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The amygdala is a fascinating, complex structure that lies at the center of much of our current thinking
about emotion. Here, I will review data that suggest that the amygdala is involved in several processes
linked to determining what a stimulus is and what the organism should therefore do - the two ques-
tions that are part of the title. This piece will focus on three main aspects of amygdala function, namely
attention, value representation, and decision making, by reviewing both non-human and human data.
Two mechanisms of affective attention will be described. The first involves projections from the central

ﬁz;‘gﬁg nucleus of the amygdala to the basal forebrain, which has extensive and diffuse projections throughout
Emotion the cortical mantle. The second involves projections from the basal amygdala to multiple levels across
Affect the visual cortex. I will also describe how the basolateral amygdala is important for the representation
Attention of value and in decision making. Overall, it will be argued that the amygdala plays a key role in solving

Decision making the following problem: How can a limited-capacity information processing system that receives a con-

Value stant stream of diverse inputs be designed to selectively process those inputs that are most significant
to the objectives of the system? “What is it?” and “What’s to be done?” processes can then be viewed as
important building blocks in the construction of emotion, a process that is intertwined with cognition.
Furthermore, answering the two questions directs how resources should be mobilized as the organism
seeks out additional information from the environment.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The amygdala is a fascinating, complex structure that lies at
the center of much of our current thinking about emotion. It is
well known for its involvement in fear conditioning, but it also has
been documented to be involved in a surprisingly broad array of
functions, spanning both negative and positive dimensions.

As generally is the case when considering a brain structure, a
natural inclination is to attempt to discover the function that the
structure implements. In the case of the amygdala, historically, this
function has been proposed to be linked to fear and, in fact, the
amygdala has been suggested to be a fear module (Ohman & Mineka,
2001). An important component of this proposal is the purported
existence of a subcortical thalamo-cortical pathway that conveys
information to the amygdala in an expedient manner, a notion that
we have critically evaluated elsewhere (Padmala, Lim, & Pessoa,
2010). More generally, the limitations of the fear-module idea have
been addressed by Sander and colleagues, too, who rejected the
idea that amygdala function is centered on “negative arousing emo-
tions” (Sander, Grafman, & Zalla, 2003).
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In the present paper, I will review data that suggest that the
amygdala is involved in several processes linked to determining
what a stimulus is and what the organism should therefore do - the
two questions that are part of the title. The goal of this contribution
is not, however, to provide an in-depth review of amygdala function
(whichis available elsewhere; see (Aggleton, 1992; Aggleton, 2000;
Whalen & Phelps, 2009)), but to highlight important ways in which
the function of the amygdala goes beyond emotion as traditionally
conceived; for recent reviews, see also (Morrison & Salzman, 2010;
Salzman & Fusi, 2010). This approach reflects a trend that may be
discerned in the field of moving away from viewing the amygdala
in terms of its fear-related functions and instead conceptualizing
this structure in terms of a broader array of processes.

2. Amygdala: definition and anatomy

Anatomically, the amygdala is a complex structure containing
more than a dozen nuclei that are richly interconnected (Fig. 1).
Based on multiple types of information, including connectivity
and distribution of neurotransmitters, given the amygdala’s com-
plexity, some have even questioned whether it is meaningful to
consider this collection of nuclei as a functional-anatomical unit -
forinstance, “What is the amygdala?” was the provocative title used
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Fig. 1. Amygdala. Anatomically, the amygdala is a complex of more than a dozen
nuclei. Here, we will focus on functions of the basolateral complex (including the lat-
eral, basal, and accessory basal nuclei) and the central nucleus). The central nucleus
(CE) and the basolateral complex (B: basal nucleus; L: lateral nucleus; AB: accessory
basal nucleus), are shown among other amygdala nuclei (for the remaining abbre-
viations, see (Aggleton & Saunders, 2000)). Reproduced from (Aggleton & Saunders,
2000) with permission.

by Swanson and Petrovich (1998) in a well known case (see also
Heimer, Van Hoesen, Trimble, & Zahm, 2008; Holland & Gallagher,
1999). Although this debate is far from settled (see p. 3 of Aggleton
& Saunders, 2000), it is useful to consider at least two subdivisions
of the amygdala, one involving the basolateral amygdala (including
the lateral, basal, and accessory basal nuclei) and the central amyg-
dala (involving the central nucleus) (Cardinal, Parkinson, Hall, &
Everitt, 2002; Davis & Whalen, 2001; Heimer et al., 2008) (Fig. 2).

Fig. 2. Amygdala and medial temporal lobe regions in the human brain shown in
a coronal slice. Orange: centromedial amygdala (central and medial nuclei); red:
basolateral amygdala (lateral, basolateral, basomedial, and paralaminar nuclei);
magenta: superficial amygdala. Other colors indicate other medial temporal lobe
regions. Reproduced from Amunts et al. (2005) with permission. (For interpreta-
tion of the color information in this figure legend, the reader is referred to the web
version of the article.)

For instance, the basolateral amygdala appears to be responsible
for Pavlovian learning and the representation of value. As discussed
below, the central nucleus is involved in several attentional func-
tions. The two subdivisions also exhibit connectivity patterns that
are quite distinct from each other. For instance, the basolateral
amygdala receives substantial sensory information from the cor-
tex, and is richly connected with parietal, cingulate, insular, and
prefrontal cortices. The central amygdala is at times viewed as a
“controller of the brainstem” (Cardinal et al., 2002), and uses its
widespread projections to the hypothalamus and other brainstem
nuclei, including the midbrain reticular formation, to coordinate
behavioral, autonomic, and neuroendochrine responses. The baso-
lateral amygdala is also structurally more similar to the isocortical
arrangement of cortex, whereas the central amygdala exhibits a
more simplified cytoarchitercture with incipient lamination.

The value of some functional-anatomical subdivisions notwith-
standing, such as the one in terms of the basolateral and central
amygdala (see also Swanson & Petrovich, 1998; Heimer et al., 2008),
it must be emphasized that the bulk of the research on the human
amygdala using neuroimaging employs methods that do not allow a
separation in terms of anatomical nuclei (but for an interesting dif-
fusion tensor imaging study, see (Solano-Castiella et al., 2010); for
a high-resolution functional study, see (Gamer, Zurowski, & Buchel,
2010)).In addition, many lesion studies are too coarse to offer infor-
mation in terms of the multiple nuclei that have been identified
anatomically. This is certainly the case in human studies, as well as
many nonhuman animal studies. As discussed further below, the
division of labor between the basolateral and central amygdala is
not entirely clear cut, however, as both of these subdivisions may
be involved in attentional processes, for instance.

3. Vigilance, arousal, and ambiguity

Early stimulation studies of the amygdala in non-human ani-
mals revealed a consistent “attention response” (Ursin & Kaada,
1960); see also (Kaada, 1951), where this behavior was termed
the “arrest response”), consisting of a rapid arrest of all activi-
ties in progress (e.g., in the cat, licking and walking), followed
by movements of an orienting character. For instance, Ursin and
Kaada (1960) noted that the animal usually raises its head and
looks in an inquisitive manner (Fig. 3). The same amygdala stim-
ulation produced EEG “desynchronization”, as revealed by both
scalp electrodes and electrodes implanted into the cortex of the
frontal, temporal, and parieto-occipital brain (Ursin & Kaada, 1960).
Evidence of cortical desynchronization is particularly interesting
as such pattern has long been considered to be a signature of
cortical activation or arousal (Moruzzi & Magoun, 1949) - to be
contrasted to regular, synchronous activity typically observed in
less alert states. These and many other findings led to proposals
in which the amygdala played a key role in arousal and/or atten-
tion (Kaada, 1972; Pribram & McGuinness, 1975). Indeed, Pribram
and McGuinness (1975) suggested that the amygdala is a core
structure in a system that is involved in a “What is it?” form of
processing in contrast, for instance, with a “What’s to be done?”
system (Germana, 1969). Contrary to Pribram and McGuinnes, as
discussed below, considerable evidence exists linking the amyg-
dala to a “What’s to be done?” function, too - thus motivating the
title of the present piece.

