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Central to the modern study of decisionmaking is an attempt to understand the
ways in which value is represented and
used in the brain. Decision-making depends on the learning of value, which has
been consistently shown to involve dopamine projections (Kable and Glimcher,
2009). As learning occurs, value-based information is computed in the orbitofrontal cortex (OFC), the medial frontal cortex
(MFC), and the striatum, then integrated
within the posterior parietal cortex (PPC).
Specifically, the OFC relays information
about the value of stimuli, the MFC delivers
information about the value of actions, and
the striatum encodes information about
actual and predicted rewards (Rushworth
et al., 2007; Kable and Glimcher, 2009). The
amygdala, traditionally associated with
emotion and motivation, is also heavily involved in representing value (Jenison et al.,
2011; Janak and Tye, 2015).
The amygdala’s involvement in learning and decision-making is perhaps unsurprising given the bidirectional pathways
that exist between it, the OFC, and the
MFC (Ghashghaei et al., 2007). Complicating efforts to distinguish the roles of
the amygdala, the OFC, and the MFC in
decision-making, neural activation in all
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making tasks (Doya, 2008). In one attempt
to examine the relationship between these
three regions while animals learned the
value of stimuli, Rudebeck et al. (2013)
combined neural recording and lesioning.
Monkeys did a simple decision-making
task, both before and after bilateral lesioning of the amygdala, while neural activity
was recorded. The monkeys were equally
adept at the task before and after lesioning,
but the way that the OFC and the MFC represented stimulus value (the amount of reward predicted by a stimulus) was altered.
Before lesioning, a greater proportion of
OFC neurons than MFC neurons encoded
stimulus value, and OFC neurons tended to
signal stimulus value earlier than MFC neurons. After lesioning, stimulus value encoding in the OFC (proportion of neurons, and
latency of firing) dropped closer to MFC
levels. These results suggest that stimulusvalue encoding in the OFC (more so than in
the MFC) depends, in part, on input from
the amygdala. Furthermore, choice performance did not decline after amygdalectomy, suggesting that continued input from
the amygdala to the OFC and the MFC is
not needed to make decisions about familiar stimuli.
To address whether a similar story
holds for novel stimuli, Rudebeck et al.
(2017) followed up Rudebeck et al. (2013)
by analyzing and discussing additional
data from the same monkeys. Here, the
monkeys learned to associate three levels
of reward with three stimuli. On each trial,
the monkeys selected one of two visual
stimuli. After a short delay, the monkeys

