies have reported
increased risk for psychopathology, particularly mood and anxiety
disorders, in individuals having encountered a variety of adverse
or stressful situations including childhood maltreatment, violent
crime, divorce, unemployment, and medical illness (Hammen,
2005; Kendler, Karkowski, & Prescott, 1999; Monroe & Simons,
1991). In parallel, human neuroimaging studies have revealed that
increased sensitivity of neural circuitries, especially the amygdala,
to threat and stress may mediate this risk (Price & Drevets, 2010).

Reactivity of the amygdala to threat-related cues such as emo-
tional faces has been linked to trait anxiety (Fakra et al., 2009),
anxiety disorders (Phan, Fitzgerald, Nathan, & Tancer, 2006), and
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depression (Monk et al., 2008; Siegle, Steinhauer, Thase, Stenger, &
Carter, 2002), and therefore represents a well researched biological
risk factor for negative psychological outcomes. The link between
trait anxiety and amygdala reactivity is particularly robust and seen
across many different studies and approaches (Dickie & Armony,
2008; Etkin et al., 2004; Fakra et al., 2009; Haas, Omura, Constable,
& Canli, 2007; Hariri, 2009; Killgore & Yurgelun-Todd, 2005; Most,
Chun, Johnson, & Kiehl, 2006; Ray et al., 2005; Stein, Simmons,
Feinstein, & Paulus, 2007). Thus, this research suggests that vari-
ability in anxiety, an individual’s behavioral sensitivity to threat
and stress, reflects in part both the underlying reactivity of these
neural circuitries as well as the risk for psychopathology associated
with stress and adversity (Hariri, 2009).

Partly in response to the work emphasizing the harmful psy-
chological effects of negative environments, resiliency research has
explored factors that may buffer against negative environments
and biological risk leading to positive outcomes even in unfavorable
environments (Cohen & Hoberman, 1983; Masten, 2001; Masten &
Coatsworth, 1998; Rutter, 2006). One such buffering factor is social
support, which typically reflects people in an individual’s life (fam-
ily, friends, neighbors, community members) that are available in
times of need and can provide resources such as emotional support
(someone with whom to communicate), companionship (someone
with whom to spend time and share activities), and instrumen-
tal aid (financial and material resources; Cohen & Wills, 1985).
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Social support has been shown to buffer the relationship between
negative life events and depressive symptomatology (Cohen &
Hoberman, 1983; Cohen, McGowan, Fooskas, & Rose, 1984), and has
been associated broadly with well-being and health, both directly
and as abuffer against stressful circumstances (Turner, 1981). Inter-
estingly, perceptions of social support are often more powerful in
predicting the buffering effects of this support than objective mea-
sures (Cohen et al., 1984). For example, in a review of the stress
and social support literature, Cohen and Wills (1985) concluded
that studies assessing perceptions of social support found evidence
for the “buffering” effect of social support (social support predicted
more positive outcomes only during times of stress), whereas those
using more objective measures of social support generally found
only a main effect of social support (the support predicted positive
outcomes regardless of levels of stress). Thus, individuals’ subjec-
tive appraisal of their social support may be particularly important
in evaluating the effects of social support as a moderator between
biological risk and health related outcomes.

In the current study, we asked if perceived social support, a
resource for coping with adversity, moderates the link between
amygdala reactivity to threat-related cues and the expression of
trait anxiety, a well-established personality risk factor for psy-
chopathology (Kendler, Kuhn, & Prescott, 2004; Lahey, 2009). To do
so, we used blood oxygen level-dependent functional MRI (BOLD
fMRI) to assess threat-related amygdala reactivity in 103 healthy
adults. Social support was measured using the Interpersonal Sup-
port Evaluation List, a self-report measure of perceived availability
of potential social resources including material aid, as well as indi-
viduals with whom one can interact and share experiences (Cohen
& Hoberman, 1983; Cohen & Wills, 1985). Multiple indices of per-
sonality, mood, and affect as well as an index of recent negative
life experiences were also assessed via self-report to examine the
specificity of links between social support, amygdala reactivity, and
trait anxiety.

2. Materials and methods
2.1. Participants

103 participants (45% male; mean age =44.5 years; SD = 6.8; range: 31-54 years)
were recruited from a larger community sample of 1379 middle-aged volunteers
who were in good general health and free of major medical or psychiatric illnesses
(Fakra et al., 2009; Manuck et al., 2010). Written informed consent according to the
guidelines of the University of Pittsburgh’s institutional review board was provided
by all subjects before their participation in the neuroimaging subcomponent of the
larger project. All participants included in these analyses were in good general health
and free of the following: (1) medical diagnoses of cancer, stroke, diabetes requiring
insulin treatment, chronic kidney or liver disease, or a lifetime history of psychotic
symptoms; (2) use of psychotropic, glucocorticoid, or cardiovascular (e.g., antihy-
pertensive or antiarrhythmic) medication; (3) conditions that affect cerebral blood
flow and metabolism (e.g., hypertension); and (4) any current DSM-IV Axis I disor-
der as assessed by the nonpatient version of the Structured Clinical Interview for
DSM-IV. Participants reported their race as follows: 88% reported being European-
American, 7% reported being African American, and 4% reported being other races
(Asian-American, Multi-racial, or other).

