Functional Neuroimaging Studies of the
Amygdala in Depression

Paul J. Whalen,* Lisa M. Shin,” Leab H. Somerville,* Ashly A. McLean,*

and HacRkjin Kim*

Here we review human functional neuroimaging stud-
ies suggesting that the amygdala may play a key role
in depression. We begin by reviewing animal and hu-

man data concerning the function of the amygdala. We
then compare these results with those of neurcimaging
studies of normal human amygdala function. Finally, we
discuss functional neuroimaging studies of the amyg-

dala in depression in light of the animal and human

he youth of neuroimaging as a technique to
explore human brain function is at once the
most exciting and frustrating aspect of our field.
As the number of applications of neuroimaging
expands, the quantity of studies within each area
of interest remains relatively small. Although it will
be difficult to integrate the initial findings col-
lected to date concerning amygdala function in
depression, we offer the following review in the
hope that it may help in organizing future efforts.
The emergence of functional neuroimaging
technologies such as positron emission tomogra-
phy (PET) and functional magnetic resonance
imaging (fMRI) has allowed for the study of the
intact, normal amygdala in humans. Functional
neuroimaging studies of the normal human amve-
dala benefit from a relatively large amount of data
that has been accumulated in animal models. Stud-
ies of the human amygdala in depression also ben-
efit from the animal models literature, as well as
from an immense amount of clinical and behav-
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data. We conclude that the initial studies of this disor-
der provide evidence of amygdala involvement. Fur-
thermore, we suggest that the scope of the amygdala’s

involvement may go beyond its well-known role in fear
to its more subtle and generalized role in modulating
moment-to-moment vigilance levels.

Copyright 2002, Elsevier Science (USA). All rights
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ioral data. In the following text we will (1) intro-
duce the proposed role of the amygdala in emo-
tional response, (2) review neuroimaging studies
of normal human amygdala function, and (3) re-
view and discuss the initial functional neu-
roimaging studies of the amygdala in depression.

The Animal Amygdala

One of physiological psychology’s most repro-
ducible findings is that the amygdala is a necessary
component of a brain system involved in the ac-
quisition and expression of learned fear responses. '
Pavlovian fear-conditioning procedures in animal
subjects implicate the amvedala in responses to
aversive events believed to produce fear (e,
unconditioned stimuli), as well as to stimuli that
predict these events (ie, conditioned stimuli).”
Importantly, animal studies documenting learning-
related changes in response to such events provide
evidence of transient” as well as lasting changes™
in amygdala-response properties.”

The amygdala is composed of distinct subnu-
clei, including the lateral, basal, accessory basal,
central, medial, and cortical nuclei,'”'" Although
some research emphasizes how these subnuclei
can operate as a functional unit, other research
emphasizes the distinct contributions the subnu-
clei might make to behavior, For example, a model
that has proven useful presents the lateral nucleus
of the amvgdala as a sensory input nucleus; the
basal nuclei of the amygdala as convergent pro-
cessing areas, and the central nuclei as an output
nucleus.” "' Because the subnuclei can be shown
to be functionally different, many researchers pre-
fer the term amygdaloid complex."’

Much evidence indicates that the amvgdaloid

complex represents a system involved in both the
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expression and acquisition of conditioned fear.””

The lateral and basolateral nuclei of the amygdala
receive highly processed sensory information,'”
In turn, these nuclei project to the central nuclei,
which then projects to (1) hypothalamic and
brain stem target areas that directly mediate
autonomic and somatic responsivity,'™'” and
(2) neuromodulatory centers (eg, cholinergic,
dopaminergic, serotonergic, and noradrenergic neu-
rons) that can potentiate cortical responsivity (ic,
vigilance), and have widespread influences on thal-
amic transmission.” Thus, the afferent and efferent
anatomy of the amygdala places it in an ideal posi-
tion for the ready monitoring of the environment
and subsequent behavioral modification.”* "¢

The Human Amygdala

Most of what we know about the human amyg-
dala has been derived from the study of the com-
promised human brain. That is, fruitful avenues of
inquiry have been provided by studies using di-
rect electrical stimulation of the amygdala in pa-
tients with epilepsy and by assessing perception
and recognition abilities in patients with lesions
of the amygdala.,

Gloor'™ presents stimulation studies of the
amygdala in human subjects with epilepsy that
provide data consistent with the aversive condi-
tioning literature in animals. For example, stimu-
lation of the amygdala in these awake subjects
produces recall of feelings and past events that
are usually negatively valenced. These subjects of-
ten report that the event they are remembering
makes them afraid.

