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Abstract The temperament dimension of harm avoidance de-
fines an individual’s biological tendency to exhibit altering
levels of anxious, inhibiting, and cautious behavior. High
harm avoidance and anxiety are highly comorbid, likely due
to activity in similar neural circuitries involving the dorsal
raphe nucleus. Despite the many investigations that have ex-
plored personality factors and brain function, none have de-
termined the influence of ongoing activity within dorsal raphe
networks on harm avoidance. The aim of this study was to
explore such a relationship. In 62 healthy subjects, a series of
180 functional magnetic resonance images covering the entire
brain were collected, and each subject completed the 240-item
TCI-R questionnaire. Independent component analyses were
performed to define the dorsal raphe network and then to
determine the regions significantly correlated with harm
avoidance. The independent component analyses revealed
three signal intensity fluctuation maps encompassing the dor-
sal raphe nucleus, showing interactions with regions of the
amygdala, hippocampus, nucleus accumbens, and prefrontal,
insular, and cingulate cortices. Within these systems, the rest-
ing signal intensity was significantly coupled to harm avoid-
ance in the bilateral basal amygdala, bilateral ventral hippo-
campus, bilateral insula, bilateral nucleus accumbens, and me-
dial prefrontal cortex. Note that we could not measure seroto-
nergic output, but instead measured signal changes in the dor-
sal raphe that likely reflect synaptic activity. These data pro-
vide evidence that at rest, signal intensity fluctuations within
the dorsal raphe networks are related to harm avoidance.

Given the strong relationship between harm avoidance and
anxiety-like behaviors, it is possible that ongoing activity
within this identified neural circuitry can contribute to an in-
dividual developing anxiety disorders.
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magnetic resonance imaging

Robert Cloninger’s biopsychosocial model conceptualizes per-
sonality as an interaction between inherited biological traits and
changeable characteristics (Cloninger, Svrakic, & Przybeck,
1993). The model separates personality into seven dimensions:
four temperaments, the Bemotional core^ of personality, and
three character dimensions, evolving as an individual grows
and interacts with society. It has been hypothesized that three
of the temperament dimensions—harm avoidance, novelty seek-
ing, and reward dependence—are associated with activity in
specific neurotransmitter systems. Consequently, dysregulation
of these particular systems can predispose an individual to ex-
perience abnormalities in their concomitant personality temper-
aments, and this can predispose the expression of a personality
or affective disorder in a stressful environment (Lovinger, 1999).

Harm avoidance (HA) is defined as a Bgenetically deter-
mined bias toward being cautious, apprehensive and overly
pessimistic^ (Baeken, De Raedt, Ramsey, Van Schuerbeek,
Hermes, Bossuyt, & Luypaert, 2009). Low HA has been asso-
ciated with risk-taking, harmful behavior, impulsiveness, suicid-
al ideation, and aggression (Cloninger, 1986; Peirson, Heuchert,
Thomala, Berk, Plein, & Cloninger, 1999), whilst high HA has
been associated with behavioral inhibition, anxiety and neurot-
icism (Carver & Miller, 2006). HA is referred to as the anxiety-
related personality dimension (Montag, Reuter, Jurkiewicz,
Markett, & Panksepp, 2013), and therefore high HA levels are
tightly associated with neurobiological pathologies such as
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depression and anxiety (Arnold, Zai, & Richter, 2004;
Commons, Connolley, & Valentino, 2003; Kenna, Roder-
Hanna, Leggio, Zywiak, Clifford, Edwards, & Swift, 2012;
Westlye, Bjornebekk, Grydeland, Fjell, & Walhovd, 2011).

It has been hypothesized that HA levels and anxiety are
directly influenced by activity levels within the ascending se-
rotonergic system, which predominantly originates within the
dorsal raphe nucleus (DR; Waselus, Valentino, & Van
Bockstaele, 2011). Recent neuroimaging studies support this
hypothesis by suggesting that anxiety is regulated by seroto-
nergic activity and that activity within the ascending seroto-
nergic system plays a crucial role in the pathogenesis of anx-
iety disorders (Vertes & Linley, 2007; Westlye et al., 2011).
Furthermore, high HA has been characterized by high levels
of serotonin, which in turns underlies the biology of a highly
anxious individual (Montag et al., 2013). Given the proposal
that HA traits are biological and directly related to serotoner-
gic activity, it is plausible that HA levels may have significant
effects on the resting activity coupling between regions of the
ascending serotonergic system. If activity coupling within the
serotonergic system is indeed related to HA levels, individuals
could be biased to react in a particular manner when placed
into a challenging environment, which could predispose them
to developing anxiety disorders. The DR could be a good
region to provide insight into this system.