2.2. Amygdala reactivity paradigm

We used a well-characterized and widely used fMRI challenge paradigm that
elicits robust bilateral amygdala reactivity to threat-related cues (Bigos et al., 2008;
Brown et al., 2005; Fakra et al., 2009; Fisher et al., 2009; Fisher, Meltzer, Ziolko, Price,
& Hariri, 2006; Hariri et al., 2009; Manuck, Brown, Forbes, & Hariri, 2007; Manuck
et al.,, 2010). The paradigm consists of 4 blocks of a perceptual face-processing task
interleaved with 5 blocks of a sensorimotor control task. During face-processing
blocks, participants view a trio of faces (expressing either anger or fear) and select
1 of 2 faces (bottom) that is identical to a target face (top). Angry and fearful
facial expressions can represent honest indicators of an ecologically valid threat
and have likely been associated with negative outcomes in the past. In this context,
we interpret the amygdala activation elicited by our task as being threat-related.
Each face-processing block consists of 6 images, balanced for gender and target
affect (angry or fearful), all of which were derived from a standard set of pictures of
facial affect (Ekman & Friesen, 1976). During the sensorimotor control blocks, par-
ticipants view a trio of simple geometric shapes (circles and vertical and horizontal

ellipses) and select 1 of 2 shapes (bottom) that are identical to a target shape (top).
Each sensorimotor control block consists of 6 different shape trios. All blocks are
preceded by a brief instruction (“match faces” or “match shapes”) that lasts 2s. In
the face-processing blocks, each of the 6 face trios is presented for 4 s with a variable
inter-stimulus interval (ISI) of 2-6s (mean=4s), for a total block length of 48 s. In
the sensorimotor control block, each of the 6 shape trios is presented for 4 s with a
fixed inter-stimulus interval of 2 s, for a total block length of 36s. Total task time is
390s.

2.3. BOLD acquisition parameters

Each participant underwent scanning with a Siemens 3-T MAGNETOM Allegra
(Siemens AG, Erlangen, Germany), which was developed specifically for advanced
brain imaging applications and is characterized by increased T2* sensitivity and fast
gradients (slew rate, 400 T/m/s), which minimize echospacing, thereby reducing
echoplanar imaging geometric distortions and improving image quality. Blood oxy-
gen level-dependent (BOLD) functional images were acquired with a gradient-echo
EPI sequence (TR/TE=2000/25 milliseconds, FOV =20 cm, matrix = 64 x 64), cover-
ing 34 interleaved axial slices (3 mm). All scanning parameters were selected to
optimize the quality of the BOLD signal while maintaining a sufficient number of
slices to acquire whole-brain data. Before collecting fMRI data for each participant,
we acquired a reference echoplanar imaging scan, which we visually inspected for
artifacts (e.g., ghosting) and good signal across the entire volume of acquisition,
including the amygdala. Additionally, an autoshimming procedure was conducted
before the acquisition of BOLD data in each participant to minimize field inhomo-
geneities.

2.4. Image processing and analysis

Whole-brain image analysis was completed using the general linear model
of SPM2 (http://www.fil.ion.ucl.ac.uk/spm). Images for each participant were
realigned to the first volume in the time series to correct for head motion, spa-
tially normalized into standard stereotactic space (Montreal Neurological Institute
template) using a 12-parameter affine model, and smoothed to minimize noise and
residual difference in gyral anatomy with a Gaussian filter (6 mm FWHM). Voxel-
wise signal intensities were ratio-normalized to the whole-brain global mean.

Following preprocessing, linear contrasts employing canonical hemodynamic
response functions were used to estimate condition-specific (faces > shapes) con-
trast images for each individual, which were used in second-level random effects
models accounting for scan-to-scan and participant-to-participant variability to
determine mean condition-specific regional responses using one-sample t-tests
(voxel threshold = p <.05, FDR-corrected; cluster threshold >10 contiguous voxels).