received a quantity of water corresponding to their choice. Outcomes were deterministic, the same level of reward was
always received for a given stimulus choice,
and monkeys quickly learned to choose
the stimulus associated with the greatest
reward. The monkeys completed this task
both before and after lesioning of the
amygdala. Importantly, the postoperative
stimuli differed from the preoperative
stimuli, allowing Rudebeck et al. (2017) to
address the impact of amygdalectomy on
learning novel reward contingencies.
Unlike with familiar stimuli, the
monkeys were worse at learning about
novel stimuli after amygdalectomy: familiar (Rudebeck et al., 2013) and novel
(Rudebeck et al., 2017). In particular, the
monkeys took longer to learn the correct
response (i.e., select the higher-valued stimulus). Additionally, the monkeys were
more likely to make two errors in a row
after amygdalectomy, suggesting a deficit
in learning from negative feedback. No
such deficit was observed following correct trials; that is, the monkeys were no
less likely to make an error after a correct
response after amygdalectomy, suggesting
that their ability to learn from positive
feedback was intact. This is in line with
human neuroimaging data: Yacubian et
al. (2006) concluded that expectations of
gain are encoded in the ventral striatum,
whereas expectations of loss are encoded
in the amygdala.
In addition to behavioral data, Rudebeck et al. (2017) measured the proportion of neurons in the OFC and the MFC
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encoding reward level at the time of
stimulus presentation. First, and unlike
in Rudebeck et al. (2013), they fit a reinforcement learning model to the trialto-trial decisions of each monkey. For
each monkey and trial, the model predicted the value of each stimulus. These
predictions (unique to each monkey
and trial) were used to identify neurons
encoding stimulus value. The use of a
reinforcement learning model was necessary because, presumably, stimulus
values were not learned instantly, but
rather developed across several trials. In
line with Rudebeck et al. (2013), both
the OFC and the MFC contained neurons encoding stimulus value, which
fired slightly earlier in the OFC than in
the MFC. Lesioning the amygdala resulted in diminished stimulus-value encoding in the OFC and the MFC, but
with no change in encoding latency.
Thus, maintaining existing value representations in the OFC relies on the
amygdala (Rudebeck et al., 2013), as
does acquiring new value representations in the OFC and the MFC (Rudebeck et al., 2017), representations that
appear critical for optimal performance.
Although provocative, the fact that
postoperative performance suffered in
Rudebeck et al. (2017) is potentially problematic. Ideally, choice behavior would not
have changed, and neural differences in
stimulus-value encoding could be solely attributed to the amygdalectomy. However, it
is unlikely that the change in OFC stimulusvalue encoding was due to a change in performance; similar changes within the OFC
were observed in Rudebeck et al. (2013), but
with no associated decrease in performance.
Furthermore, although Rudebeck et al.
(2013) did not observe the same changes in
MFC stimulus-value encoding as Rudebeck
et al. (2017), it is difficult to conceive of a
reason why slightly impaired (but still excellent) performance alone would explain a
dramatic change in stimulus value encoding. The Rudebeck et al. (2017) preoperative
and postoperative models were not compared, however, leaving the mechanisms
underlying amygdalar influence unclear.
Reinforcement learning models have
proven useful in bridging neural recording data with learning and decisionmaking theory. For example, Schultz et al.
(1997) showed that midbrain dopamine
neurons generate a signal analogous to
model-generated prediction errors. Similarly, Rudebeck et al. (2017) sought OFC,
MFC, and amygdala neurons whose activ-

ity resembled the trial-to-trial stimulus
values computed by a reinforcement learning model. Future studies involving neural
recordings in these regions might also
benefit from this strategy, especially if
models involving the amygdala are considered. For example, Costa et al. (2016)
recently reported that both the amygdala
and the ventral striatum contribute to reinforcement learning, albeit in somewhat
different ways. In particular, they observed that when outcomes were deterministic, monkeys with amygdala lesions
performed worse than control monkeys
and monkeys with ventral striatum lesions. Costa et al. (2016) explained this
performance deficit as a reduction in
learning rate, a reinforcement learning
model parameter. This observation is particularly relevant to the Rudebeck et al.
(2017) study, in which a reinforcement
learning model was used to predict value
signals, but was not discussed with regard
to lesion-related performance deficits.
Importantly, such discussions may help to
uncover the as-yet-unknown role of the
amygdala in reinforcement learning (for a
recent review, Averbeck and Costa, 2017).
It is informative that lesions of the
amygdala impair learning about new
stimuli (Rudebeck et al., 2017) but do not
impair choices about familiar stimuli
(Rudebeck et al., 2013). This suggests that
a working amygdala is required for learning in stationary environments (in which
reward contingencies do not change),
but not for decision-making based on
learned values. In nonstationary environments, such as in reversal learning
tasks, however, the amygdala may have
an even greater impact on decisionmaking because the agent must regularly unlearn old reward associations to
learn new ones. Interestingly, monkeys
with amygdala lesions perform better in
reversal-learning tasks relative to controls, possibly due to switching to a response strategy that is independent of
value representations (Rudebeck and
Murray, 2008; Izquierdo et al., 2017).
The results of Rudebeck et al. (2017)
suggest that the amygdala not only is important for maintaining existing value
representations in the OFC (Rudebeck et
al., 2013), but also is involved in learning
new value representations in the OFC and
the MFC. Unlike with familiar stimuli,
impoverished value representations for
novel stimuli can lead to performance deficits: slower learning rates, and inappropriate responses following errors. These

results further obscure the distinction between the roles of the amygdala, the OFC,
and the MFC in decision-making, and
open the door for future studies designed
to investigate the relationship between
these neural regions.
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