The aim of this study was to use resting-state functional
magnetic resonance imaging (fMRI) to determine the relation-
ships between the DR and HA. We hypothesized that the DR
would be functionally connected to regions of the well-
described ascending serotonergic system, including the hippo-
campus and amygdala (Vertes & Linley, 2007). Furthermore,
we hypothesized that the strength of the functional coupling
within some of these regions would be significantly correlated
with an individual’s HA. The results of this study will help us
understand how ongoing activity within a particular neural
system can influence personality trait expression; which will,
in turn, lay the groundwork for exploring the activity of these
circuits in individuals with personality and anxiety disorders.

Method

Sixty-two healthy subjects were recruited. The mean (± SEM)
age of the subjects was 34.5 ± 2.2 years (range 20–65; 41
females, 21 males). Subjects were excluded from the investi-
gation if they had any diagnosed neurological or psychologi-
cal disorders, were taking any mood-altering medications, or
had metal implants or other characteristics that would exclude
them from magnetic resonance imaging (MRI) procedures.
All procedures were approved by the Human Research
Ethics Committees of the University of Sydney, and written
consent was obtained from all subjects in accordance with the
Declaration of Helsinki.

Psychological measures

All subjects completed the revised 240-item TCI-R
(Cloninger et al., 1993), which assesses the seven dimensions
of personality according to Cloninger’s biopsychosocial
model. Each subject was instructed to answer 240 ques-
tions on a 0 to 4 scale (0 false, 1 mostly or probably
false, 2 neither true nor false, 3 mostly or probably
true, 4 true). Each answer was then manually inserted
into an installed TCI-R program that calculated the
overall score for each subject for each dimension. For
the purposes of this study, only HA scores were used
for the analysis. The subjects completed the question-
naire within seven days of the MRI scanning session.

MRI acquisition and analysis

Brain imaging was performed using a 3-T MRI scanner
(Philips, Achieva, 32-channel SENSE head coil). Subjects
lay supine on the scanner bed with their heads secure in a
tight-fitting head coil. With the subject relaxed and with eyes
closed, a high-resolution 3-D T1-weighted anatomical image
set was collected (turbo field echo; TE = 2.5 ms, TR = 5,
600 ms, flip angle = 8°, voxel size = 0.8 mm3). This was
followed by a resting-state fMRI scan, during which a series
of 180 gradient echo-planar fMRI image volumes, using
blood-oxygen-level-dependent contrast, was collected. Each
image volume contained 35 axial slices covering the entire
brain (raw voxel = 3×3×4 mm thick, repetition time = 2,
000 ms, echo time = 40 ms).

Using SPM8 (Friston, Holmes, Poline, Grasby, Williams,
Frackowiak, & Turne, 1995), all of the fMRI images were
realigned and bias-corrected to remove field inhomogeneities,
and global signal drifts were removed using the
detrending method described by Macey and colleagues
(Macey, Macey, Kumar, & Harper, 2004). Movement
parameters created from the realignment step were visu-
alized, and we noted that no subject displayed move-
ments of greater than 1 mm in any direction. As a
result, all 62 subjects were used for further analysis.
The fMRI image sets from each individual were then
coregistered to each subject’s own T1-weighted anatom-
ical set, which was then spatially normalized to the
Montreal Neurological Institute (MNI) template. These
normalization parameters were then applied to the
fMRI image sets so that both the T1-weighted anatom-
ical and fMRI images sets were in the same location as
the MNI template.