Behavioral data in subjects with lesions of the
amygdala are also consistent with the role of this
structure in aversive conditioning. Subjects with
bilateral lesions of the amygdala show a deficit in
processing fearful facial expressions, whereas
their processing of other facial expressions is less
consistently compromised.'® Although valence as-
sessments of fearful faces can be intact, the
arousal rating of this expression is most CONsis-
tently compromised.'” Also, these patients view
even the most threatening faces as trustworthy
and approachable.”" Finally, the ability to process
the fearful expression can be lost whereas the
ability to experience the feeling of fear is rela-
tively intact.”' Effects such as these appear most
consistently when the amygdala insult occurs
early in life.””*> These studies of the compro-
mised human brain have provided important data

that allow for comparison with the vast animal lit-
erature. But the ability to document amvgdala re-
sponses in the intact, human brain is equally
important.

Using Functional Neuroimaging
to Assess the Role of the Amygdala
in Fear and Vigilance in the
Normal Human

Both the limited spatial and temporal resolution
level of neuroimaging studies, as well as the fact
that they are based on an indirect measure of neu-
ronal activation (namely, blood flow/oxygenation),
make direct comparison with manipulations in an-
imal subjects challenging. Despite these limitations,
neuroimaging studies of the normal human amyg-
dala have already shown promise in informing the
animal research that inspired them. For example,
neuroimaging studies of Pavlovian conditioning
have documented that when previously neutral
stimuli are paired with an aversive outcome (eg,
shock. loud noise), greater activation is observed in
the amygdala.*®*” Taking a lead from the lesion data
presented earlier, initial neuroimaging studies doc-
umented that the amygdala signal 1s indeed greater
in response to presented pictures of fearful facial
expressions when compared with either happy ex-
pressions™ "~ or neutral expressions.”"*

It is clear already that, just as in the animal
model, the presentation of negatively valenced, bi-
ologically relevant, associative stimuli to human
subjects is a robust way to activate this system,
What remains to be established is the relationship
between amygdala responsivity to presented stim-
uli and the subjective state that the subject re-
ports experiencing. Interestingly, mood state in-
duction alone does not appear to be sufficient to
produce amygdala activation.”” " The studies that
have been most successful in observing amygdala
activation during the induction of emotional state
have used presentations of external stumuli (eg,
facial expressions)” " along with mood state-
induction techniques (eg, script-driven imagery).
These data emphasize a primary role for the amyg-
dala in the encoding of stimulus contingencies
and leave its role in the generation of strong emo-
tional states still an open question.”*" That is, al-
though amvgdala responsivity to presented stim-
uli can correlate with one’s reported state, this
does not necessitate that amvgdala activity is the
neural substrate for such subjective feelings.
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A related but separate point to consider is the
relationship between amygdala response to pre-
sented stimuli and the subject’s overall trait af-
fective style. For example. in normal human sub-
jects, the magnitude of amygdala response to
presented stimuli correlates with their disposi-
tional p::ssimism'“ and neuroticism scores. '
Again, the activation of the amvgdala here is seen
in response to external stimulus presentations.

Such data have obvious relevance to the study
of psvchopathologic disorders in which hyperre-
sponsivity to negative stimuli (or hyporesponsiv-
ity to positive stimuli) and mood disturbance are
kev symptoms. A key question to keep in mind
will be, if abnormalities in amvgdala function are
observed in depression, arce they related to the de-
pressed mood state per se, or do they reflect hy-
perresponsivity to environmental stimuli that then
results in a global mood disturbance? This point
can be made more clear if we first consider some
alternative interpretations of amygdala function
that mayv clucidate both its role in normal emotion
and its potential aberration in depression.

