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Linking actions with their consequences within
the ventrolateral orbital cortex
Dan C. Li1 and Shannon L. Gourley 1,2
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Humans and rodents can associate actions with their outcomes
and modify expectations when associations change. These
cognitive adaptions accommodate change and presumably
optimize decision-making. For example, we might modify our
driving route when construction blocks our path or abstain from
alcohol when we need to drive, expecting that both actions will
deliver us safely home. Across species, medial prefrontal cortical
regions are involved in linking actions with valued outcomes, but
contributions of the orbitofrontal cortex remain contentious. One
issue is that the orbitofrontal cortex occupies a large territory, yet
is sometimes treated as a homologous structure. A related
concern is the assumption that ventromedial subregions, like
lateral regions, specialize in stimulus−outcome associations
(linking cues, rather than actions, with likely outcomes) agnostic
to action−outcome associations. Nevertheless, poor or aberrant
decision-making is commonplace in neuropsychiatric illnesses,
necessitating a full dissection of how action-outcome associations
form, update, and solidify.
Parkes et al. [1] made important in-roads in resolving

controversies. Rats were trained to associate two actions with
a single food reward; then the actions were paired with
different, unique rewards in the days preceding a devaluation
test. Inactivation of the ventrolateral orbitofrontal cortex (VLO)
either during the final training days or during the subsequent
probe test blocked the ability of rats to choose actions based on
the value of respective rewards. Meanwhile, VLO inactivation
had no effect when action−outcome contingencies had not
changed during training. In another investigation, inactivation
of the VLO immediately following the violation of a familiar
action−outcome association in mice occluded optimal respond-
ing in a later test, even when the VLO was back “on-line” [2].
Thus, the VLO appears necessary for stabilizing newly formed or
updated action−outcome associations, which then guide future
behavior.
Notably, linking actions with their outcomes involves dendritic

spine plasticity on excitatory neurons in the VLO [2]. Specifically,
updating action−outcome expectations reduces thin-type den-
dritic spines, considered immature, on layer V neurons. Mean-
while, the proportion of mushroom-shaped spines, considered

mature, increases, potentially solidifying newly modified action
−outcome associations to optimize future decision-making.
Remarkably, inactivating VLO neurons upon the violation of
familiar action−outcome associations not only blocks response
updating, but also inhibits dendritic spine plasticity in an activity-
dependent manner [2]. These patterns strongly suggest that
dendritic spine plasticity on excitatory VLO neurons is necessary
for forming action−outcome associations, consistent with evi-
dence that orbitofrontal neurons are capable of forming and
maintaining long-term reward-related memory to support beha-
vioral adaptations [3].
Orbitofrontal neurons display a rich diversity of functionally

distinct populations based on input/output patterns, many of
which make unique contributions to flexible decision-making
[3, 4]. A key question is thus: What inputs to the VLO help to
form/update action−outcome associations? Are these inputs
distinct from those supporting other associations, e.g., stimulus
−outcome associations? Basolateral amygdala (BLA) projections
are one candidate. BLA lesions alter the reward-related coding
properties of orbitofrontal neurons [5], and BLA→ orbitofrontal
cortical connections appear necessary for certain forms of
reinforcement learning [4], including in primates ([6] and
references therein). Whether and how these “bottom-up”
connections are involved in forming action−outcome associa-
tions should be resolved.
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Regulation of fear extinction and relapse by hippocampal
engrams
Michael R. Drew 1 and Emma T. Brockway1
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Maladaptive fears are often treated using therapies based on
extinction—re-exposure to a feared stimulus in a safe environ-
ment. Although these treatments can be effective, relapse is
common [1]. Since the time of Pavlov, relapse has been thought to
indicate that extinction is new learning, not unlearning [2]. From
this perspective, relapse is a mnemonic phenomenon in which
two opposing memory traces vie for expression. Recent work
suggests that the hippocampus is an arena in which this
competition plays out.
Experiments in mice demonstrate that the hippocampal

dentate gyrus (DG) generates a contextual fear “engram.”
Immediate-early gene-based tagging of neurons active during
acquisition of contextual fear—fear of the chamber in which a
footshock was given—shows that these neurons are reactivated
during recall of contextual fear [3]. Furthermore, optogenetic
experiments demonstrate that this reactivation is necessary and
sufficient for expression of contextual fear [3, 4]. Two recent
studies investigated what happens to hippocampal fear ensem-
bles when contextual fear is extinguished.
The first of these studies, by Lacagnina et al. [5], used a transgenic

mouse line to tag neurons active during acquisition or extinction of
contextual fear. During a test session shortly after extinction training,
fear acquisition neurons were suppressed and extinction neurons
were reactivated. A month after extinction training mice displayed
spontaneous recovery (relapse) of fear, and the pattern reversed: fear
acquisition neurons were reactivated while extinction neurons were
suppressed. The results suggest that the DG generates distinct fear
acquisition and extinction representations, and competition between
these representations determines whether fear is suppressed or
recovers after extinction. Consistent with this interpretation,
optogenetic manipulations demonstrated that reactivation of
extinction neurons is necessary for suppression of fear after
extinction, whereas reactivation of fear acquisition neurons is
necessary for spontaneous recovery [5]
The other recent study, by Khalaf et al. [6], highlights that fear

acquisition neurons also play an important role in extinction
learning. In this study, neurons active during recall of a remote
fear memory (acquired a month before extinction training) were

tagged. Reactivation of these neurons was necessary for
effective extinction, and artificial stimulation of these neurons
improved extinction. For extinction to be effective, the fear
acquisition memory must be reactivated during extinction
training. Whether these findings apply to recent fear memories,
like those studied in the Lacagnina et al. [5] experiments, is not
yet known.
These studies reveal new ensemble mechanisms of fear

extinction and relapse and raise some interesting questions. For
instance, what aspects of extinction training stimulate creation
of hippocampal extinction representations, and how do these
representations suppress fear? Do they do so by activating
extra-hippocampal fear-suppressive networks? In the Lacagnina
study, why did fear acquisition neurons become more active
over time and extinction neurons less active? Is it because of
intrinsic differences between the two populations, changes in
upstream input pathways, or different plasticity mechanisms
involved in fear acquisition and extinction? Addressing these
and other questions raised by the Lacagnina and Khalaf papers
may provide keys to making extinction more resistant to
relapse.
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