Given that we were interested first in defining an extensive
neural circuitry that almost certainly receives inputs frommul-
tiple sites, and therefore contains multiple signal intensity in-
put patterns, we used an ICA to search for consistent signal
intensity change patterns across the subjects. ICA is a
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technique that can extract independent sources of activity
within a recorded mixture of sources and can detect underly-
ing factors of a data set that are often lost in other analyses,
such as seed-based techniques (Brown, Yamada, &
Sejnowski, 2001; Frigyesi, Veerla, Lindgren, & Hoglund,
2006). ICA is suited to neural systems analyses because it
can detect ongoing activity fluctuations within wide-
spread neural sites with great sensitivity. We performed
an ICA with the Group ICA toolbox in SPM8 (Calhoun,
Adali, Pearlson, & Pekar, 2001). Using the Infomax
ICA algorithm, we estimated 40 independent component
maps in which the signal intensities within multiple re-
gions covaried. To explore those neural networks asso-
ciated with the DR, we rank-ordered these components
spatially with relation to the DR. That is, we created a
volume of interest (VOI) restricted to the DR on a mean
fMRI image set and then ranked in order those neural
networks (components) that included signal intensity
fluctuations within the DR. We created the DR VOI
on the basis of Duvernoy’s (1995) atlas, The Human
Brain Stem and Cerebellum, and from an investigation
of the cytoarchitecture of the human DR (Baker,
Halliday, & Tork, 1990; see Fig. 1). Using this sorting
method, we were able to define three separate signal
intensity patterns that were associated with activity
within three widespread neural circuits involving the
DR.

Using a random-effects procedure, one-sample t tests
were then performed on each of the three independent
components to determine the brain regions in which signal
intensity fluctuations were tightly coupled (p < .05,
family-wise error corrected for multiple comparisons,
minimum cluster extent ten voxels). The relationships be-
tween signal intensity fluctuations within the DR networks
and HA were then determined by performing correlation
analyses between HA and signal intensity fluctuations,
with the effects of age and gender removed by including
them as nuisance variables. Since we hypothesized that
regions within the DR networks would be influenced by

HA, small-volume corrections were applied to each signif-
icantly correlated cluster (p < .05). In addition, for each
significantly correlated cluster, parameter estimate values
were extracted and plotted against individual HA values,
and rho values were then calculated and significance de-
termined (p < .05, Bonferroni corrected for multiple com-
parisons, n = 6). These parameter estimate values essen-
tially quantify the functional connectivity strength be-
tween the brain regions in each network and how they vary
with HA. A positive relationship suggests increased con-
nectivity with increasing HA scores, and vice versa.
Finally, for each cluster, significant differences in param-
eter estimate values between those individuals with high
HA (HA score > 99) and low HA (HA score < 83) were
determined (two-sample t test, p < .05, Bonferroni
corrected for multiple comparisons, n = 6).

Results

Psychological measures

HA scores ranged from 52 to 120 with a mean (± SEM)
of 91.3 ± 2.3. This mean value lies within the range
considered to be high average.

Dorsal raphe network

ICA revealed th ree components whose s igna ls
encompassed the DR (Fig. 2). Signal intensity fluctua-
tions in Component 1 were restricted to the regions of
the hypothalamus and insula. Signal intensity fluctua-
tions within Component 2 also encompassed a large
extent of the insula, but also included the caudate, pu-
tamen, and nucleus accumbens, as well as discrete re-
gions of the anterior cingulate cortex (ACC), medial
prefrontal cortex (mPFC), and dorsolateral prefrontal
cortex (dlPFC). Finally, Component 3 included the vast
majority of the amygdala, hippocampus, and temporal

Fig. 1 Axial sections through the midbrain outlining the location of the
dorsal raphe nucleus (DR) and the volume of interest (VOI) used to
spatially sort the individual-component signal intensity changes. On the
left is a myelin-stained image, in the middle a mean T1-weighted
anatomical magnetic resonance imaging (MRI) image, and on the right

a mean functional MRI image averaged from all 62 subjects. The dotted
line indicates the approximate boundaries of the midbrain periaqueductal
gray (PAG). The red shading indicates the location of the VOI used
for spatially sorting the signal components
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pole. Together these three components, which all includ-
ed the region of the DR, encompassed the majority of
the ascending serotonergic system.