2.4.1. Amygdala regions of interest

BOLD contrast estimates were extracted from functional clusters exhibiting a
main effect of task using the above threshold within anatomically defined amygdala
regions of interest (ROIs). Due to structural and functional heterogeneity of amyg-
dala nuclei implicated in the processing of threat-related cues, we independently
examined the ventral and dorsal amygdala, which encompass the amygdala’s prin-
cipal input and output regions, respectively (Manuck et al., 2010). We constructed
hemisphere-specific ROIs using Marsbar (version 0.41) for the ventral amygdala,
which encompassed the basolateral complex, and for the dorsal amygdala, which
encompassed the central nucleus as well as the sublenticular extended amygdala
and nucleus baysalis of Meynert. The ventral amygdala ROIs were anchored by MNI
coordinates x=+21, y=-3, z=-23, with widths of 14 mm, 6 mm, and 6 mm along
the x-, y-, and z-axes, respectively. The total volume of the ventral amygdala ROI
was 1024 mm? in each hemisphere. The dorsal amygdala ROI was anchored by the
MNI coordinates x=+421, y=—4, z=-13, with widths of 14 mm, 8 mm and 10 mm
along the x-, y-, and z-axes, respectively. The total volume of the dorsal amygdala
ROI was 1920 mm? in each hemisphere. The reported widths reflect the total for the
ROl along each axis and are centered on the MNI coordinate anchoring each axis (i.e.,
with x=21 and width =14 mm, the range of coordinates included along that axis of
the ROI are from x = 14 to x = 28). The posterior extent of both the dorsal and ventral
amygdala was carefully defined to exclude the hippocampus.

2.5. Self-report measures

The Interpersonal Support Evaluation List (ISEL) measures the perceived availabil-
ity of social support through self-report (Cohen & Hoberman, 1983). This measure
assesses availability of support across four domains: availability of material aid,
availability of someone to talk to about one’s problems, availability of a positive
comparison when comparing one’s self to others, and availability of people with
whom one can do things.

The Revised NEO Personality Inventory (NEO-PI-R) contains the trait Neuroticism
(N) characterized by emotional distress, negative affect, and lack of emotional sta-
bility. The N1 subscale of Neuroticism measures Anxiety. Those high on “Anxiety”
in this scale are characterized by anxiousness, fearfulness, worrying, and feelings of
nervousness. The trait Extraversion (E) is characterized by sociability and tendency
to experience positive emotions (Costa & McCrae, 1992, 1995).
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The Temperament and Character Inventory (TCI) contains the trait Harm Avoid-
ance (HA) characterized by excessive worrying, pessimism, and shyness. The H1
subscale of HA measures anticipatory worry (Cloninger, Przybeck, Svrakic, & Wetzel,
1994). Those high on anticipatory worry express apprehension, uncertainty, and fear
about future events and exhibit a pervading sense of pessimism (Cloninger, Svrakic,
& Przybeck, 1993).

The State-Trait Anxiety Inventory (STAI) contains a Trait Anxiety scale (STAI-T)
measuring general and long standing feelings of apprehension, tension, nervous-
ness, and worry (Spielberger, 1983).

The Positive Affect Negative Affect Schedule (PANAS) measures independent con-
structs of Positive and Negative Affect as both personality states and traits (Watson,
Clark, & Tellegen, 1988).

2.6. Statistical analyses

Interactions were analyzed using PASW (v.18, SPSS Inc.) according to the guide-
lines of Preacher et al. (Preacher, Curran, & Bauer, 2006). The main effects of
amygdala reactivity, social support, and the amygdala reactivity-social support
interaction term were entered into a regression predicting anxiety while controlling
for gender. Each regression was run for all combinations of amygdala reactivity (left
versus right and dorsal versus ventral) and anxiety (N1, HA, H1, STAI-T, latent anxi-
ety construct). Identical analyses were conducted with measures of negative affect
(neuroticism, negative affect) and positive affect (extraversion, positive affect) as an
outcome. Our latent trait anxiety construct was composed of N1,H1, and STAI-T. This
latent construct was constructed using a confirmatory factor analysis in Mplus (v.5),
all factors demonstrated high loadings (all>.79), and factor scores were extracted
and used to test subsequent interactions.

3. Results

Consistent with prior reports (Manuck et al., 2010), there was
robust bilateral activation within our anatomically defined ventral
and dorsal amygdala ROIs.

Social support was correlated with measures of trait anxi-
ety (r=-.26 to —.48, p<.01), but not with measures of amygdala
reactivity (r=-.09 to —.13, p>.15). In interaction analyses, social
support predicted anxiety and moderated amygdala-related anx-
iety (Table 1). Moreover, these results were consistent across
multiple measures of anxiety and highly specific to anxiety. In those
reporting less than average levels of social support, amygdala reac-
tivity was positively and significantly correlated with measures of
anxiety. However, in those reporting average or above average lev-
els of support there was no correlation or non-significant negative
correlation between these variables. The results were in the same
direction for dorsal and ventral regions of the amygdala but much
stronger in the dorsal regions (interaction terms predicting latent
anxiety: left dorsal 8=—.265, p=.005; left ventral 8=—-.122,p=.18;
right dorsal 8=-.267, p=.005; right ventral §=-.078, p=.40).