Modern studies have picked up on some of these early themes.
For instance, Kapp and colleagues reported that, in rabbits, electri-
cal stimulation of the central amygdala suppresses low-frequency
activity, namely it produces desynchronization (Kapp, Supple, &
Whalen, 1994); see also (Stock, Rupprecht, Stumpf, & Schlor, 1981).
Because of the well established role of the cholinergic system
in cortical activation and arousal (Sarter & Bruno, 2000), Kapp
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Fig.3. Attention response. Stimulation of the amygdala with mild electrical currents
elicits an “attention response”. (A) Before stimulation. (B, C) During stimulation.
Adapted from Ursin and Kaada (1960) with permission. Illustration by Gatis Cirulis.

and colleagues investigated the potential effects of a cholinergic
antagonist during amygdala stimulation. Their results revealed that
desynchronization was markedly attenuated by such antagonists,
consistent with a role for acetylcholine in cortical activation (an
effect that is likely dependent on the basal forebrain system, as
discussed below).

The involvement of the central amygdala in cortical arousal
is also suggested by preliminary findings that spontaneous activ-
ity of central nucleus neurons was correlated with spontaneous
fluctuations in the excitability of cortical neurons as measured by
the electrocorticogram (Kapp, Silvestri, & Guarraci, 1996; Kapp,
Silvestri, Guarraci, Moynihan, & Cain, 1997). Given that central
nucleus neurons also exhibited increased firing to cues that were
predictive of an aversive shock, as suggested by Whalen (1998), it is
possible that the engagement of the central nucleus by fear-related
cues is part of a more widespread role of this region in modulating
the vigilance level of the organism (see also below for discussion
of mechanisms). Indeed, based on these findings as well as those
from human neuroimaging, Whalen suggested that the amygdala
is a “continuous vigilance system, one that is preferentially invoked

Fig. 4. Amygdala activation to neutral faces. Contrast of viewing neutral faces vs.
viewing buildings during a one-back working memory task (N=30). Robust differen-
tial responses were observed in the amygdala (approximately indicated by the blue
circles), and extended dorsally into the basal forebrain, and even into the globus
pallidus. Data from “localizer runs” re-analyzed from Lim et al. (2009). (For inter-
pretation of the color information in this figure legend, the reader is referred to the
web version of the article.)

in ambiguous learning situations of biological relevance” (Whalen,
1998).

The notion that the amygdala is attuned to stimuli of biologi-
cal significance is consistent with a host of neuroimaging findings,
including results of amygdala engagement during biological motion
(Bonda, Petrides, Ostry, & Evans, 1996) and stimuli that are of
social relevance (Adolphs, 2010). Furthermore, in neuroimaging,
the amygdala is robustly engaged by neutral faces (Fig. 4) (see also
Pessoa, McKenna, Gutierrez, & Ungerleider, 2002) - which arguably
constitute an important class of stimuli for humans - consistent
with unit recordings in both monkeys (Gothard, Battaglia, Erickson,
Spitler, & Amaral, 2007; Rolls, 2005) and humans (Kreiman, Koch,
& Fried, 2000; Mormann et al., 2008).

It has also been suggested that the amygdala is more readily
engaged when stimuli have more than one interpretation, that is,
in situations in which there is ambiguity (Whalen, 1998). In such
situations, the gathering of additional environmental information
is beneficial and possibly critical. Thus, the amygdala would be
a key component of an “information gathering system” (Whalen,
1998), in line with findings that evoked responses in the amyg-
dala to fearful faces are stronger than those evoked by angry faces
(Whalen et al., 2001). Here, the reasoning is that although both
fearful and angry faces are significant to an individual, the former
provide less information than the latter, as the source of threat is
unknown. Accordingly, fearful faces would be expected to recruit
the amygdala more strongly.

Further findings of how temporal unpredictability affects amyg-
dala processing (Herry et al., 2007) refine our understanding of
amygdala function. In an interesting cross-species study, both
mouse and human participants heard a simple repeating tone,
which in one condition was part of a predictable sequence (e.g.,
every 200ms), and in another was part of an unpredictable
sequence (e.g., a variable interval with 200 ms mean). In humans,
fMRI results revealed increased responses in the unpredictable
vs. predictable condition in the amygdala, bilaterally. In addition,
evoked responses were observed throughout the entire stimula-
tion period - i.e., they did not habituate, as commonly observed
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(Buchel, Morris, Dolan, & Friston, 1998; LaBar, Gatenby, Gore,
LeDoux, & Phelps, 1998). In mice, enhanced amygdala engage-
ment was revealed by increased expression of c-fos (a so-called
immediate-early gene) in the basolateral amygdala. In addition,
the unpredictable sound sequence prevented the rapid habituation
of neuronal activity in the same region. Interestingly, the unpre-
dictable auditory stimulation had a clear behavioral impact. In
humans, spatial attention appeared to be enhanced towards emo-
tional faces, as revealed by the dot-probe task, when participants
performed the task while the unpredictable auditory sequence was
simultaneously played. In mice, the unpredictable sequence led to
both avoidance and anxiety-related behavior, as revealed by testing
the mice on a stress-inducing maze test.

Taken together, the above findings document an important role
for the amygdala in vigilance and arousal, as well as ambiguity pro-
cessing. A related proposal was offered by Sander and colleagues,
who proposed that the amygdala may constitute an evolved sys-
tem for relevance detection (Sander et al., 2003). Based on a careful
review of the available evidence, they rejected the notion that
responses in the amygdala are strictly tied to fear-related pro-
cessing or, more generally, to the processing of unpleasant stimuli
(as it responds to many positive stimuli). Instead, they suggested
that a “common computational profile” can be inferred and that
it involves the detection of relevance: “an event is relevant for an
organism if it can significantly influence (positively or negatively)
the attainment of his or her goals, the satisfaction of his or her needs,
the maintenance of his or her own well-being, and the well-being
of his or species” (Sander et al., 2003) (p. 311).

Another important conclusion that can be garnered by this
brief review is that the amygdala is engaged by stimuli of bio-
logical relevance, even though they do not necessarily influence
emotional state (Whalen, 1998). This is the case, for instance, for
pictures of affectively neutral faces, and even pictures conveying
emotional expressions, which are unlikely to elicit emotions per se.
Itis also noteworthy that in early stimulation studies, whereas mild
amygdala stimulation produced alerting-type responses, stronger
stimulation generated reactions more closely related to emotion.
Thus, it is useful to distinguish between “affective information pro-
cessing” and affect (Whalen, 1998), especially given that the former
shares many properties with cognitive processes, such as attention.

4. Attention

Although attention is closely related to concepts such as vigi-
lance and arousal, it is often thought to assume a more specific role.
Generally speaking, we can think of a central function of attention
as highlighting some stimuli (or more generally, task components)
so as to receive additional processing, while at the same time other
stimuli (or task components) are deemphasized or discarded in
terms of further processing. Whereas attention is a heterogeneous
concept linked to diverse mechanisms (e.g., “bottom-up compe-
tition”, “top-down selection”, etc.), when viewed in this general
manner, many amygdala functions can be profitably viewed as
attentional.

4.1. Non-human animals

Findings by Holland, Gallagher, and colleagues indicate that the
central nucleusis selectively involved in learning to orient to a stim-
ulus that reliably predicts a biologically important event, such as
food. As the same lesions do not impair the acquisition of other rel-
evant conditioned responses, explanations of the role of the central
nucleus in orienting processes solely based on broad impairments
of learning or motivation are unsatisfactory (Holland & Gallagher,
1999).