The Amygdala and Vigilance

Although a strong state of fear will no doubt pro-
duce amvgdala activation, strong activation of this
svstem also appears evident during states of
lower arousal. Numerous studies suggest that sen-
sory stimuli showing some predictive validity 1n
terms of biologic import (eg, possible threat) ap-
pear sufficient to engage the amygdala, cven
though these stimuli may not be highly arousing
(eg, pictures of facial expressions). More than al-
fect itself, amygdala activation in response to sub-
tle emotional stimuli, such as photographs of fa-
cial expressions, might represent affective
information processing. This hypothesis is sup-
ported by the fact that the amygdala is respon-
sive to (1) masked facial expressions of fear that
subjects report not having seen, (2) fearful faces
even when contrasted with another negatively
valenced, equally arousing, facial expression
(namely, anger), '*and (3) in animals, neurons in
the central nuclei amygdala that show changes in
firing rates to a tone that predicts a shock, also
show changes in firing rates that correlate with
spontancous fluctuations in cortical neuronal
excitability as measured by cortical electro-
encephalography in animals.”™" This is scen
cven in experimentally naive animals. These data
suggest that the amygdala may be especially in-

volved in increasing vigilance bv lowering neu-
ronal thresholds in sensory systems.”

As we begin to think about a possible role for
the amygdala in depression, it will be important to
consider this role for the amygdala in vigilance and
information processing in parallel with its better
known function in emotion, more specifically fear,
The usetulness of invoking a process such as vigi-
lance is that it might speak to a greater portion of
our dailv experience.” " The model presented
here emphasizes the amvgdala’s role as a proces-
sor of information and associative contingencies.
Even though reported mood and dispositional trait
affect might correlate with the responsivity of this
svstem, the activity of the amygdala need not be
the neural substrate of these feelings and/or trait
stvles, In this light, abnormalitics of the amygdaloid
complex in depression would not necessarily be a
record of the subject’s negative state or overall trait
affective stvle, but may reflect heightened on-line
processing of negatively valenced, predictive stim-
uli. Depressed mood would then depend on the in-
teraction of the amvygdala with other brain systems,
and would not be related necessarily to amvgdala
ACUvVILY per sc.

Preparing for Neuroimaging Studies
of Patient Groups

The fact that lesions of the human amygdala were
shown to impair the ability to process the facial
expression of fear captured the imagination of
psychiatric neuroimagers. If one was going to de-
vise ncuroimaging probes of the amvygdala for
later use in patient populations, such as anxiety
and depression, then it would be important to se-
lect a stimulus of interest that would activate the
amvedala, but that also would be tolerable by pa-
tient groups. Standardized pictures of facial ex-
pressions are an example of a stimulus set that is
proving to scrve these purposces nicely. As noted
carlier. in normal adult subjects, fearful facial ex-
pressions have been shown to activate the amyg-
dala to a greater degree than neutral®™** and
happy facial expressions, ™™

The Depressed Amygdala

In this section, we review functional imaging stud-
ies that have sought a priori to assess amvygdala
abnormalities in depression. We do not attempt to
integrate this information with the larger struc-
tural and neurochemical literature here because
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such integrated reviews exist in other articles in
this issue and elsewhere.*®>"

Two study strategies that investigators have
used to elucidate a possible role for the amygdala
in depressed subjects compared with a control
group are (1) studies of resting baseline blood
flow or metabolism in the amygdala and (2) cog-
nitive activation studies of amygdala response to
stimulus presentations superimposcd on a nor-
malized baseline. The former involve PET studies
whereas the latter consist of both PET and fMRI
studies. Subject information for the studies re-
viewed here can be found in Table 1.