Whereas this general pattern of moderation was present across
broad measures of negative affect and emotionality (i.e., neu-

Table 1

Summary of regressions predicting outcomes with main effects and interaction
terms for self-report measures of anxiety, affect and social support, and left dorsal
amygdala reactivity while controlling for gender.

Outcome measure Left dorsal Social Interaction
amygdala support term
B B B
Broad negative affect measures
NEO-PI-R-Neuroticism 136 —457** —.097
PANAS-Negative Affect 101 —.323** —.082
Specific anxiety measures
Latent Construct of Anxiety .082 —.355%** —.265**
NEO-N1-anxiety -.012 —.225* 231
TCI-Harm Avoidance .039 —.389*** -.191*
TCI-Harm Avoidance .158* —.300"* —.305"**
H1-anticipatory worry
STAI-Trait Anxiety .085 —.438"** —-.156"
Positive emotion and affect measures
PANAS-Positive Affect .014 .505*** .094
NEO-PI-R-Extraversion .022 461" .095

*p<.10; *p<.05, *p<.01, **p<.001.
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Fig. 1. Left dorsal amygdala reactivity differentially predicts a latent construct of
anxiety as a function of perceived social support. The significant interaction term
(B=-.265,p<.01) and simple slopes indicate that amygdala reactivity has a signifi-
cant and positive correlation with anxiety at below average levels of social support
(at 1 SD below the mean of social support, the simple slope=1.56, SE=.55, p=.005);
however, at average or above average (+1 SD) levels of social support, this rela-
tion is not statistically significant (at 1 SD above the mean of social support the
simple slope =—.824, SE=.59, p=.17 and at the mean of social support the simple
slope =.368, SE =.39, p>.3). Amygdala reactivity did not have a main effect on anxiety
(B=.082, p>.3). Social support was negatively associated with anxiety (8=—-.364,
p<.001). All analyses controlled for gender. AU: arbitrary units; SD: standard devia-
tion. The latent construct of anxiety was derived from a confirmatory factor analysis
of the three different self-report measures of trait anxiety used in our study and
thus reflects the measurement of trait anxiety common to and underlying all three
separate measures.

roticism, negative affect), the interaction terms did not reach
significance. However, there were strong and significant interac-
tions when analyzing specific subscales within these and other
measures that selectively assess anxiety (i.e., anxiety proneness,
harm avoidance, anticipatory worry, and trait anxiety). Interest-
ingly, the results were strongest when a latent construct of anxiety
was derived from these subscales and used as an outcome (Fig. 1).
Moreover, within the various measures of anxiety, results were par-
ticularly strong for the anticipatory worry scale of harm avoidance.
Similar analyses with measures of positive emotion and affect (i.e.,
extraversion, positive affect) did not produce significant results
(Table 1).

When examining the interaction within the left dorsal amyg-
dala predicting the latent anxiety construct using simple slope
calculations, the pattern of results became more evident: amygdala
reactivity had a significant and positive correlation with anxi-
ety at below average levels of social support (at 1 SD below the
mean of social support, the simple slope=1.56, SE=.55, p=.005),
but at average or above average (+1 SD) levels of social support
this relationship was not statistically significant (+1 SD: simple
slope=-.824, SE=.59, p=.17; mean: simple slope=.368, SE=.39,
p>.3).

By using interaction methods described above (Preacher et al.,
2006), we were able to determine at what values of social support
the relationship between left dorsal amygdala reactivity and the
latent construct of anxiety became significant. In this regression,
there was a significant positive relationship between amygdala
reactivity and anxiety for those at or below .38 standard deviations
below the mean of social support. As 34 of the 103 participants had
social support scores that fell below this mark, this positive rela-
tionship between amygdala reactivity and anxiety is quite salient,
even in this community sample. A statistically significant negative
relationship between amygdala reactivity and anxiety only the-
oretically emerges for those 1.66 standard deviations above the
mean of social support, which is beyond the range of reported social
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Table 2

Summary of additional corticolimbic regions of interest (ROI) tested for interaction
effects with social support. Note that each regression included gender as a covariate,
main effects of social support, main effects of the ROI, and the interaction between
ROI and social support. Maximum voxel coordinates for each ROI are reported in
MNI (ICBM 152) space.

Interaction term:
ROI x Social support (8)

Region of interest (ROI)

Orbitofrontal cortex (BA11)

X=2,Y=56,Z=-14 —.267*"
Ventrolateral prefrontal cortex (BA47)

Right: X=32,Y=34,Z=-16 —.265"*

Left: X=-26,Y=12,Z=-20 —-.156*
Hippocampal formation

Right: X=28,Y=-12,Z=-18 -.170

Left: X=-28,Y=-14,Z=-14 -.014
Posterior fusiform gyrus

X=40,Y=-46,Z=-20 .040

*p<.10; *p<.05, **p<.01, ***p<.001.

support values (range 6-36, mean = 28.5; SD =6.5). Thus, while the
line in Fig. 1 depicting the relationship between anxiety and amyg-
dala reactivity for those high on social support appears to have a
negative slope, this slope is not statistically significant and would
not be statistically significant within the present range of data (see
Supplemental Figure 1 for a plot of all participants’ scores).