Conditioning, while naturally involving learning, is subject to
several attentional modulations and, more generally, can be viewed
as a simplified system for studying selective information processing.
The following problem is worth considering in this context: “How
can a limited-capacity information processing system that receives
a constant stream of diverse inputs be designed to selectively pro-
cess those inputs that are most significant to the objectives of the
system?” (Grossberg & Levine, 1987). Selection of information for
further analysis is a key problem that needs to be solved for effective
learning - and, arguably, many other processes.

One way in which selective aspects of learning are investigated
in several behavioral paradigms is via the study of the rate of
learning of a conditioned stimulus (CS), also known as associabil-
ity. Associability determines how much processing is devoted to a
CS, and in this manner determines the extent to which new infor-
mation can be learned about it. Several theoretical frameworks of
Pavlovian conditioning (e.g., Pearce & Hall, 1980) propose that in a
situationin which a CSis completely predictive of an unconditioned
stimulus (US), the CS is actually not worth learning about. In other
words, attention to learning about a stimulus should be reserved
for stimuli whose consequences are less well established. In this
sense, associability can be greatly increased by surprising events.
Notably, increased learning when a predictive relation is altered
to a less predictive one depends on the integrity of the central
nucleus, including its projections to cholinergic neurons in the basal
forebrain (Cardinal et al., 2002). For instance, control rats learned
the relationship between a light CS and a tone CS faster when this
relationship was less predictive than when it was completely con-
sistent. In contrast, rats with central nucleus legions showed the
opposite pattern (Holland & Gallagher, 1993).

The importance of the central nucleus for selective attentional
processing is further highlighted by a study by Holland and col-
leagues (Holland, Han, & Gallagher, 2000). In this experiment, on
each trial, after a ready signal, rats were required to poke their
noses into one of three ports, guided by the brief illumination of
one of them. Rats with central nucleus lesions were slower to learn
the task than control animals. Additional attentional challenges,
including reducing the duration of the illumination and varying
the duration of the ready signal, had greater impact on the perfor-
mance of the lesioned than control rats. Interestingly, the results
were analogous to those observed after damage to the basal fore-
brain system, consistent with the idea that the observed effects of
central nucleus lesion are mediated via this system, as discussed
below.

The role of expectations (hence surprise) in modulating amyg-
dala responses has also been documented in the basolateral region,
in this case in an experiment involving monkeys (Belova, Paton,
Morrison, & Salzman, 2007). During trace conditioning, the ini-
tial CS cue is separated from the US by a temporal gap (unlike
the situation in delay conditioning in which the two stimuli co-
terminate). During the task, neural responses were larger when
monkeys incorrectly predicted reward or punishment. For instance,
neurons driven by reward (water) responded more strongly to
the reward when it occurred unexpectedly (i.e., punishment was
expected). Likewise, many neurons driven by punishment (air puff)
responded more strongly to unexpected as compared to expected
air puff (but some cells that responded to air puff did not exhibit this
effect). Cells showing a valence non-specific effect of expectation
also exhibited a selective response to rewards and air puffs, while
still showing expectation-related modulation of those responses.
Interestingly, this expectation-dependent modulation of responses
bears resemblance to “prediction error signals”, which are sug-
gested to indicate the difference between expected and received
reinforcement in theoretical models of learning (Pearce & Hall,
1980; Rescorla & Wagner, 1972; Sutton & Barto, 1988). Notably,
a recent link between “prediction errors” and attention for learn-
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ing has been reported for the basolateral amygdala, both in terms
of neural activity and lesions (Roesch, Calu, Esber, & Schoenbaum,
2010a; Roesch, Calu, Esber, & Schoenbaum, 2010b), suggesting that
not only the central nucleus is involved in attentional functions
(Holland & Gallagher, 1999), but also the basolateral amygdala.

In summary, the amygdala plays an important role in several
selective information processing functions that are encountered
during the learning process — one of the multiple forms of affective
attention discussed in this paper. In particular, “surprise”, which
is directly linked to prediction errors, is an important variable in
determining the engagement of amygdala nuclei.

4.2. Mechanisms of vigilance and attention

What are the mechanisms by which the amygdala is involved
in the regulation of the attentional functions discussed above? The
central nucleus has significant projections to several basal forebrain
structures, including the magnocellular basal forebrain, which con-
tains the basal nucleus of Meynert (whose synonym “substantia
innominata” is falling into disuse as more of the “unnamed” areas
are being characterized), but also cell groups within the septum
and the horizontal limb of the diagonal band. The magnocellular
basal forebrain system originates an “ascending” (i.e., corticopetal)
cholinergic (and GABAergic) projection system that innervates
extensively throughout the cortical mantle. This system is thus
in a favorable position to influence cortical sites across the brain,
including sensory cortex, which plays a central role in respond-
ing to environmental stimuli. Consequently, the basal forebrain
affects the current mode of information processing as a function
of the content of the available information. Such topographically
widespread effects can thus result in increased vigilance, alertness,
and/or attention (Sarter & Bruno, 1999; Sarter, Bruno, & Turchi,
1999; Sarter & Bruno, 2000).

Acetylcholine released onto cortical neurons is known to facil-
itate their response (Everitt & Robbins, 1997). Recent evidence
suggests that basal forebrain cholinergic effects operate at a time
scale that is consistent with fast attentional processes (Parikh,
Kozak, Martinez, & Sarter, 2007; Parikh & Sarter, 2008) — and not
simply at a slower time scale that would be more consistent with
“cortical arousal states”, as often assumed. Furthermore, direct
stimulation of the basal forebrain was recently shown to enhance
the cortical coding of natural scenes in visual cortex (Goard & Dan,
2009) by improving the reliability of visual responses (i.e., stim-
ulation reduced the trial-by-trial variability of responses when a
natural movie stimulus was repeated).

In all, one mechanism by which activity in the central nucleus
influences cortical processing is by engaging basal forebrain neu-
rons, whose terminals release acetylcholine onto cortical sensory
neurons (Fig. 5) - although cholinergic mechanisms are more
commonly emphasized, other non-cholinergic systems may be
involved, too (Lin & Nicolelis, 2008). Consistent with the notion
that some of the attentional functions of the amygdala depend on
its close link with the basal forebrain, lesions of the latter have
been shown to impair a host of attentional tasks. These involve not
only tasks requiring sustained attention, but also those involving
selective processing components (e.g., filtering of irrelevant infor-
mation) (Sarter & Bruno, 1999; Sarter et al., 1999; Sarter & Bruno,
2000).

It is opportune to contrast the “ascending” projection of the
central nucleus to the basal forebrain, and its effects on cortical
arousal and attention, and projections more traditionally empha-
sized, namely “descending” ones. As briefly mentioned earlier,
these projections from the central nucleus to the hypothalamus
and other brainstem sites affect several structures implicated in
autonomic control and neuroendochrine responses, including the
periaqueductal gray, the reticular formation, and the pituitary

Fig. 5. Basal forebrain modulation of sensory processing. The basal forebrain (blue
ellipses) has widespread connections throughout the cortical mantle, including to
sensory cortex. These latter projections are suggested to have an important role in
influencing how sensory information is registered and processed. Here, the basal
forebrain is represented only schematically and situated atop the amygdala. For
the precise localization of the magnocellular cell groups in humans, see Fig. 8 of
(Zaborszky et al., 2008). (For interpretation of the color information in this figure
legend, the reader is referred to the web version of the article.)

gland. Given the effects of these structures on bodily states and the
regulation of the internal milieu, a more direct link with emotional
states, such as fear, may be established - in contrast to the alerting
and attentional effects of the “ascending” projections of the central
nucleus (Fig. 6).