Dorsal raphe network and harm avoidance

Assessing the influence of HA on resting-signal intensity fluc-
tuations resulted in significant relationships in a number of
discrete regions (Figs. 3 and 4, Table 1). These regions includ-
ed bilateral insula, nucleus accumbens, ventral hippocampus,
the basal nucleus of the amygdala, and mPFC. Interestingly, in
some regions there appeared to be a lateralization effect
with respect to the direction of these relationships.
Signal intensity fluctuation magnitudes in the left amyg-
dala were negatively correlated with HA (r = –.46, p =
.0002), whereas signal fluctuations within the right
amygdala were positively correlated with HA (r = .37,
p = .003). Similarly, signal fluctuations within the left insula
were negatively correlated with HA (r = –.3, p = .016), but
within the right insula they were positively correlated (r = .25,
p = .046). Conversely, the signal in the left ventral hippocampus
displayed a positive relationship with HA (r = .36, p = .004),
and the signal within the right ventral hippocampus a nega-
tive relationship (r = –.41, p = .0009). The mPFC also
displayed both positive and negative correlations with
HA (Component 2, r = –.37, p = .003; Component 3,
r = .32, p = .01). Finally, both the right and left nucleus
accumbens displayed negative relationships with HA
(left, r = –.37, p = .003; right, r = –.39, p = .002),
and the DR, a positive relationship (r = .37, p = .003).

In addition to being significantly correlated to HA, for each
of these clusters, signal intensity magnitudes were significant-
ly different between those individuals with high HA (score >
99) and those with low HA (score < 83) (mean [± SEM]
parameter estimate values, low HA vs. high HA): left amyg-
dala, 1.34 ± 0.18 vs. 0.53 ± 0.19, p = .002; right amygdala,
0.45 ± 0.26 vs. 1.68 ± 0.36, p = .004; left insula, –0.13 ± 0.15
vs. –0.52 ± 0.12, p = .027; right insula, 0.41 ± 0.44 vs. 1.48 ±
0.31, p = .028; left ventral hippocampus, 0.45 ± 0.2 vs. 0.97 ±
0.16, p = .025; right ventral hippocampus, 1.37 ± 0.10 vs. 0.68
± 0.14, p = .0001; mPFC (Component 2), 0.01 ± 0.18 vs.
–0.46 ± 0.13, p = .021; mPFC (Component 3), 0.80 ± 0.19 vs.
0.23 ± 0.13, p = .01; right nucleus accumbens, 1.04 ± 0.21 vs.
0.42 ± 0.15, p = .01; left nucleus accumbens, 0.84 ± 0.12 vs.
0.30 ± 0.14, p = .003; and DR, 1.52 ± 0.21 vs. 1.02 ± 0.22,
p = .04.

Discussion

In accordance with the aim of this study, these data reveal that
at rest, signal intensity fluctuations within discrete parts of DR
networks are influenced by an individual’s HA, which raises
the possibility that ongoing activity within these regions may
be involved in the expression of a particular behavioral re-
sponse in relevant situations. In this investigation, we showed
that DR signal intensity fluctuations covaried with the amyg-
dala, hippocampus, insula, and nucleus accumbens, as well as
the cingulate and prefrontal cortices, which is consistent with
our first hypothesis. In addition, to address our second

Fig. 2 Three separate signal intensity change pattern maps (Components
1, 2, and 3), each including the dorsal raphe nucleus (DR) overlaid onto a
mean T1-weighted anatomical image set. Note that signal intensity within
the DR covaried with the signal intensities within the amygdala,
hippocampus, hypothalamus, anterior cingulate cortex (ACC), medial

prefrontal cortex (mPFC), dorsolateral prefrontal cortex (dlPFC), insula,
and nucleus accumbens. Slice locations in Montreal Neurological
Institute (MNI) space are indicated at the lower right of each image.
The DR volume of interest used to spatially sort the signal component
maps is shown in red
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hypothesis, we found that the strength of these signal intensity
fluctuations was significantly correlated with HA in a number
of regions, including the bilateral basal amygdala, ventral

hippocampus, insula, and nucleus accumbens, as well as the
medial prefrontal cortex. These results are interesting when
considering potential roles of the serotonergic system in the

Fig. 3 Resting-signal intensity fluctuations of the previously defined
networks significantly correlated to harm avoidance (HA) were overlaid
on a mean T1-weighted anatomical image set. Note that resting-signal
connectivity was correlated with HA in the region of the dorsal raphe
nucleus (DR), the left and right amygdala in the region of the basal and
basolateral nuclei, left and right ventral hippocampus, left and right

nucleus accumbens, left and right insula, and medial prefrontal cortex
(mPFC). This reflects areas that correlate with HA. The slice locations
in Montreal Neurological Institute (MNI) space are indicated at the upper
right of each image. Amygdala nuclei: AB, accessory basal nucleus; B,
basal nucleus; C, central nucleus; L, lateral nucleus; M, medial nucleus