To determine if these interaction effects were specific to
amygdala reactivity, we examined several regions of interest in
an extended corticolimbic circuitry also engaged by our fMRI
paradigm. These regions of interest included orbitofrontal cortex
(OFC; BA11), as well as bilateral ventrolateral prefrontal cortex
(VIPFC; BA47) and hippocampal formation, and right posterior
fusiform gyrus (see Supplemental Methods). Using methods iden-
tical to those for amygdala reactivity, we examined whether
extracted BOLD values from each of these brain regions interacted
with social support to predict the latent construct of trait anxiety.
We found a significant interaction effect between social support
and task-related activation in OFC and right vIPFC. No significant
interaction effects were found for the other brain regions, although
a trend emerged for left vIPFC (Table 2). For regions exhibiting a
significant interaction effect (i.e., OFC and right vIPFC), the graphs
of these interactions and simple slope analyses were nearly iden-
tical to those for the amygdala: at below average levels of social
support there was a significant positive relationship between acti-
vation and anxiety, but at average or above average levels of social
support there was no significant relationship.

4. Discussion

Our findings reveal that the behavioral expression of threat-
related amygdala reactivity as anxiety is significantly moderated
by the perceived availability of social support. Specifically, the
commonly observed positive correlation between threat-related
amygdala reactivity and anxiety (Dickie & Armony, 2008; Etkin et
al., 2004; Fakra et al., 2009; Haas et al., 2007; Hariri, 2009; Killgore
& Yurgelun-Todd, 2005; Most et al., 2006; Ray et al., 2005; Stein
et al,, 2007) was absent in individuals reporting average or above
average levels of social support. In contrast, there was a significant
positive correlation between amygdala reactivity and anxiety in
those reporting below average levels of support.

The moderating role of social support was specific to the link
between threat-related amygdala reactivity and the expression
of negative affect and emotionality, especially anxiety, and did
not extend to positive emotion or affect. Remarkably, this social
support contingent effect was strongest for covariation between
anxiety and reactivity of bilateral dorsal amygdala regions encom-
passing the central nucleus, sublenticular extended amygdala

and nucleus baysalis of Meynert, which collectively drive behav-
ioral and physiological arousal, two hallmarks of anxiety (Davis,
Johnstone, Mazzulla, Oler, & Whalen, 2010). This point is partic-
ularly salient when considering that main effects and interaction
effects were strongest when examining a latent construct of anxiety
and the specific anticipatory worry subscale of harm avoidance as
outcomes. These results highlight the relationship between anxiety
as measured as a latent variable across different scales and the more
specific construct of anticipatory worry as they relate to specific
regions of the extended amygdala previously linked with hyper-
vigilance or heightened anticipation of threat or harm (Somerville,
Whalen, & Kelley, 2010). Consistent with this interpretation, the
modulatory effect of social support extended to two prefrontal
brain regions, namely the OFC and vIPFC, which exhibit recipro-
cal structural and functional interactions with the amygdala, and
together comprise a core circuitry supporting the generation, inte-
gration and regulation of behavioral and physiologic arousal. In
contrast, the modulatory effect of social support did not extend to
the hippocampal formation or posterior fusiform gyrus, two brain
regions also interconnected with the amygdala but contributing to
contextual memory consolidation and perceptual acuity, respec-
tively, rather than emotional arousal.

More broadly, our findings suggest the intriguing possibility
that behavioral expression of underlying variability in brain func-
tion can be shaped by external factors and that biology may
not necessarily or uniformly predict behavior. While gene-by-
environment interaction research has already demonstrated that
biological factors distal to behavior (i.e., genetic polymorphisms)
do not uniformly affect behavior in the form of increased risk
for psychopathology (Caspi et al., 2002, 2003), the current study
emphasizes that similarly meaningful interactions may occur at the
level of more proximate biology (i.e., neural reactivity), and that the
link between even such proximate factors and behavior is not only
probabilistic but subject to the moderating effects of social context.