Resting Baseline Blood Flow
or Metabolism in the
Depressed Amygdala

Drevets et al’' published an early report on dif-

ferences in baseline blood flow levels in the amyg-
dala in a specific group of subjects with unipolar
depression, namely familial pure depressive dis-
order. Although studying this select group of de-
pressed subjects might limit generalization of the
findings to other depression subtype groups, it has
the more compelling strength that the data col-
lected will be homogeneous and, thus, relatively
interpretable. This seminal study’! documented
abnormally elevated, resting cerebral blood flow
in the amygdala that persisted through remission.
This finding has been replicated,’*>” is probably
not caused by the stress of the scanning envi-
ronment because it has been documented in
sleeping subjects,” and can even be shown to
predict symptom relapse.”” Recently, this same
finding has been extended to a group of subjects
with bipolar disorder who were currently in a ma-
jor depressive episode.’® As pointed out by
Drevets,>” this abnormal activity may be related
to both the severity of major depressive episodes
and susceptibility to their recurrence. Drevets et
al’' and Abercrombie et al*® also reported that el-
evated activity in the amygdala correlated posi-
tively with scores of depression severity. Although
these 2 studies differed in the laterality of their
findings, a recent replication by Drevets et al’® is
consistent with the earlier study by Abercrombie
et al’® (see Table 1).

These points resonate with our earher discus-
sion of amygdala function. Studies that have
sought to provoke a negative mood state in
healthy subjects provide the strongest evidence

of amygdala involvement if these mood induc-
tions are combined with the presence of nega-
tively valenced stimuli in the external ¢nviron-
ment. The amygdala’s primary role is that of a
processor of biologically relevant predictive in-
formation. Perhaps in depression, external stimuli
and circumstances that do not elevate activity in
the normal amygdala have such an effect on the
depressed amygdala. Hyperactivity or responsiv-
ity in the amygdala will put more global brain sys-
tems on alert, leading to a host of symptoms seen
in depression and comorbid anxiety. Dougherty
and Rauch®® have referred to this possibility as
limbic shift.

Cognitive Activation Studies
of Response to Stimulus Presentations
in the Depressed Amygdala

Imaging studies of depressed subjects have used
the presentation of fearful facial expressions to
specifically target the amygdala. Yurgelun-Todd
et al>’ showed amygdala hyperresponsivity in
adults with bipolar disorder to the presentation
of fearful facial expressions. This finding is inter-
esting because subjects showed this effect though
many were not necessarily in the midst of a de-
pressive episode (see Table 1).

Thomas et al’® showed that though anxious
children showed exaggerated amygdala response
to fearful facial expressions, depressed children
showed a blunted response. In addition to this dif-
ference across diagnosis, this study also docu-
mented an interesting laterality effect. The exag-
gerated response in anxious children was a right
amygdala response whereas the blunting effect in
the depressed children was a left amygdala re-
sponse. Though preliminary, these findings are of
interest because they parallel findings in adults
showing greater right-hemisphere responsivity in
anxiety and blunted left-hemisphere responsivity
in depression.”” ™’

Thus far, the studies we have mentioned in-
volved subjects with depression who were fully
aware of what they had been presented with or
how they happened to feel at a particular mo-
ment. But surely our brains are inundated with
countless stimuli that we do not consciously per-
ceive.®? Sheline et al®® used backward masking of
facial expression as a technique to examine amyg-
dala function in depressed subjects who reported
being unaware of these expressions. Both behav-
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ioral and neuroimaging studies in normal and anx-
ious subjects®” "° offer evidence that increases
in amygdala activity can be observed to negatively
valenced facial expressions, even when subjects
report not having seen these expressions. These
data speak to the automaticity of the amygdala
and the importance of these social signals for
predicting biologically relevant outcomes. In-
deed, Sheline et al®® showed that similar to sub-
jects with an anxiety disorder,”® depressed
subjects show an exaggerated response to masked
fearful stimuli that they report not having seen.
Convincingly, this effect normalizes with antide-
pressant treatment.

This finding suggests that depressed subjects
can show changes in neural systems consistent
with an aberration of preattentive processing. Al-
ternatively, the increased amygdala response seen
in depression may reflect comorbid anxiety pre-
sent in these subjects. But this is far from clear,
and it is just as likely that exaggerated amygdala
response in anxiety is related to the presence of
depression. Indeed, in a study showing exaggcer-
ated amygdala response to masked faces in anxi-
ety (posttraumatic stress {liﬁ:)l‘dtr},m some sub-
jects had comorbid depression. Arguing against
the possibility that it was their depression that ac-
counted for the observed effect, the exaggerated
amygdala response in these subjects was corrc-
lated with posttraumatic stress disorder symptom
severity scores, but not with depression scores.
Finally, in the first neuroimaging study of children
with anxiety and depression, amygdala hyperre-
sponsivity to fearful facialexpressions was shown
to be related to both anxiety and depression
scores.’" Clearly, the complicated relationship be-
tween these highly comorbid conditions and
amygdala reactivity will be a challenge to disen-
tangle. Future studies of depression might aim to
study groups of depressed patients with and with-
out anxiety to tease apart these most interesting
possibilities.