Fig. 4 Plots of harm avoidance (HA) against parameter estimate values
(i.e., resting-signal connectivity strength) in significantly correlated
regions. In addition to displaying significant linear relationships, in each

region the magnitudes of resting connectivity strength were significantly
different in those individuals with low HA (white bars) versus those with
high HA (black bars). *p < .05, **p < .01. mPFC: medial prefrontal cortex
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expression of HA behaviors, because the networks identified
are based not only on activity within and between the DR, but
are also consistent with the well-known ascending serotoner-
gic system (Vertes & Linley, 2007).

Our ICA revealed 40 neural networks, three of which were
selected for their higher overlap with the DR. ICA is a tech-
nique that decomposes a signal into independent parts, and as
a consequence, it is significantly more powerful and sensitive
than standard fMRI image analysis techniques (McKeown &
Sejnowski, 1998). The identification of differing signal inten-
sity patterns within the DR networks with largely different
parts of the brain highlights the importance of performing an
ICA as opposed to a standard functional connectivity analysis.
The latter is unable to resolve separate signal sources, and
therefore much of the signal would be hidden (Frigyesi
et al., 2006). Furthermore, this signal decomposition proce-
dure allowed us to reduce the effects of extraneous parameters
such as heart rate or head movement, by removing those com-
ponent maps known to be sensitive to heart rate (such as those
encompassing the brain ventricles), or movement (such as
those comprising the edge of the brain). Following removal
of these component maps, within the DR networks identified
we found that HA was significantly correlated with resting
activity in the basal amygdala and ventral hippocampus.
This is in accordance with the Deakin and Graeff hypothesis,
suggesting that serotonergic neurons in the DR project to the
basolateral amygdala and ventral hippocampus in the process
of mediating conflict and anxiety (Paul & Lowry, 2013).
Indeed, it is well-known that the amygdala plays a critical role
in emotional regulation and anxiety, and that amygdala

dysregulation predisposes an individual to developing anxiety
disorders, which are associated with significantly increased
HA (Hariri & Whalen, 2011; Pessoa, 2011; Starcevic,
Uhlenhuth, Fallon, & Pathak, 1996). The amygdala has been
proposed to play a key role in anxiety, due to its participation
in the processing of warnings and sensitivity to punishment,
its regulation of stress-related memory through induced plas-
ticity, and its control of the fear–anxiety hierarchy (Gray &
McNaughton, 2000; McNaughton & Corr, 2004; Roozendaal,
McEwen, & Chattarji, 2009). Furthermore, serotonin-
mediated amygdala activity has been implicated as being a
potential pathway through which selective serotonin reuptake
inhibitors (SSRIs) can achieve their anxiolytic effect (Bigos,
Pollock, Aizenstein, Fisher, Bies, & Hariri, 2008). A limita-
tion of this study is that we could not measure serotonergic
output; rather, we inferred it from signal intensity changes
within the DR. Of course, this limits the inferences we can
make with regard to the integration of our results with the role
of serotonin in behavioral responses.

In this study, we found that the signal intensity fluctuations
significantly correlated to HA were located primarily within
the basal subdivision of the amygdala, which projects heavily
to the nucleus accumbens and to prefrontal and hippocampal
cortices (Roozendaal, McReynolds, Van der Zee, Lee,
McGaugh, & McIntyre, 2009). A significant correlation be-
tween HA and bilateral basal amygdala activity is consistent
with previous investigations that have shown that amygdala
responses during emotional conflict are significantly altered in
individuals with generalized anxiety disorder, a condition also
characterized by increased levels of HA (Etkin, Prater, Hoeft,
Menon, & Schatzberg, 2010; Starcevic et al., 1996). In addi-
tion to altered responsiveness, human positron emission to-
mography (PET) has revealed that HA is associated with in-
creased resting activity in the right amygdala (Silk, 1998).
This is further supported by a PET study showing that the
processing of aversive emotions in the amygdala is directly
connected to the availability of the serotonin receptor 5-HT1A

in the DR (Selvaraj, Mouchlianitis, Faulkner, Turkheimer,
Cowen, Roiser, & Howes, 2015). The direct link between
serotonin release and amygdala activity was further demon-
strated by Fisher and colleagues (Fisher, Meltzer, Ziolko,
Price, Moses-Kolko, Berga, & Hariri, 2006), who reported a
significant relationship between reduced serotonin release and
increased amygdala activity. These data suggest that stressful
events can lead to sustained functional and anatomical chang-
es within the basal amygdala, which may contribute to the
development of anxiety disorders.