While we believe these findings are important both for our
understanding of the link between threat-related amygdala reac-
tivity and trait anxiety specifically and for developing models of
biological risk and psychopathology more broadly, there are some
limitations worth noting. First, our measure of social support rep-
resents only subjective perceptions of support. Although some
literature indicates that perceptions of these resources are more
important than objective measures, particularly in the context of
buffering risk for negative outcomes (Cohen et al., 1984), it would
have been helpful to have had additional objective measures of
social support such as reports from other informants. Second, there
is some nontrivial overlap in the constructs of amygdala reactiv-
ity, perceived social support and trait anxiety in that they all may
contain a component related to the appraisal of threat. However,
as social support was not correlated with amygdala reactivity, we
believe these measures index conceptually different constructs.
Moreover, we conducted identical analyses using self-reported
recent negative life events (Cohen, Tyrell, & Smith, 1991), which
include similar reports of subjective perceptions (e.g., how much
each event impacted participants) and appraisal of threat, but
did not find significant moderation effects (data available upon
request). This implies that the results we present are likely spe-
cific to social support. Third, the current study is cross-sectional.
Thus, it is impossible to determine the direction of effects. While
we conceptualize social support as a buffering independent vari-
able, itis possible that differences in perceived social support follow
from differences in trait anxiety. For example, those higher on
trait anxiety may make less of an effort to acquire social support
or may evoke less social support. Hence, this possible evocative
gene—environment correlation could support the possibility that
differences in social support could be the effect rather than cause
of trait anxiety. Future studies that prospectively assess the links



L.W. Hyde et al. / Neuropsychologia 49 (2011) 651-656 655

between these variables are needed to address this issue. Finally,
while a notable strength of our study was the use of a large com-
munity sample in which there was continuous variability in trait
anxiety and social support, these results need to be replicated
across different populations. For example, although clinical pop-
ulations may confound trait anxiety and social support (i.e., those
in the patient group are likely to have lower levels of social sup-
port), intervention studies that focus on modifying social support
(e.g., interpersonal therapy) may be able to examine the explicit
moderating role of social support in these populations with obvious
clinical implications.

It is worth noting several additional strengths of our approach
such as the substantial sample size for a neuroimaging study, a
widely used, well validated, and extensive measure of perceived
social support, use of multiple measures of anxiety and compar-
ison to measures of other forms of affect and personality, and
a conservative analytic approach. As noted in the methods, we
extracted our amygdala reactivity values from functional clusters
within anatomical regions of interest based on the main effects of
our fMRI challenge paradigm. Hence, we avoided any possibility of
correlations that are artificially inflated due to extraction and cor-
relation techniques that capitalize on the same data twice (Viviani,
2010). In sum, our analytic method was quite conservative and
yet still demonstrated robust effects across multiple measures of
anxiety.

Collectively, our results provide evidence that social support,
a resource for coping with adversity, acts to buffer or mitigate
the expression of anxiety as a function of an individual’s amyg-
dala response to threat-related cues. Although largely independent
lines of inquiry have implicated both biases in the reactivity of
neural systems as well as environmental circumstances in the
etiology of psychopathology, our study directly examined the
potential interactions of these factors. More broadly, we pro-
vide critical evidence that predictive links between measures
of variability in brain function and behavior are not static but
rather may be powerfully shaped by external factors. Thus, the
current work not only informs our understanding of specific envi-
ronmentally moderated biological pathways related to risk for
psychopathology, but also our theoretical understanding of how
neural reactivity maps onto behavior as a function of environmental
context.

Acknowledgements

We wish to thank Patrick M. Fisher and Kelley M. Kidwell for
help with manuscript preparation. This work was supported by NIH
grants HL040962, HL065137 (to S.B.M.) and MH072837 (to A.R.H.).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.neuropsychologia.2010.08.025.

References

Bigos, K. L., Pollock, B. G., Aizenstein, H. ]., Fisher, P. M., Bies, R. R., & Hariri, A. R.
(2008). Acute 5-HT reuptake blockade potentiates human amygdala reactivity.
Neuropsychopharmacology, 33, 3221-3225.

Brown, S. M., Peet, E., Manuck, S. B., Williamson, D. E., Dahl, R. E., Ferrell, R. E., et
al. (2005). A regulatory variant of the human tryptophan hydroxylase-2 gene
biases amygdala reactivity. Molecular Psychiatry, 10, 884-888.

Caspi, A., Hariri, A.R., Holmes, A., Uher, R., & Moffitt, T. E. (2010). Genetic sensitivity to
the environment: The case of the serotonin transporter gene and its implications
for studying complex diseases and traits. The American Journal of Psychiatry,

Caspi, A., McClay, J., Moffitt, T. E., Mill, J., Martin, ]., Craig, I. W., et al. (2002). Role of
genotype in the cycle of violence in maltreated children. Science, 297, 851-854.

Caspi, A., Sugden, K., Moffitt, T. E., Taylor, A., Craig, I. W., Harrington, H., et al. (2003).
Influence of life stress on depression: Moderation by a polymorphism in the
5-HTT gene. Science, 301, 386-389.