Considering the Depressed
Amygdala’s Future

Just as in studies of baseline brain activity,”' " fu-
ture cognitive activation studies in depression
might aim to dissect the effect of the depressed
state versus its remission. A behavioral study has
shown that the more negative ratings that de-
pressed subjects give to ambiguous schematic

faces resolve with remission.®” This finding may
be consistent with the fact that exaggerated amyg-
dala response to masked fearful faces returns to
normal levels with drug treatment.”? Drevets
et al”* have begun to compare depressed subjects
in remission with and without medication. They
have shown that elevated resting amygdala activ-
ity persists in remission but normalizes with drug
therapy. Our ficld awaits similar studies using cog-
nitive activation paradigms.

With such a small number of functional imag-
ing studies available to us across different disor-
ders, the role of the amygdala remains less than
clear. Most of the bipolar subjects in the Yurgelun-
Todd et al’” study showing exaggerated amygdala
response o fearful facial expressions were not de-
pressed at the time of study (see Table 1), sug-
gesting a trait-like effect in bipolar disorder. In-
deed, Drevets et al’® have documented that
bipolar patients in remission continue to show el-
evated resting amvgdala metabolism. An interest-
ing question for future research will be to assess
the relationship of elevated resting measures in
the amygdala and hyperresponsivity of this brain
region to external stimulus presentations.

Another area to keep a close eye on will be dif-
ferences between studies of children and adults.
Adult depressed patients show exaggerated
amyedala response to fearful faces,”” whereas de-
pressed children exhibit a blunted amygdala re-
sponse to these same stimuli.”® Amygdala re-
sponse to stimulus presentations does not
correlate with depression scores in adults®® but
correlates with measures of both depression and
anxiety in children.”® Although these discrepan-
cies may be related to interesting developmental
differences, they also could be the result of the
differing disorders involved or to the medication
status of the subjects of study.

Finally, laterality will no doubt play an important
part in understanding the role of the amygdala in
mood disorders and anxiety. Thomas et al>® showed
in a single study that depression may involve a left
amygdala abnormality while anxiety may compro-
mise the right amygdala. Indeed, this pattern of lat-
erality can be observed across a small number of
neuroimaging studies of depression and anxiety
done to date’'?77H03:00

Thus, as exciting as these preliminary data are,
they make it clear that understanding the role of
the amygdala in depression will require studies
that are explicitly designed to answer the follow-
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ing outstanding questions: (1) What is the rela-
tionship between abnormally elevated amvedala
blood flow in the resting state and exaggerated
amygdala responsivity to stimulus presentations?
(2) What is the relationship between abnormally
elevated amygdala blood flow in the resting state
and a current versus remitted major depressive
episode? (3) Are functional abnormalities in the
amygdala different across different mood disor-
ders? (4) How can we tease apart the role of the
amygdala in anxiety and depression given the
high comorbidity of these disorders? (5) How is
depression in children related to depression in
adults with respect to amygdala abnormalities?

Our hope is that the model of amygdala func-
tion presented here might instruct the design and
interpretation of future studies. If the subnuclei
of the amygdaloid complex have different roles in
the process of vigilance, the detection of biolog-
ically relevant contingencies, and the eventual
outcome of fear, then surely this will impact our
interpretation of neuroimaging results in depres-
sion. Although it is possible that amygdala hyper-
responsivity is the neural substrate of negative
mood in depression, it may also represent hyper-
vigilance to the presence of potentiallv negative
contingencies in the environment. This would
then lead to hvperactivation of distributed neural
systems that are the neural substrate of negative
mood itself. These ideas call for future neu-
rommaging studies that provide the necessary spa-
tial resolution to assess differential function across
the amygdaloid complex. Ultimately, we hope
such designs elucidate the questions presented
earlier concerning the neural substrates of trait
and state effects and the disentangling of comor-
bid depression and anxiety.
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