4.3. Humans

One of the key functions of attention is to help select specific
items that will further shape information processing. One way in
which emotional content guides information processing is linked
to the prioritization of this class of stimuli relative to neutral items.
A host of experimental paradigms have documented the many
ways in which the processing of emotion-laden stimuli is privi-
leged, including detection, search, interference, masking, and the
attentional blink. A particularly rich paradigm to study capacity
limitations is the attentional blink, in which subjects are asked to
report the occurrence of two targets (T1 and T2) among a rapid
stream of visual stimuli. When T2 follows T1 by a brief delay, par-
ticipants are more likely to miss it, as if they had blinked (hence the
name). The attentional blink is believed to reflect a capacity-limited
processing stage linked to the processing of the first target (possibly
connected to short-term memory processes). Notably, the strength
ofthe attentional blink is influenced by the emotional content of the
stimuli involved, such that participants are better at detecting the
second target when it is emotionally laden. For instance, in a task
involving the detection of words written in a green font (among dis-
tractors written in white font), subjects were better at detecting T2
words such as “rape” compared to words such as “house” (Anderson
& Phelps, 2001), when these followed a neutral first target. Impor-
tantly, this counteracting of the attentional blink by words with
emotional content was not observed in patients with lesions of the
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Fig. 6. Ascending and descending projections of the central nucleus. The cen-
tral nucleus influences information processing throughout cortex, an effect that
is mediated via the basal forebrain. At the same time, descending projections via
the hypothalamus and other brainstem sites leads to the mobilization of bodily
resources. Both ascending and descending systems are suggested to contribute to
affective attention. BF: basal forebrain; HYP: hypothalamus.

amygdala, revealing a critical role for this structure in modulating
perceptual experience (but see below for further discussion).

In a recent study (Lim, Padmala, & Pessoa, 2009), we reasoned
that if the amygdala is involved in shaping perceptual experi-
ence when affectively significant visual items are encountered, as
indicated by the above study, responses in this structure should
be correlated with both visual cortex responses and behavioral
reports. We investigated how affective significance shapes visual
perception during an attentional blink paradigm combined with
aversive conditioning (Fig. 7A). Behaviorally, following aversive
learning, affectively significant scenes (CS+) were better detected
than neutral (CS—) ones (72% vs. 62%, respectively). In terms of
mean brain responses, both amygdala and visual cortical responses
were stronger during CS+ relative to CS— trials. Increased responses
in these regions were associated with improved behavioral perfor-
mance across participants and followed a mediation-like pattern
(Fig. 7B). Specifically, although amygdala responses were predictive
of behavioral performance, once responses in visual cortex were
taken into account, the initial relationship was no longer statisti-
cally significant, consistent with the idea that the influence of the
amygdala was mediated via visual cortex - it is also possible that
the link between amygdala and visual cortex was itself mediated
via the basal forebrain (Pessoa, 2010), as discussed above.

We further hypothesized that if fluctuations in evoked
responses in the brain determine the accuracy of the detection of
the second target, trial-by-trial variability in response amplitude
should predict behavioral reports. To evaluate this prediction, we
performed logistic regression analysis and modeled the probabil-
ity of a hit trial (i.e., correctly reporting “house” or “building”) as a
function of single-trial amplitude. In visual cortex, the mean logis-
tic regression slopes, which represent the strength of the predictive

T1-T2 lag (200-500 ms)

(B) CS+HIT
€S- HIT

Amygdala mean response
g n HIT f\ MISS
5 o'
g o trial-by-trial
o~ *
.

"
o | Visual Cortex .k

Behavior

Fig. 7. Attentional blink paradigm. (A) Participants were asked to report on the face
stimulus (T1) and on whether the stream contained a house, a building, or no scene
(T2). Houses or buildings were paired with mild electrical stimulation during an
initial learning phase. During the main experimental phase, only trials in which
no stimulation was administered were analyzed. (B) It was hypothesized that the
link between responses evoked in the amygdala and behavior (i.e., detection of T2)
was mediated via specific regions of visual cortex - in this case, the parahippocam-
pal gyrus given its involvement in the processing of scenes and spatial layouts. It
was further anticipated that this relationship would be observed in terms of mean
responses (across participants; shown schematically in red and blue), but also in
terms of moment-to-moment fluctuations in evoked brain responses and behavior
(shown in purple). Reproduced from Lim et al. (2009) with permission. (For inter-
pretation of the color information in this figure legend, the reader is referred to the
web version of the article.)

effect, were significant for both CS+ and CS- trials, indicating that
trial-by-trial fluctuations in fMRI signals reliably predicted percep-
tual T2 decisions (Fig. 8A and B). Importantly, a direct comparison
of the CS+ and CS— conditions revealed that the predictive power
of the logistic regression fit was stronger during CS+ relative to
CS— scenes. An analogous trial-by-trial analysis was performed for
the amygdala (Fig. 8C and D). The mean logistic regression slope
was significant for CS+ trials, but not for CS— trials, indicating that
variability in fMRI signals in the amygdala contributed to percep-
tual T2 decisions more robustly when these stimuli were affectively
significant (a direct paired comparison was also significant).

If the region interactions summarized in Fig. 7B subserve
behavioral performance, they should be observed in a moment-to-
moment basis, too. Importantly, the mediation would be expected
to be predictive of the behavioral outcome on individual trials,
namely, whether or not a subject correctly detected a target scene
(hitvs. miss). Indeed, the mediation pattern was observed in a trial-
by-trial analysis, revealing that the specific pattern of trial-based
variability in brain responses was closely related to fluctuations in
behavioral performance.

Finally, we anticipated that if the amygdala shapes perception,
the strength of the predictive effect between visual cortex and
behavior should depend on the strength of amygdala signals. In
other words, because we could not directly influence amygdala or
visual cortical responses (for instance, with microstimulation), we
investigated how the relationship between evoked responses in
visual cortex and behavior itself varied as a function of response
strength in the amygdala. We found that when responses in the
amygdala were relatively weak, the relationship between visual
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and behavior. Reproduced from Lim et al. (2009) with permission. (For interpretation of the color information in this figure legend, the reader is referred to the web version

of the article.)

cortex and behavior was also relatively weak; when responses in
the amygdala were strong, the relationship between visual cortex
and behavior was stronger (Fig. 8E). Thus, the relationship between
visual cortex and behavior varied as a function of the response
strength of the amygdala. These results are consistent with the
notion that trial-by-trial fluctuations in visual cortex, which are
strongly tied to behavior, depend on amygdala responses.

Taken together with other findings (e.g., Anderson & Phelps,
2001), our results suggest that affective significance potentially
determines the fate of a visual item during competitive interactions
by enhancing sensory processing. By helping establish affective
significance, the amygdala helps separate the significant from the
mundane. One way to interpret the above results is in terms of

an attentional function of the amygdala. For example, in studies
of attention and visual cortical function, fluctuation of responses
in visual cortex is often conceptualized as dependent on “source”
regions in parietal and frontal cortices (Corbetta & Shulman, 2002;
Kastner & Ungerleider, 2000), and these mechanisms are typically
viewed as linked to how the processing of attended objects is pri-
oritized. In our study of the attentional blink, something quite
similar was observed insofar as fluctuations in the amygdala were
predictive of the strength of the link between visual cortex and
behavior. In this case, the amygdala was found to behave much
like an “attentional device” would be expected to — namely, as a
device that helps to prioritize the processing of certain stimuli over
others.



L. Pessoa / Neuropsychologia 48 (2010) 3416-3429 3423

4.4. Additional attentional mechanisms

One of the goals of reviewing the study above in some detail
was to highlight another attentional mechanism that is carried out
by the amygdala, one that further indicates the potential of the
amygdala to directly shape how we see the world and even what
is seen.

Just as attention in general (i.e., involving neutral information)
can favor the processing of attended items, so too does emotional
valence. Attended items are associated with faster reaction times
and with increased neural activity. In a similar fashion, the process-
ing of emotion-laden stimuli is prioritized and leads to stronger
activation in visual processing regions — for reviews, see (Pessoa,
Kastner, & Ungerleider, 2002; Vuilleumier, 2005). I suggest that the
increased activation produced by emotional stimuli reflects pro-
cesses of emotional modulation by which the processing of this
stimulus category is favored as compared to the processing of
neutral stimuli. What are the mechanisms by which this form of
affective attention is carried out?