In addition to the amygdala, the hippocampus also
displayed significant signal covariation correlated with HA.
This HA relationship was restricted to the ventral hippocam-
pal region, which is consistent with Deakin and Graeff’s hy-
pothesis that DR serotonergic neurons enable anxiety-like be-
havior through distribution to the ventral hippocampus (Paul

Table 1 Brain regions in which signal intensity was significantly
correlated to harm avoidance

MNI Coordinates Cluster Size t Value

X Y Z

Right amygdala 26 0 –24 7 2.57

30 –2 –24 6 2.42

Left amygdala –24 –4 –22 10 2.54

Left hippocampus –28 –26 –14 23 3.62

–30 –18 –16 22 3.36

–24 –4 –22 10 2.54

–32 –6 –24 8 2.86

Right hippocampus 32 –16 –16 26 3.87

Left insula –34 –12 14 11 3.32

Right insula 42 –12 –4 21 3.75

Left nucleus accumbens –10 16 0 12 2.38

Right nucleus accumbens 16 20 –6 17 2.70

Medial prefrontal cortex 2 54 –8 17 3.16

8 62 –4 6 3.08

Dorsal raphe nucleus 4 –18 –2 16 3.43
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&Lowry, 2013). Aview is emerging that the hippocampus is a
functional heterogeneous structure along its longitudinal axis,
with the dorsal hippocampus involved in learning and spatial
memory, and the ventral aspect in regulating anxiety-like and
emotional/motivational behaviors (Bannerman, Rawlins,
McHugh, Deacon, Yee, Bast, & Feldon, 2004; Fanselow &
Dong, 2010; Strange, Witter, Lein, & Moser, 2014). This dif-
ferentiation is supported by the finding that serotonergic fibers
provide denser input to the ventral hippocampus (Kheirbek &
Hen, 2011; Tanaka, Samuels, & Hen, 2012) and findings of
strong connections between the ventral hippocampus and oth-
er brain regions known to be involved in emotional behavior
regulation, such as the nucleus accumbens, prefrontal cortex,
and amygdala (Bannerman et al., 2004; Sahay & Hen, 2007).
The hippocampus plays an important role in anxiety; hippo-
campal lesions result in behavioral disinhibition and reduced
anxiety (Bannerman et al., 2004). Additionally, increased hip-
pocampal volume has been associated with increased behav-
ioral inhibition and increased anxiety, whereas smaller vol-
umes have been associated with impulsiveness (Cherbuin,
Windsor, Anstey, Maller, Meslin, & Sachdev, 2008). Both
the amygdala and the ventral hippocampus have been found
to contribute to the processing of anxiogenic stimuli, and con-
sidering that anxiety disorders are on average accompanied by
high HA (Tuominen, Salo, Hirvonen, Nagren, Laine,
Melartin, & Hietala, 2012), these studies support our findings
of correlations with HA in these two regions.

We also found significant resting-activity correlations with
HA in the insular cortex and the nucleus accumbens. The
insula has been heavily implicated in emotion processing
and anxiety, and has been proposed to be part of a network
that predisposes individuals with anxiety-related temperamen-
tal traits, such as high HA, to express elevated symptoms
under stress (Stein, Simmons, Feinstein, & Paulus, 2007).
Despite a lack of evidence for the role of the insula in emo-
tional networks, apart from its role during cognitive/emotional
task paradigms, PETstudies have shown that HA is associated
with altered baseline activity in the insula (Silk, 1998).
Similarly, although the nucleus accumbens is frequently asso-
ciated with evoked behaviors such as reward and is most often
associated with dopaminergic activity, it does receive direct
inputs from both the basal amygdala and the ventral hippo-
campus (Roozandaal et al, 2009; Sahay & Hen, 2007). The
nucleus accumbens has also been implicated in the fear sys-
tem, with serotonergic projections from the DR innervating
the nucleus accumbens and amygdala, amongst other areas of
the forebrain, guiding individuals away from danger cues
(Deakin & Graeff, 1991). Indeed, nucleus accumbens activity
has been associated with modulation of instrumental action
involving response inhibition, with the goal of avoiding aver-
sion and increasing chances of reward (Levita, Hoskin, &
Champi, 2012). Given this background, it is possible that the
coupling between HA and activity within the nucleus

accumbens is associated with an individual avoiding aversion
when placed into a relevant situation.

