
(dHPC). Extensive work on hippo-
campal theta oscillations has demon-
strated how theta is generated via the
interplay of precisely timed inputs. It
has led to the notion of inhibition as a
theta pacemaker, and clarified the role
theta has in organizing cell activity
and other oscillations. During beha-
vior, hippocampal theta has been
implicated in creating windows for
Hebbian plasticity, as well as organiz-
ing neural coding for memory forma-
tion and spatial navigation. This
review focuses on theta oscillations
in fear and anxiety, a topic of recently
increased interest.

Initial efforts at characterizing the
role of theta in fear began with an
examination of theta oscillations in the
amygdala and related structures. For
example, pyramidal cells of the baso-
lateral amygdala (BLA) show a promi-
nent theta oscillation and have a
combination of ionic conductances that
allow cells to intrinsically resonate at
the theta frequency (Pape and Driesang,
1998). Furthermore, the amygdala
shows increased theta activity and
synchrony with the hippocampus dur-
ing presentation of fear-conditioned
stimuli (Seidenbecher et al, 2003).
Similarly, hippocampal recordings have
shown that in the ventral (vHPC) but
not dorsal hippocampus, theta increases
with innate anxiety (Adhikari et al,
2011), indicating that theta modulates
anxiety in the vHPC separately from
spatial navigation in the dHPC.

Recent studies focusing on theta in
circuit-level communication during
fear and safety suggest that it may
open temporary windows of commu-
nication between areas. Simultaneous
recordings show increased theta-range
synchrony between the BLA and
hippocampus during presentations of
fear-conditioned stimuli and in sleep
after fear conditioning, possibly aiding
memory consolidation (Seidenbecher
et al, 2003; Popa et al, 2010). Similarly,
recordings in the vHPC and prefrontal
cortex (mPFC) demonstrate increased
theta-frequency synchrony between
the two regions during anxiety. More-
over, mPFC neurons become more
phase-locked to vHPC theta input with
elevated anxiety (Adhikari et al, 2011),

indicating that vHPC sends informa-
tion about anxiety to the mPFC.

Interestingly, as fear subsides dur-
ing extinction of conditioned fear,
BLA–mPFC theta synchrony increases
(Lesting et al, 2011), indicating that
prefrontal inputs to the amygdala use
theta as a mechanism for communi-
cating safety. Indeed, neural firing in
the BLA becomes entrained to incom-
ing mPFC theta only when animals are
presented with conditioned stimuli
that are recognized as safe or when
animals are in the relative safety of the
periphery in the otherwise aversive
open field (EL and JAG, unpublished
observations). Thus, mPFC–BLA syn-
chrony increases and cellular net-
works in the BLA are entrained to
theta input from the mPFC when
animals actively recognize safety,
likely driving local inhibitory net-
works that decrease fear.

Recent evidence shows that inter-
neurons in the BLA can be organized
by hippocampal theta (Bienvenu et al,
2012), opening the possibility that
the same could be true for pre-
frontal inputs. Therefore, entrainment
of BLA cell assemblies by mPFC theta
input could organize local inhibitory
circuits of the BLA to provide an
effective mechanism for the mPFC to
signal safety.
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Toward Identification
of Neural Markers of
Suicide Risk in
Adolescents

Suicide remains a leading cause of
adolescent morbidity and mortality.
Despite identification of risk factors
and protective factors for suicidal
behavior, we have limited understand-
ing of the mechanisms underlying risk
for suicide attempt. Adolescence is a
time of high risk for suicidal behavior,
as well as a time that intervention and
treatment may have the greatest impact
because of structural brain changes
and significant psychosocial develop-
ment during this period. Functional
magnetic resonance imaging (fMRI)
studies have promise to yield markers
of risk for suicidal behavior in adoles-
cents because they can help identify
neurobiological underpinnings of patho-
physiologic mechanisms that are not
observable at the behavioral level, and
can also provide targets for future
neurobiological interventions. Markers
of risk for suicidal behavior are begin-
ning to be elucidated, but as yet have
not been applied to the clinical manage-
ment of adolescents at risk for suicide.
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Neuroimaging studies indicate
neural circuitry abnormalities in adult
suicide attempters. One study in adult
suicide attempters reported lower
glucose uptake in the prefrontal cortex
and dorsal anterior cingulate gyrus in
high vs low lethality suicide attempters
(Oquendo et al, 2003). With regard to
emotion processing, vulnerability to
suicidal behavior has been associated
with differences in response to nega-
tive emotion. Specifically, adult male
suicide attempters showed greater
activity in the right lateral orbitofron-
tal cortex and decreased activity in the
right superior frontal gyrus to intense
angry vs neutral faces relative to
healthy and depressed non-attempter
controls. In addition, cognitive inflex-
ibility (inability to change strategy) is
well documented in studies of adult
patients with a history of suicide
attempt (Jollant et al, 2005). However,
few studies have explored the neural
circuitry underlying adolescent suici-
dal behavior. This is an important
oversight because suicide is one of the
leading causes of death in adolescence,
and the developing brain may provide
a window into risk for suicidal beha-
vior and allow for earlier intervention
to prevent suicide.

Our functional neuroimaging stud-
ies indicate differences in emotion
processing in adolescents with history
of depression and suicide attempt
relative to healthy control adoles-
cents. Here, we have shown differ-
ences in the attention and salience
networks (Pan et al, 2013). Our
findings differ from those in adult
males with depression, in whom the
functional connectivity of the striatal-
anterior cortical midline structures
circuit is implicated in suicidal
ideation (Marchand et al, 2012).
Specifically, we have shown increased
attentional control network activity
and decreased functional connectivity
between the dorsal anterior cingulate
gyrus, implicated in attentional
control of emotion, and the insula,
a neural region associated with
interoceptive processing of emotion,
when viewing angry faces in adoles-
cents with a history of depression
and suicide attempt compared with

healthy controls and depressed ado-
lescent non-attempters (Figure 1). In
contrast, adolescents with a history
of depression and suicide attempt
showed no abnormalities in levels
of performance accuracy or dorsal
anterior cingulate activity and atten-
tional control network activity on
tasks of cognitive control and learn-
ing in the context of risk (Pan et al,
2011; 2013). Together, these findings
suggest that abnormal functioning of
the salience and attention networks
in the setting of emotion process-
ing, with normal function in these
networks in the absence of emo-
tional stimuli, may represent markers
of past suicide attempt. These net-
works are thus promising foci for
future neuroimaging studies aiming
to identify markers of risk for
future suicide attempt in adolescent
populations.
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Insular Cortex

Dorsal Anterior
Cingulate Gyrus

Adolescents suicide attempters show
abnormally decreased functional
connectivity between insular cortex and
dACC when processing angry faces
compared to depressed non-attempters and
healthy controls.

Adolescent suicide attempters show
increased activation in dACC  compared to
depressed non-attempters when viewing
angry faces, but activation like healthy
controls in dACC during cognitive control
tasks.

Figure 1. Summary of described functional neuroimaging abnormalities in adolescents with a
history of suicide attempt.
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