The pattern of connectivity between the amygdala and visual
cortex is well characterized in monkeys (Freese & Amaral, 2005).
The amygdala receives highly processed inputs from anterior
portions of inferior temporal cortex but, remarkably, efferent pro-
jections from the amygdala reach nearly all levels of the ventral
stream, including the primary visual cortex (V1). Notably, these
connections originate in the basolateral amygdala, and are a distinct
system from those discussed previously in the context of the central
nucleus. This connectivity pattern has led a number of researchers
to propose that these “feedback” connections exert a modulatory
influence on visual responses according to the affective signifi-
cance of the item being processed (which may be ascertained in the
amygdala per se). As alluded to above, emotion-laden stimuli evoke
stronger responses in visual cortex relative to neutral ones. For
instance, stronger responses to fearful faces relative to neutral ones
are observed in the fusiform gyrus (Pessoa, McKenna, Gutierrez,
& Ungerleider, 2002; Vuilleumier, Armony, Driver, & Dolan, 2001),
and stronger responses to a fear-conditioned grating stimulus were
observed in early, retinotopically organized visual cortex, includ-
ing areas V1 and V2 (Padmala & Pessoa, 2008). Projections from the
amygdala to visual cortex may thus provide the substrate for these
effects.

An important piece of evidence supporting this notion comes
from a study that compared visual responses to faces in patients
with a compromised amygdala and controls. Whereas in control
participants fearful faces evoked increased responses relative to
neutral ones, no significant differences were detected in the patient
group (Vuilleumier, Richardson, Armony, Driver, & Dolan, 2004). It
thus appears that efferent projections from the amygdala consti-
tute an important mechanism by which cortical visual responses
are modulated according to affective significance. Furthermore,
increased responses may influence competition taking place in
visual cortex (Pessoa, Kastner, & Ungerleider, 2002). An interest-
ing example comes from a study by Vuilleumier and colleagues
in which subjects fixated a central cue and matched either two
faces or two houses presented eccentrically (Vuilleumier et al.,
2001). When faces were presented to the left and right of fixation,
the houses were presented above and below fixation (and vice-
versa). When subjects performed the house-matching task (i.e., the
faces were unattended), reaction times were slower if the (ignored)
faces were fearful than if they were neutral. These results indicate
that emotion-laden faces compete more strongly for processing
resources in visual cortex, as suggested in Fig. 9.

Affective attention also influences stimulus visibility, as sup-
ported by studies of the attentional blink paradigm (see above) and
detection studies (Padmala & Pessoa, 2008). Complementary evi-
dence comes from variants of the attentional blink task in which a

Top-down mechanisms

OFC
Action,
Memory, etc.
Amyg
Pulvinar Visual cortex

bottom-up input

Fig. 9. Competition in visual cortex. Competition is influenced by both bottom-up
stimulus dimensions (e.g., stimulus contrast) and by top-down mechanisms that are
dependent on task goals (e.g., “search for faces”). Importantly, competition is also
influenced by the affective significance and value of items. The latter is suggested to
be supported by several potentially parallel mechanisms that rely on the amygdala,
orbitofrontal cortex, and pulvinar nucleus of the thalamus, among others. Overall,
the processing of affectively significant items receives prioritized processing. Note
that the contribution of the pulvinar is suggested to be indirect (green arrow), given
that the “visual” pulvinar is separate from the more “associational” pulvinar, which is
suggested to be more directly involved in determining value (see Pessoa & Adolphs,
submitted for publication).

critical distractor stimulus precedes a target stimulus (e.g., a rotated
image), and both are presented within a rapid stream of visual stim-
uli (Most, Chun, Widders, & Zald, 2005), as in the attentional blink.
When the critical distractor is emotional, detection of the target
stimulus is impaired relative to that observed when the distractor
is neutral. These findings from rapid visual stream paradigms (see
also Most, Chun, Johnson, & Kiehl, 2006; Most, Smith, Cooter, Levy,
& Zald, 2007) suggest that, relative to neutral items, emotion-laden
stimuli compete more effectively in the temporal domain, possi-
bly by more forcefully withholding processing resources that are
needed to detect the target stimulus.

Taken together, affective attention has several effects. Behav-
iorally, there is evidence that competition is influenced, such that
affectively significant information competes more vigorously for
processing resources. The studies outlined above suggest that both
spatial and temporal competition processes are influenced. In terms
of neural processes, it is likely that emotional modulation plays an
importantrole in both types of behavioral effect. Indeed, the studies
with amygdala patients, as well as the investigation of trial-by-trial
fluctuations in both the amygdala and visual cortex, suggest that
the amygdala plays an important role in these effects.

Several aspects of the contributions of the amygdala to affec-
tive attention should be noted, however. In a recent study, it was
reported that a patient with bilateral amygdala lesions still exhib-
ited a behavioral advantage for the processing of fearful faces,
even though the tasks investigated required rapid detection or
involved manipulations of awareness (Tsuchiya, Moradi, Felsen,
Yamazaki, & Adolphs, 2009). These findings raise the possibility
that the amygdala is not necessary for the advantage of emotion-
laden information in these paradigms, as often assumed - although
it may play a role when intact. In another recent study, Bach
and colleagues reported an advantage for emotion-laden stimuli
in the attentional blink in two patients with bilateral amygdala
damage (Bach, Talmi, Hurlemann, Patin, & Dolan, submitted for
publication) - results that directly counter the earlier findings
by Anderson and Phelps (2001). In other words, a reduction of
the attentional blink when T2 was an emotional word (compa-
rable to that observed with control participants) was observed
even though the patients did not have a functioning amygdala.
An additional recent study revealed that enhanced search for fear-
ful faces persisted after amygdala lesions (Piech et al., 2010). The
authors proposed that the amygdala is not necessary for emotion-
guided visual search and suggested that other mechanisms beyond



3424 L. Pessoa / Neuropsychologia 48 (2010) 3416-3429

Fig. 10. Affective attention. Affective information shapes information processing
in the brain via several mechanisms. The mechanisms of affective attention high-
lighted here depend on the amygdala (blue ellipse). (1) Diffuse projections from the
basal forebrain (yellow arrows) modulate responses throughout the cortical man-
tle, including sensory cortex. (2) Efferent projections from several amygdala nuclei
(green arrows) reach multiple stages of the visual cortex, including both “late” (e.g.,
area TE) and “early” ones (e.g., V1). (3) The central nucleus also originates descend-
ing projections (black arrow) via the hypothalamus and other brainstem nuclei that
mobilize bodily resources as a function of the affective significance of the item at
hand. A: amygdala. (For interpretation of the color information in this figure legend,
the reader is referred to the web version of the article.)

the amygdala help guide attention toward threatening stim-
uli.

In this context, | suggest that another structure that is important
in determining the significance of incoming stimuli is the pulv-
inar nucleus of the thalamus. Indeed, in a recent review (Pessoa
& Adolphs, submitted for publication), based on both anatomi-
cal and physiological data, it was proposed that the pulvinar is a
significant hub region (i.e., a region with a high degree of con-
nectivity; see also below for the discussion of the amygdala as
a hub region) with key contributions to the processing of bio-
logically significant stimuli (see Ward, Calder, Parker, & Arend,
2007; Ward, Danziger, & Bamford, 2005). Indeed, in a re-analysis
of the attentional blink study described in the previous section
(Lim et al., 2009), responses in the pulvinar were also closely tied
to the behavioral advantage of emotional stimuli (Padmala et al.,
2010).

