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During threat, the dorsal anterior cingulate cortex (dACC)
and dorsomedial prefrontal cortex are involved in the appraisal
and expression of conditioned responses (31–33). By contrast,
the ventromedial prefrontal cortex (vmPFC) is a primary can-
didate for providing top–down regulation of fear and anxiety
(34–39); vmPFC shows synchronized activity with the anterior
hippocampus as rodents approach dangerous parts of an envi-
ronment (40, 41). The vmPFC is more generally associated with
value-based decision making (42–44), which would include as-
sessment of environmental threat. Thus, the anterior hippo-
campus and both dorsal and ventral mPFC may interact to
support behavior in response to environmental threat (45–47).
As a threat becomes imminent, defense reactions are triggered,

often involving active escape or avoidance (48–50). Engagement
of immediate survival actions is thought to be supported by the
amygdala and midbrain structures, including the periaqueductal
gray (PAG) (10, 51). The amygdala also allows organisms to
associate discrete cues with aversive properties (10, 52–54) and is
thought to interact with the PAG to process information about
the unconditioned stimulus (55) and initiate defense behaviors
(56). In humans, imminent threat increases overall activity in the
PAG and its functional coupling with dACC (57, 58) to support
fear expression.
Here, we used a virtual environment and functional magnetic

resonance imaging (fMRI) to extend past work. Specifically, we
capture the behavior and patterns of brain activity as people are
learning the environmental locations of dangers, and as they are
approaching locations associated with danger or safety. The vir-
tual environment consisted of a walled arena with distant cues for
orientation and identical cues (flowers) whose association with
threat depended only on their location within the environment.
Participants navigated in this environment and alternatively
completed one of two tasks: (i) picking flowers that might contain
a bee, as indicated by a mild electric shock representing a sting
(shocks were restricted to one-half of the environment); or (ii)
collecting objects and later replacing them to test memory for
their location. This task allowed us to differentiate neural re-
sponses associated with various aspects of learning in both dan-
gerous and safe parts of a single environment. Previous literature
suggests hippocampal and mPFC involvement in learning and
appraisal of environmental threat, and amygdala and midbrain
involvement in fear expression. Here, we hoped to identify the
sequences of activity in these and related regions, and patterns of
functional connectivity between them, as a location becomes as-
sociated with threat and during the approach to such a location.

Results
Behavioral and Skin Conductance Results. As participants explored
the virtual environment (Fig. 1 A and B; see Methods for further
details), they were required to navigate toward flowers that
appeared one at a time in different locations. As a flower was
touched (picked), they were held stationary for a variable du-
ration (2–8 s) and required to rate their expectancy for receiving
a shock/sting (rating of 0–9). Flowers located in one-half of the
environment were paired with shock (danger zone; delivered at
the end of the stationary period on 50% of trials), whereas
flowers in the other half of the environment were never paired
with shock (safe zone). All flowers were the same, and their
predictive value (danger or safety) could not be distinguished by
visual appearance alone.
We first compared skin conductance level (SCL) (tonic changes

in skin conductance) during periods when participants approached
flowers. During these periods, we compared SCL between flowers
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Next, we looked for brain areas that showed greater activity
during the second half of the experiment compared with the first
half (late > early), reflecting changes over time as participants
learned about the environment, irrespective of which zone they
were in. This analysis showed greater activity during the second
half of the experiment in medial parietal areas (including pre-

www.pnas.org/cgi/doi/10.1073/pnas.1714691115


when approaching flowers in either zone, was associated with
greater activity in the anterior hippocampus, vmPFC, and amyg-
dala, with vmPFC–hippocampal functional connectivity increasing
with experience (Fig. 5A). During the appraisal of threat as flowers
located in the danger zone were approached, we saw increased
activity in the insula and dACC, along with greater insula–hippo-
campal functional connectivity (Fig. 5B). During imminent threat,
after picking a flower, this pattern was extended with activity in
PAG and insula–dACC coupling (Fig. 5C). Furthermore, we saw a
dissociation along the long axis of the hippocampus with greater
posterior activity during imminent threat as opposed to anterior
hippocampal activity during approach. In contrast, a network of