Cloninger, C.R., Przybeck, T.R., Svrakic, D. M., & Wetzel, R. D. (1994). The temperament
and character inventory: A guide to its development and use. St. Louis: Washington
University Center for Psychobiology and Personality.

Cloninger, C. R., Svrakic, D. M., & Przybeck, T. R. (1993). A psychobiological model of
temperament and character. Archives of General Psychiatry, 50, 975-990.

Cohen, L. H., McGowan, J., Fooskas, S., & Rose, S. (1984). Positive life events and social
support and the relationship between life stress and psychological disorder.
American Journal of Community Psychology, 12, 567-587.

Cohen, S., & Hoberman, H. M. (1983). Positive events and social supports as buffers
of life change stress. Journal of Applied Social Psychology, 13, 99-125.

Cohen, S., Tyrell, D. A., & Smith, A. P. (1991). Psychological stress and susceptibility
to the common cold. The New England Journal of Medicine, 325, 606-612.

Cohen, S., & Wills, T. A. (1985). Stress, social support, and the buffering hypothesis.
Psychological Bulletin, 98, 310-357.

Costa, P. T., Jr., & McCrae, R. R. (1992). Revised NEO Personality Inventory (NEO-PI-R)
and NEO Five-Factor Inventory (NEO-FFI) Professional Manual. Odessa: Psycholog-
ical Assessment Resources.

Costa, P. T., Jr., & McCrae, R. R. (1995). Domains and facets: Hierarchical personality
assessment using the revised NEO personality inventory. Journal of Personality
Assessment, 64, 21-50.

Costello, E. ]J., Pine, D. S., Hammen, C., March, J. S., Plotsky, P. M., Weissman, M.
M, et al. (2002). Development and natural history of mood disorders. Biological
Psychiatry, 52, 529-542.

Davis, F. C.,, Johnstone, T., Mazzulla, E. C,, Oler, J. A., & Whalen, P. J. (2010). Regional
response differences across the human amygdaloid complex during social con-
ditioning. Cerebral Cortex, 20, 612.

Dickie, E. W., & Armony, J. L. (2008). Amygdala responses to unattended fearful faces:
Interaction between sex and trait anxiety. Psychiatry Research-Neuroimaging,
162,51-57.

Ekman, P., & Friesen, W. (1976). Pictures of facial affect. Palo Alto, CA: Consulting
Psychologists Press.

Etkin, A., Klemenhagen, K. C., Dudman, . T., Rogan, M. T., Hen, R., Kandel, E. R,, et al.
(2004). Individual differences in trait anxiety predict the response of the baso-
lateral amygdala to unconsciously processed fearful faces. Neuron, 44, 1043-
1055.

Fakra, E., Hyde, L. W., Gorka, A., Fisher, P. M., Munoz, K. E., Kimak, M., et al. (2009).
Effects of HTR1A C(-1019)G on amygdala reactivity and trait anxiety. Archives of
General Psychiatry, 66, 33-40.

Fisher, P. M., Meltzer, C. C,, Price, ]. C.,, Coleman, F. L, Ziolko, S. K., Becker, C., et al.
(2009). Medial prefrontal cortex 5-HT2A density is correlated with amygdala
reactivity, response habituation, and functional coupling. Cerebral Cortex, 19,
2499-2507.

Fisher, P. M., Meltzer, C. C., Ziolko, S. K., Price, ]J. C., & Hariri, A. R. (2006). Capac-
ity for 5-HT1A-mediated autoregulation predicts amygdala reactivity. Nature
Neuroscience, 9, 1362-1363.

Haas, B. W., Omura, K., Constable, R. T., & Canli, T. (2007). Emotional conflict and
neuroticism: Personality-dependent activation in the amygdala and subgenual
anterior cingulate. Behavioral Neuroscience, 121, 249-256.

Hammen, C. (2005). Stress and depression. In S. Nolen-Hoeksema (Ed.), Annual
Review of Clinical Psychology (pp. 293-319). Annual reviews.

Hariri, A. R. (2009). The neurobiology of individual differences in complex behavioral
traits. Annual Review of Neuroscience, 32, 225-247.

Hariri, A. R., Gorka, A., Hyde, L. W,, Kimak, M., Halder, I, Ducci, F., et al. (2009).
Divergent effects of genetic variation in endocannabinoid signaling on human
threat- and reward-related brain function. Biological Psychiatry, 66, 9-16.

Kendler, K. S., Karkowski, L. M., & Prescott, C. A. (1999). Causal relationship between
stressful life events and the onset of major depression. The American Journal of
Psychiatry, 156, 837-841.

Kendler, K. S., Kuhn, J., & Prescott, C. A. (2004). The interrelationship of neuroticism,
sex, and stressful life events in the prediction of episodes of major depression.
The American Journal of Psychiatry, 161, 631.