In summary, at least two important systems for affective atten-
tion were highlighted here (Fig. 10). The first system involved a
circuit that links the central nucleus of the amygdala with the mag-
nocellular basal forebrain. Although this system involves diffuse
projections to most of the cortical mantle, its effects are not only
global, such as arousal, but also can be quite specific (e.g., such
as increasing signal-to-noise during visual processing). A second
system is centered on the basolateral amygdala and appears to
influence both spatial and temporal competition processes in visual
cortex, thereby having an important role in shaping visual per-
ception and awareness. An additional system involves descending
projections of the central nucleus (and those via the bed nucleus
of the stria terminalis), and are involved in the mobilization of
bodily resources (Fig. 10). For further discussion, see (Barrett &
Bliss-Moreau, 2009; Pessoa, 2010).

5. Representation of value and decision making
5.1. Value representation
Another important dimension of amygdala function involves its

role in linking stimuli (or more generally, object representations)
to current estimates of biological value. This role is pertinent when

considering studies of appetitive function and reward, as well as
negative functions.

Inanimal learning studies, a whole gamut of tasks involving rein-
forcer revaluation demonstrates the role of the basolateral complex
in the representation of value. For example, both rats and monkeys
with basolateral lesions fail to adjust their responding (e.g., ori-
enting and food cup approach in the rat) to a CS after a food US is
devalued (e.g., via satiety). In one study (Malkova, Gaffan, & Murray,
1997), monkeys first learned to discriminate pairs of objects, which
were either “positive” (i.e., paired with food) or “negative” (i.e.,
unpaired). Two different food rewards were employed (peanuts or
fruit snacks), one of which was presented on a given trial. Visual
discrimination learning proceeded until monkeys performed this
task rather well - that is, they could discriminate between objects
paired with food and objects that were not paired with food. Prior
to the subsequent critical sessions, the animals were then sated in
one of the foods by having ample access to this food type (but not
the other). During critical trials, the monkey was asked to choose
between two objects, each of which had been paired with one of
the food items - unlike in the initial discrimination learning phase,
both items were “positive”. After being sated with one of the foods,
intact monkeys avoided displacing objects that covered this food
type in favor of objects that covered the food that had not been
recently consumed. Monkeys with amygdala lesions did not exhibit
this behavior, however, and instead displaced a similar number
of objects that had been associated with the two different foods.
These results are thus consistent with the notion that the amygdala
is necessary to learning the association between stimuli and the
value of particular rewards. See also (Cardinal et al., 2002; Holland
& Gallagher, 1999; Murray, 2007).

Another paradigm that illustrates this issue is second-order
conditioning. In one experiment (Hatfield, Han, Conley, Gallagher,
& Holland, 1996), rats first experienced light — food pairings,
which were readily learned as evidenced by appropriate food cup
responding. Both animals with intact amygdala and those with
basolateral lesions learned this task equally well. In a second phase,
the rats experienced tone — light pairings. In this case, whereas
intact rats acquired conditioned food cup responses to the tone,
rats with lesions did not. Thus, although the lesions had no effect
on the acquisition of first-order conditioned responses to the light,
rats with lesions failed to acquire second-order conditioning to the
tone. These findings suggest that, in rats with basolateral lesions,
the light failed to acquire reinforcing value as a consequence of its
first-order pairings with food (see also Everitt & Robbins, 1992).

A recent paper also suggests that amygdala neurons may
help track value on a moment-to-moment basis (Belova, Paton,
& Salzman, 2008). During a trace-conditioning task, monkeys
learned the association between visual stimuli (CS) and positive
(water delivery) and negative (airpuff to the face) outcomes (US).
During a trial, presentation of different stimuli induced “state
transitions”, operationally defined simply as eliciting approach
or defensive behaviors. Stimuli included unconditioned stimuli,
learned reinforcement-predictive visual stimuli, and familiar stim-
uli long associated with reinforcement (fixation point, which had
a positive value to monkeys, because they chose to foveate it to
initiate trials). Different populations of neurons in both the baso-
lateral amygdala and central nucleus were observed that tracked
the positive or negative value of the current state. Positive value-
coding neurons increased their firing during the fixation interval
and fired more strongly after positive CSs and rewards than after
negative CSs and punishments. Negative value-coding neurons did
the opposite, decreasing their firing during the fixation interval and
firing more strongly after negative CSs and punishments than after
positive CSs and rewards. Thus, the overall pattern of responses in
the amygdala was consistent with the notion that neurons tracked
the moment-to-moment value of the state.
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with permission.

Furthermore, responses in the amygdala appeared to provide a
graded representation of value that spanned positive and negative
valences. For instance, in a positive value-coding cell, responses
elicited by the cue were high on a large-reward trial, low on
a punished trial, and intermediate on small-reward trials. Anal-
ogously, in a negative value-coding cell, responses to the cue
were strong on punished trials, weak on large-reward trials, and
again intermediate on small-reward trials (Fig. 11). This pattern
of response is important because it indicates that amygdala neu-
rons did not simply represent the association of the CS with the
sensory properties of a preferred US (water or airpuff). Instead,
the responses to the CSs reflected an integration of information
about multiple reinforcers with different sensory properties —
involving somatosensory, gustatory, and auditory pathways. These
response properties suggest, therefore, that amygdala neurons
build associations between learned cues and the value of the cor-
responding US, which can differ in sensory modality, valence, and
magnitude.

Consistent with the idea that the basolateral amygdala is
involved in value representation, this nucleus also exhibits sig-
nals linked to reward expectancy. For instance, Richmond and
colleagues investigated a task in which specific cues indicated if
reward could be obtained on that same trial after a correct red-
green color discrimination task, or whether one or two additional
color discrimination phases were needed for obtaining a reward (in
which case, more effort was necessary for obtaining the reward). In
other words, trials involved one or multiple phases. Notably, amyg-
dala neurons signaled whether trials would involve one, two, or
three phases (Sugase-Miyamoto & Richmond, 2005). Presumably,
these signals could then be used to adjust the motivational level of
the animal while attempting to obtain the reward.

Taken together, the above findings suggest that the amygdala
plays an important role in encoding value. Notably, this encoding
is observed not only at the level of the stimulus, but also at the level
of reinforcer representations. For instance, conditioned responses
to a tone that originally was paired with food are reduced if the
food is devalued via pairing with a toxin, even though this occurs
in the absence of the tone itself (Cardinal et al., 2002; Holland &
Gallagher, 1999). Evidence for a role in value representations is par-
ticularly well established for the basolateral amygdala, as revealed
by manipulations of a rich set of learning paradigms, but some
forms of value encoding are observed in the central nucleus, too
(Belova et al., 2008).

5.2. Decision making: non-human animal data

A central component of decision making involves the eval-
uation of the costs associated with different candidate actions
relative to their potential rewards. In experimental studies, ani-
mals are required to choose between options that yield smaller,
easily obtainable rewards and larger, more costly rewards. Impos-
ing these costs, including the delay of the delivery of the reward or

the requirement of increased physical effort to obtain it, leads to a
“discounting” (i.e., a devaluation) of larger rewards, thus increas-
ing preference for smaller, low-cost rewards (Floresco, St Onge,
Ghods-Sharifi, & Winstanley, 2008). A growing literature indicates
that the basolateral amygdala plays a critical role in these forms of
decision making. Lesions or inactivations of the basolateral com-
plex reduce preference for larger, delayed rewards (Winstanley,
Theobald, Cardinal, & Robbins, 2004), larger rewards that require
rats to exert increased effort (Floresco & Ghods-Sharifi, 2007;
Ghods-Sharifi, St Onge, & Floresco, 2009), in addition to reducing
tolerance for uncertainty (Ghods-Sharifi et al., 2009).