Interestingly, the bilateral directions of the relationships
between signal intensity fluctuations within the left and right
amygdala, ventral hippocampus, and insula were the opposite
of each other; that is, on one side they were positive, and on
the other negative. Higher-order lateralization is a well-
described phenomenon, and lateralized function has been de-
scribed for many higher-order brain regions. Indeed, it was
recently shown that the right amygdala displayed stronger
HA-dependent resting functional connectivity with the insula,
dlPFC, and orbitofrontal PFC compared to the left amygdala,
whereas the left amygdala displayed greater connectivity than
the right with the nucleus accumbens/subgenual cingulate cor-
tex (Baeken, Marinazzo, Van Schuerbeek, Wu, De Mey,
Bossuyt, & De Raedt, 2014). Furthermore, during a risk-
taking decision-making task, it has been shown that right
insula activation was significantly stronger when individuals
selected a risky as compared with a safe response (Paulus,
Rogalsky, Simmons, Feinstein, & Stein, 2003). Our study also
supports lateralized brain function with respect to HA and
suggests that ongoing activity within the amygdala, hippo-
campus, and insula displays lateralized differences that may
be critical when an individual is choosing an appropriate be-
havioral response.

Surprisingly, we did not find significant signal correlations
between resting activity within the cingulate cortex and HA.
This lack of a relationship at rest does not eliminate the possi-
bility that evoked activity in the cingulate cortex is related to
HA. Indeed, the ACC has been found to be involved in the
control of active avoidance in response to a stimulus
(McNaughton & Corr, 2004), suggesting that signal correla-
tions within the cingulate cortex and HAwould occur under a
cognitive/task paradigm. Since resting signal intensity fluctua-
tions were assessed in this study, the responsiveness of the
cingulate to appropriate tasks could not be determined.
Furthermore, although self-report questionnaires are efficient
to administer and guarantee that all subjects receive the same
questions under the same conditions, it is widely known that
they can be biased, unreliable, and influenced by an individual’s
subjective mental state at the time (Chien & Dunner, 1996).

One of the most effective anxiolytic compounds, SSRIs,
acts on the serotonergic system, and it has been proposed that
an individual’s response to SSRIs can be predicted by his or
her temperamental tendencies (Phan, Lee, & Coccaro, 2011).
However, the direction of the relationship between serotonin
release and HA remains unresolved, with empirical research
presenting very contradictory findings. For example, some
evidence suggests that serotonin facilitates anticipatory worry
but at the same time restrains spontaneous panic (Deakin &
Graeff, 1991). Complicating the situation is the finding that
serotonin release is tightly regulated by autoreceptors that
control it via negative-feedback inhibition. Indeed, increasing
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autoreceptor function is anxiolytic, which is presumably asso-
ciated with reduced serotonergic function and, as our data
suggest, reduced HA (McDevitt & Neumaier, 2011).
Overall, it appears that our current understanding of serotonin
release, and the mechanism of action of SSRIs, is still in its
infancy, and further investigations will be needed to determine
the precise relationship between serotonin and HA.

Conclusions

Our results define a neural network thats activity at rest is
modulated by HA in healthy individuals. Given the strong
relationship between HA and anxiety-like behaviors, it is pos-
sible that the magnitude of the resting signal intensity fluctu-
ations in these DR networks renders an individual vulnerable
to developing anxiety disorders. Increasing the understanding
of HA as a biological predisposition underlain by a DR net-
work could lead to interesting insights into the role of the
serotonergic system, especially since we found that the DR
networks overlapped with regions of the ascending serotoner-
gic system. Furthermore, establishing these networks suggests
that when an individual’s HA level has reached a certain
threshold due to stress, the individual may be very susceptible
to developing psychological symptoms.
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