Killgore, W. D. S., & Yurgelun-Todd, D. A. (2005). Social anxiety predicts amygdala
activation in adolescents viewing fearful faces. Neuroreport, 16, 1671-1675.
Lahey, B. B. (2009). Public health significance of neuroticism. American Psychologist,

64, 241-256.

Manuck, S. B., Brown, S. M., Forbes, E. E., & Hariri, A. R. (2007). Temporal stability of
individual differences in amygdala reactivity. The American Journal of Psychiatry,
164,1613-1614.

Manuck, S. B., Marsland, A. L., Flory, J. D., Gorka, A., Ferrell, R. E., & Hariri, A. R.
(2010). Salivary testosterone and a trinucleotide (CAG) length polymorphism
in the androgen receptor gene predict amygdala reactivity in men. Psychoneu-
roendocrinology, 35, 94-104.

Masten, A. S.(2001). Ordinary magic. Resilience processes in development. American
Psychologist, 56, 227-238.

Masten, A.S., & Coatsworth, ]. D.(1998). The development of competence in favorable
and unfavorable environments. Lessons from research on successful children.
American Psychologist, 53, 205-220.

Monk, C. S, Klein, R. G., Telzer, E. H., Schroth, E. A., Mannuzza, S., Moulton, J. L.,
3rd, et al. (2008). Amygdala and nucleus accumbens activation to emotional
facial expressions in children and adolescents at risk for major depression. The
American Journal of Psychiatry, 165, 90-98.

Monroe, S. M., & Simons, A. D. (1991). Diathesis-stress theories in the context of life
stress research: Implications for the depressive disorders. Psychological Bulletin,
110, 406-425.

Most, S. B., Chun, M. M., Johnson, M. R., & Kiehl, K. A. (2006). Attentional modulation
of the amygdala varies with personality. Neuroimage, 31, 934-944.


http://dx.doi.org/10.1016/j.neuropsychologia.2010.08.025

656 L.W. Hyde et al. / Neuropsychologia 49 (2011) 651-656

Phan, K. L, Fitzgerald, D. A., Nathan, P. ]., & Tancer, M. E. (2006). Association between
amygdala hyperactivity to harsh faces and severity of social anxiety in general-
ized social phobia. Biological Psychiatry, 59, 424-429.

Preacher, K. ]., Curran, P. J., & Bauer, D. J. (2006). Computational tools for probing
interaction effects in multiple linear regression, multilevel modeling, and latent
curve analysis. Journal of Educational and Behavioral Statistics, 31, 437-448.

Price, ]. L., & Drevets, W. C. (2010). Neurocircuitry of mood disorders. Neuropsy-
chopharmacology, 35, 192-216.

Ray, R. D., Ochsner, K. N., Cooper, J. C., Robertson, E. R., Gabrieli, J. D. E., & Gross,
J. J. (2005). Individual differences in trait rumination and the neural systems
supporting cognitive reappraisal. Cognitive, Affective, & Behavioral Neuroscience,
5,156-168.

Rutter, M. (2006). Implications of resilience concepts for scientific understanding.
Annals of the New York Academy of Sciences, 1094, 1-12.

Siegle, G. ]., Steinhauer, S. R, Thase, M. E., Stenger, V. A., & Carter, C. S. (2002). Can’t
shake that feeling: Event-related fMRI assessment of sustained amygdala activ-
ity in response to emotional information in depressed individuals. Biological
Psychiatry, 51, 693-707.

Somerville, L. H., Whalen, P. J., & Kelley, W. M. (2010). Human bed nucleus of the
stria terminalis indexes hypervigilant threat monitoring. Biological Psychiatry,
68, 416-424.

Spielberger, C. D. (1983). State-Trait Anxiety Inventory (Form Y) Manual. Redwood
City: MindGarden.

Stein, M. B,, Simmons, A. N., Feinstein, J. S., & Paulus, M. P.(2007). Increased amygdala
and insula activation during emotion processing in anxiety-prone subjects. The
American Journal of Psychiatry, 164, 318-327.

Turner, R. J. (1981). Social support as a contingency in psychological well-being.
Journal of Health and Social Behavior, 22, 357-367.

Viviani, R. (2010). Unbiased ROI selection in neuroimaging studies of individual
differences. Neuroimage, 50, 184-189.

Watson, D., Clark, L. A., & Tellegen, A. (1988). Development and validation of brief
measures of positive and negative affect: The PANAS scales. Journal of Personality
and Social Psychology, 54, 1063-1070.



	Perceived social support moderates the link between threat-related amygdala reactivity and trait anxiety
	Introduction
	Materials and methods
	Participants
	Amygdala reactivity paradigm
	BOLD acquisition parameters
	Image processing and analysis
	Amygdala regions of interest

	Self-report measures
	Statistical analyses

	Results
	Discussion
	Acknowledgements
	Supplementary data
	References