During a delay-based decision making task, an animal is typ-
ically confronted with a simple choice: an immediate delivery of
a small reward versus the delayed delivery of a larger reward.
Within certain parameters, animals, like adult humans, will choose
the latter over the former. In one type of paradigm, a rat chooses
between two levers, one of which provides a small reward, the other
alarge reward. Because the trial length is kept constant across con-
ditions, the optimal strategy is to choose the lever linked to the
larger reward (as it maximizes the total reward provided). Lesions
of the basolateral amygdala increase impulsive choices (i.e., no-
delay choices), indicating that the intact amygdala reduces the
discounting of the delay (Winstanley et al., 2004) - that is, the intact
amygdala allows the animal to wait for longer. Thus, maintaining
a representation of the reward value on-line is compromised by
basolateral lesions.

Another way to impose a choice between two options is to con-
trast options that are linked to different amounts of reward and
effort. For instance, the animal may be asked to choose a food well
located to the left or right of a decision location. However, to acquire
the high vs. low reward, the animal is required to exert greater
effort in the former vs. the latter case (e.g., climb over a scalable
barrier). Intact rats typically choose the high- over the low-reward
option (given that they are typically hungry in these experimen-
tal manipulations). In contrast, rats with inactivations/lesions of
the basolateral amygdala choose the low-reward option (Floresco
& Ghods-Sharifi, 2007; Ghods-Sharifi et al., 2009). In other words,
a compromised basolateral complex reduces an animal’s prefer-
ence to work harder to obtain rewards of larger magnitudes. These
findings are consistent with the notion that basolateral neurons
encode the expected magnitude of rewards associated with differ-
ent choices.

Yet another way to evaluate decision making (and one that is
quite appealing to humans) is to manipulate the probability of
reward delivery. For instance, an animal may be faced with a cer-
tain, though smaller reward, and an uncertain reward of larger
magnitude. In one study (Ghods-Sharifi et al., 2009), rats chose
between a certain-reward lever and a “risky” lever that was linked
to 50, 25, or 12.5% probability of receiving a larger reward (where
the probability was fixed during a block of trials). Rats with lesions
of the basolateral amygdala exhibited less tolerance for the risky
choice, revealing a form of risk aversion.
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Taken together, these studies reveal an important contribution
of the basolateral amygdala in decision making (Seymour & Dolan,
2008). Notably, this role necessitates the integration of multiple
types of information, including response cost, incentive magnitude,
incentive valence, motivational state, and prior learning history.
In this manner, the potential rewards that may be accrued from
distinct courses of actions can be gauged in the determination of
unfolding actions. On the whole, the basolateral amygdala can then
lead to choices that generate greater long-term payoffs. Conversely,
lesions of this region will reveal behaviors that are at times impul-
sive, lazy, or risk-averse, for instance, depending on the task at hand
(Floresco et al., 2008). Important findings that we were not able
to cover here include those by Schoenbaum and colleagues (e.g.,
Pickens et al., 2003; Stalnaker et al., 2007).

Naturally, the basolateral amygdala does not operate in a vac-
uum in shaping decision making. The value representations in
the basolateral complex and how they guide choice behaviors, in
all likelihood, engage multiple systems that involve the frontal
lobe, the ventral striatum, and the mesolimbic dopamine system
(Cardinal et al., 2002; Floresco et al., 2008; Haber & Knutson, 2010;
Robbins & Everitt, 1996).

5.3. Decision making: human data

What is known about the involvement of the amygdala in
decision making in humans? Impairments in decision making as
experienced during the lowa Gambling Task are well known for
patients with ventromedial prefrontal cortex (VMPFC) lesions, as
studied by Bechara, Damasio, and colleagues. Interestingly, a sim-
ilar deficit is observed in patients with bilateral amygdala lesions,
too (Bechara, Damasio, Damasio, & Lee, 1999). Similar to VMPFC
patients, amygdala patients fail to choose consistently from the
advantageous decks of cards relative to the disadvantageous decks.
The impairments in decision making during this experimental set-
ting are also consistent with observations that amygdala patients
exhibit poor judgment and decision making in real-life situations
(Tranel & Hyman, 1990). For instance, one patient was described
as exhibiting “mild improprieties and irrationalities in her social
behavior” (Tranel & Hyman, 1990). More recent investigations
of patients with amygdala lesion have refined our understand-
ing of potential impairments in decision making. In addition to
tasks involving uncertainty, such as the lowa Gambling Task, tasks
involving risk (i.e., probabilistic gains and losses) have also been
investigated. For instance, in one study (Weller, Levin, Shiv, &
Bechara, 2007), amygdala patients were impaired during scenar-
ios involving potential gains, but not when potential losses were
involved (VMPFC patients, on the other hand, were compromised
in both situations). Specifically, they showed elevated risk taking
and insensitivity to differences in expected value between choice
options in the gain domain, but a pattern of decision making that
was very similar to that of healthy individuals in the loss domain
- namely, taking more risks when it was advantageous to do so
and fewer risks when it was disadvantageous to do so. A second
study involving patients with amygdala lesions also documented
impairments inrisky decision making (Brand, Grabenhorst, Starcke,
Vandekerckhove, & Markowitsch, 2007). Interestingly, the deficit
appeared to be more intense in those patients who also demon-
strated deficits in executive function (e.g., a modified card sorting
task).

Neuroimaging studies also support the idea that the amygdala
is involved in encoding value, in particular, and decision mak-
ing, more generally. In an appetitive conditioning task, responses
evoked by a predictive stimulus in the amygdala (and OFC)
were decreased after devaluation, whereas responses to the non-
devalued stimulus were maintained, suggesting that the amygdala
(and OFC) encodes the current value of reward representations

(Gottfried, O’'Doherty, & Dolan, 2003), much like that suggested
in animal learning paradigms. Specifically, when a food changed
from appetitive (given hunger) to disagreeable (given satiety), the
responses evoked by the predictive cue were attenuated in areas
that continued to respond to predictors of other palatable stimuli.

Humans are quite sensitive to the way choices are framed
(Kahneman & Tversky, 1979). Interestingly, amygdala responses
are sensitive to this framing effect, suggestive of a role in bias-
ing decision making. Specifically, in one study, amygdala responses
were driven by a combination of a subject’s decision and the frame
(gain vs. loss frame) in which it took place, rather than the valence
of the frame per se (De Martino, Kumaran, Seymour, & Dolan, 2006).
These findings accord with the notion that frame-related valence
information, as provided by amygdala responses, is incorporated
into the relative assessment of options, thus affecting individual
decisions. Amygdala responses are also sensitive to the experience
of regret. In one experiment, across the experiment, participants
became increasingly regret-aversive, and such cumulative process
was reflected by changes in responses in the amygdala (and OFC)
(Coricelli et al., 2005). In this manner, it may be possible that the
amygdala has a role in biasing future decisions, possibly to mini-
mize regret.

Consistent with a role in representing value, a recent
study investigated the contributions of the amygdala to reward
expectancy (Hampton, Adolphs, Tyszka, & O’Doherty, 2007). To
investigate the contribution of the amygdala to reward-related
signals in the PFC, two patients with bilateral amygdala lesions
were scanned with fMRI during a reversal learning task. In the
task, subjects learned which of two choices was the more reward-
ing and then flexibly switched their choice when contingencies
changed. Behaviorally, the two patients with bilateral amygdala
lesions exhibited markedly different performance relative to con-
trols. For instance, one patient was significantly more likely to
switch stimulus choice than controls; another patient was signif-
icantly more likely to switch choices following receipt of reward
than controls. In terms of brain responses, choice-related signals
(switchvs. stay)in anterior cingulate cortex and sites in the anterior
insula abutting the posterior lateral OFC, bilaterally, were signif-
icantly attenuated in the amygdala patients. Likewise, expected
reward signals during the choice period (based on a computational
model taking into account the reward and punishment history) in
orbital and medial PFC were also attenuated in the patients. Taken
together, these results reveal that signals in orbital, medial, and
lateral PFC that are linked to the computation of expected reward
and the determination of behavioral choice based on such reward
depend on input from the amygdala for their integrity. They also
demonstrate the importance of amygdala-PFC interactions to the
computation of expected reward value in humans, supporting a
model of decision making whereby these expected reward signals
are used to guide behavioral decisions.