areas in frontal, parietal, and temporal lobes was observed during
spatial memory for unemotional objects. Our results highlight dis-
tinct networks that appear crucial in the successful provision of
multiple representations to facilitate learning, appraisal, and be-
havioral responses to environmental threat.
Learning about danger within an environment requires the
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hippocampus–vmPFC communication might support analogous
forms of learning in humans. While activity in vmPFC and an-
terior hippocampus did not differentiate danger and safety when
approaching flowers, it increased with experience (from first to
last half of the experiment), as did functional connectivity be-
tween them. This hippocampus–vmPFC engagement suggests a
role in learning about environmental locations that is potentiated
by the threat-related flower task compared with the spatial memory
task (approaching objects). This would be consistent with findings
that vmPFC involvement in memory increases with the subjective
salience or value of the memoranda (e.g, refs. 62 and 63). Thus,
vmPFC may integrate evaluative processes with a hippocampal
provision of spatial location to establish the distribution of
environmental threat.
Other key memory-related areas also showed increased ac-

tivity in late compared with early blocks only when approaching
flowers, not when approaching objects, including retrosplenial
cortex and precuneus. Again, activity in these areas may be
specifically involved in threat learning discrimination (64, 65).
However, it is also possible that increased activity in these an-
terior and posterior midline regions reflects encoding of the
broader, less precise, location associated with threat compared
with the specific locations of objects in the spatial memory tasks.
Furthermore, approaching flowers that predicted danger (com-

pared with those in the safe zone) was associated with greater
activity in dACC and insula, two regions often coactive during
emotional processing (66). When approaching danger, the insula
might provide interoceptive signals of anxiety and fear (67) to be
integrated with cognitive-based appraisal in dACC (68, 69). As
activity in regions distinguishing danger and safety did not alter
over time (i.e., no zone by block interaction), we assume that
internal affective representations were acquired rapidly within
our task, as indicated by the fast separation of SCLs and shock
expectancy ratings between danger and safety. Furthermore, in-
creased insula–anterior hippocampus connectivity when approach-
ing flowers associated with danger suggests that the hippocampus
might relay location information to support internal signals
of threat.
We saw a clear dissociation within the hippocampus, consis-

tent with prior work in rodents. Specifically, we observed greater
activity during the second compared with the first half of the
experiment in the anterior hippocampus during approach; this
contrasts with activity in the posterior hippocampus, which was
elevated after picking flowers, regardless of their location. This
hippocampal dissociation might relate to the increasing size of
place fields from the rodent homologs of posterior to anterior
hippocampus (70). Thus, the anterior hippocampus might allow
the more distributed potential threat (any flowers in the danger
zone) to be associated with a broader spatial context. In contrast,
the posterior hippocampus could support the more precise as-
sociation of threat to the specific location of the shock when
delivered. Such an interpretation would be consistent with the
posterior medial temporal activity observed in the spatial mem-
ory task, in which the specific locations of individual objects had
to be remembered.
Our anterior hippocampal effect during approach was more

posterior than in other human studies using anxiogenic tasks (17,
30), possibly due to subtle differences in experimental design. In
previous studies, an aversive shock was predicted by an
approaching predator (30), or while passively watching a video clip
of a virtual environment (17), so that danger was not so clearly
restricted by the spatial location within the overall context. In our
task, danger was restricted to one-half of the environment, and
location (in or out of the danger zone) was always important for
prediction. We speculate that when coarser conceptual represen-
tations of space and broader contexts can be used to inform be-
havior, hippocampal activity will be more anterior, reflecting
larger place fields (27, 70, 71).

Imminent threat during stationary periods in the danger zone
was characterized by greater activity in insula and dACC and
increased functional connectivity between them. Activity in these
areas, seen during both approach and stationary periods, likely
reflects integration of visceral feelings and cognitive appraisals of
threat to trigger threat detection and fear expression (58). Im-
minent threat was also associated with increased PAG activity,
an area known to drive immediate defense reactions (72–74),
and thought to receive inputs from dACC and insula to promote
behavioral responses to threat (75). This network of areas might
work in concert to produce anxiety and fear to guide defensive
behavior, with the PAG implicated in flight and immobility re-
sponses in rodents (56, 74, 76) and feelings of dread for a looming
shock in humans (58).
Consistent with proposed dissociable roles for mPFC subre-

gions during fear learning (31, 77), while dACC activity was
greater for flowers predicting danger, greater vmPFC activity
during stationary periods was observed for flowers predicting
safety, albeit at a more liberal threshold. The vmPFC has been

www.pnas.org/cgi/doi/10.1073/pnas.1714691115


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1714691115/-/DCSupplemental/pnas.201714691SI.pdf?targetid=nameddest=SF1


(87). After the functional scans, a T1-weighted 3D MDEFT structural image
(1 mm3) was acquired to coregister and display the functional data.

fMRI Analysis. Data processing and analysis were performed using SPM8
(www.fil.ion.ucl.ac.uk/spm). EPI images were first preprocessed using a bias
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