During decision making, some situations are naturally ambigu-
ous - namely, when information is missing — while others involve
risk - that is, probabilistic outcomes - but where the judged prob-
abilities are available. Interestingly, both types of decisions engage
the amygdala, although uncertainty engages it more strongly than
risk (Hsu, Bhatt, Adolphs, Tranel, & Camerer, 2005); but see (Bach,
Seymour, & Dolan, 2009).

The current section on humans, together with the previous
one on animals, documents a role for the amygdala in decision
making and value representation. However, the reader may have
detected the following apparent contradiction: whereas amygdala
lesions in humans appear to, for instance, lead to risky decisions,
lesions in the rat rendered the animal risk averse (as well as less
willing to exert effort or tolerate uncertainty in order to gain
larger rewards). A possible way to reconcile these findings is by
noting that in both cases, animal and human, amygdala lesions ren-
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dered the behavioral choices sub-optimal (Stan Floresco, personal
communication). For instance, in one case, rats chose the certain,
low-reward outcome instead of the larger though riskier outcome,
a decision that was actually disadvantageous - for instance, the
certain reward condition yielded fewer pellets (on average) rela-
tive to the riskier conditions (Ghods-Sharifi et al., 2009). Humans
in the lowa Gambling Task choose from the disadvantageous decks
of cards. Removal of the amygdala may thus deprive the organism
from circuits that establish the relative values of different rewards,
rendering the choices sub-optimal. However, it is also possible that
true species differences are partly responsible for the discrepant
behavioral outcomes. In addition, it is conceivable that, in the ani-
mal studies reviewed here, the involvement of the amygdala is
more closely linked to other computations than those suggested
here, as multiple processes may have contributed to the underlying
behavioral changes.

The data reviewed here indicates that the basolateral amygdala
makes important contributions to decision making and the repre-
sentation of value. Nevertheless, more data are clearly needed in
both humans and animals, as many issues remain unresolved. For
instance, as described earlier, the study by Weller and colleagues
(2007) indicates that humans do not exhibit a general tendency
to behave in a riskier manner when amygdala lesions are present.
Instead, impaired judgment was observed in cases involving poten-
tial gains, but not when losses were at stake.

6. Discussion

In the past two decades, our understanding of amygdala func-
tion has greatly expanded. At the same time that great advances
have been made concerning the role of the amygdala in fear-related
processes, concurrently, a great deal has been learned about many
other functions of this structure. Instead of exhaustively trying to
cover every aspect of amygdala function, here we chose to focus on
examples of functions that connect more directly with the notion
that its role is indeed quite broad and connected with cognitive
functions, including attention (Holland & Gallagher, 1999) and deci-
sion making (Seymour & Dolan, 2008).

It could be said, then, that the field is now moving away from
conceptualizing the amygdala as a fear structure and is, in a way,
experiencing a reconnection with some of the historically earlier
notions of amygdala function tied to vigilance and attention, in
particular. Insofar as there will always be a desired to attribute a
central, specific function to a brain structure, new proposals are
likely to be put forward, as has been the case in the past. It appears,
however, that a fundamental property of the amygdala is related
to a “What is it?” function. This is the case for the basolateral
amygdala, which is involved in determining the value of stimuli
in the world. This is also the case for the central nucleus, which is
involved in alerting and attention functions, allowing the signifi-
cance of an item to be ascertained. But studies of the role of the
amygdala in decision making, both in animals and humans, indi-
cate that the amygdala is also involved in guiding “What’s to be
done?”. As reviewed, both rats and humans behave sub-optimally
when the amygdala is compromised.

In several ways, these two functions are aligned with “affec-
tive information processing”, as distinct from affect (see Whalen,
1998). Yet, “What is it?” and “What’s to be done?” can also be
viewed as important basic building blocks that are fundamental in
the construction of emotion (Kober et al., 2008). Answering “What
is it?” and “What's to be done” requires that resources be mobi-
lized as the organism seeks out additional information from the
environment (Fig. 10). And, when answering these questions redi-
rects mental and bodily resources more forcefully, especially by
engaging the hypothalamus and other brain stem structures (via

the central nucleus), an emotion per se will typically result (Fig. 10,
black arrow).

The two functions that we emphasized here bring us back to the
problem outlined previously: “How can alimited-capacity informa-
tion processing system that receives a constant stream of diverse
inputs be designed to selectively process those inputs that are most
significant to the objectives of the system?” (Grossberg & Levine,
1987). As reviewed here, the amygdala is intimately involved
in solving this problem. Put another way, the amygdala is cru-
cially involved in selective information processing. According to this
broader perspective, the amygdala is not an “emotional structure”.
Furthermore, although some of its functions can be adequately
described in terms of processing ambiguity and/or detecting rele-
vance (Sander et al., 2003; Whalen, 1998), the roles of the amygdala
extend far beyond these two. This is true, for instance, when consid-
ering the attentional functions of the amygdala and even more so
when considering its complex roles in the representation of value
and decision making.

In this contribution, most of the discussion on the amygdala
neglected to describe how this structure works in close fashion
with several other brain regions while carrying out the functions
outlined here. Given that the amygdala is richly interconnected
with both cortical and subcortical structures (Petrovich, Canteras,
& Swanson, 2001; Young, Scannell, Burns, & Blakemore, 1994), this
structure has been proposed to be part of many intersecting net-
works of regions that are formed while behaviors unfold (Pessoa,
2008). More generally, network analyses of structural and func-
tional data have refined our understanding of the critical role of
hub regions - namely, those that exhibit a very high degree of con-
nectivity. [ propose that the amygdala complex contains at least
two hubs, one involving basolateral nuclei and another involving
the central nucleus. That the amygdala is increasingly recognized
as playing important roles in cognitive, emotional, and social pro-
cesses is suggested to be a reflection of the crucial role of these
two hubs in integrating and coordinating information flow that is
associated with these domains.

Readers skeptical of the central role of the amygdala in the
broader array of functions described here may object that the amyg-
dala is too “primitive”, and that it may be better viewed as tied
to fear-related functions and to functioning as an effective “alarm
system” — one that has been evolutionarily conserved for good rea-
sons. Yet, even the brief exposition here that focused on rodents
revealed important roles for the amygdala in “cognitive” opera-
tions, such as attention and decision making. And in primates, an
order of mammals in which the cortex is richly expressed, the
potential for such roles is likely to be even greater. As pointed
out by Sander and colleagues, the primate amygdala may have
evolved into a less specialized system in order to cope with new
environmental problems (Sander et al., 2003). One way in which
this may have occurred may be related to a potential expansion
of the connectivity of the amygdala with a wider range of corti-
cal territories. This may involve new direct connections, such as
the connectivity documented between the amygdala and lateral
PFC (Ghashghaei, Hilgetag, & Barbas, 2007) and, more extensively,
in an indirect fashion via other important cortical hubs, such as
those in the anterior cingulate and orbitofrontal cortices. Altered
and enhanced connectivity may be one way in which a system
expands the repertoire of functions it is involved in. Although the
evolution of the brain is highly constrained, dramatic changes in
the pattern of connectivity have been carefully documented - such
as those involving the somatosensory cortex and thalamus in sev-
eral groups of mammals (Kaas, 2004; Krubitzer, 2009). Whereas
mice have about 10 cortical fields, and macaque monkeys have
more than 50 fields, humans may have more than a hundred fields
(Krubitzer, 2009). The combinatorial nature of connectivity is such
that, in humans, the amygdala, which is extremely highly intercon-
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nected, may indeed be in a position to be an important player in an
impressive array of cognitive-emotional behaviors.
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