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The neural mechanisms underlying the persistence and plasticity of
human emotional learning are unknown. Here we describe dissociable
neural responses in amygdala and orbitofrontal cortex during
acquisition and reversal of discriminatory fear conditioning. During
acquisition, increased responses in bilateral amygdala were elicited by
a face stimulus (A = CS+) predictive of an aversive noise compared to
another nonpredictive face (B = CS—). With subsequent reversal of the
conditioning contingency, face B (new CS+) elicited enhanced responses
in right orbitofrontal cortex, while face A (old CS+) continued to evoke
increased responses in right ventral amygdala. Thus, while orbito-
frontal cortex exhibited rapid reversal of acquired fear responses,
ventral amygdala showed a persistent, nonreversing “memory” for
previous fear-related stimulus associations.
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Introduction

Memories of highly charged emotional events (e.g., one’s own
wedding day) are typically vivid and long-lasting (Cahill and
McGaugh, 1998). Similarly, as exemplified by the adage “once
bitten, twice shy”, learned emotional responses are rapidly ac-
quired and resistant to modification (LeDoux, 1996). Indeed, it is
suggested that fear learning “is particularly resilient, and in fact
may represent an indelible form of learning” (LeDoux, 1996).
Stability of emotional responding is usually adaptive, facilitating
the avoidance of common dangers and the pursuit of habitual
rewards. However, if emotional responses are exaggerated or
misplaced, resistance to modification can become pathological,
as, for example, in phobias. The neural mechanisms mediating
“indelibility” of fear learning, therefore, are a likely candidate
mechanism for the perpetuation of phobic behaviours. Evidence
from both animal and human studies strongly implicates the
amygdala in the acquisition and persistence of emotional memories
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and behaviours (Bechara et al., 1995; Cahill et al., 1995, 1996;
LeDoux, 1995, 1996; LeDoux et al., 1988).

Despite a tendency to persist, emotional behaviours are
capable of modification under the right conditions. Most phobic
patients, for example, can learn to control their avoidant
responses (towards spiders, social situations, etc) with appropri-
ate behaviour therapy (Marks, 1987). The ability to modify
emotional responses is particularly important for animals with
complex social relationships such as primates, where rapid and
flexible readjustment of behaviour is likely to be highly adap-
tive. Studies of both monkeys and humans performing learning
tasks involving reversal of reward contingencies strongly impli-
cate orbitofrontal cortex in the modification of reinforced behav-
iours (Fellows and Farah, 2003; Jones and Mishkin, 1972; Rolls
et al., 1996; Thorpe et al., 1983). Monkeys with orbitofrontal
lesions continue to respond to formerly rewarded objects on
object reversal tasks, rather than switching to currently rewarded
stimuli (Jones and Mishkin, 1972). Electrophysiological studies
in monkeys have shown that orbitofrontal cells exhibit very
rapid response switches (e.g., after a single trial) following
reversal of reinforcement contingencies (Rolls et al., 1996;
Thorpe et al., 1983). By contrast, many amygdala cells do not
show switches of activity following reversal; that is, these
amygdala cells continue to respond according to the original
reinforcement association (Sanghera et al., 1979). These animal
data suggest, therefore, that orbitofrontal cortex and amygdala
have distinct roles in emotional learning and behaviour. Whereas
emotional responses are rapidly modified by orbitofrontal cortex
in accordance with changing external contingencies, amygdala-
dependent “memories” of established emotional associations
continue to be maintained in the brain.

Studies investigating amygdala involvement in emotional learn-
ing have typically used classical (Pavlovian) conditioning para-
digms (e.g., Buchel et al., 1998; LaBar et al., 1998; LeDoux et al.,
1988; Morris et al., 1998b, 2001a). By contrast, previous studies
showing orbitofrontal involvement in reversal learning have
employed operant (instrumental) paradigms (e.g., Fellows and
Farah, 2003; Jones and Mishkin, 1972; Rolls et al., 1996; Thorpe
et al., 1983). Whereas amygdala is implicated in the acquisition of
both classically conditioned and operant responses via dissociable
neural pathways (Amorapanth et al., 2000), there are no previous
data regarding orbitofrontal involvement in the reversal of classi-
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cally conditioned responses. In the present study, we decided to
investigate acquisition and reversal of classical (Pavlovian) condi-
tioning without an operant (instrumental) component. In addition to
allowing direct comparison of acquisition and reversal responses
using previous fear learning paradigms (Buchel et al., 1998; Morris
et al., 2001a), Pavlovian conditioning avoids confounding re-
sponses reflecting stimulus association learning with instrumental
response acquisition. Subjects viewed two neutral faces, one of
which (A = CS+) was initially paired with an aversive noise on 33%
of trials, while the other face (B = CS—) was never paired. In a
subsequent reversal session, the conditioning contingency was
changed so that face B (old CS—) was paired with the noise to
become the new CS+, while face A (old CS+) was no longer paired
with the noise to become the new CS—. The specific aim was to
determine the nature of human amygdala and orbitofrontal cortex
responses to conditioned stimuli during acquisition and reversal of
Pavlovian fear learning.

Materials and methods
Subjects

Twelve right-handed volunteer subjects were recruited by
advertisement. None of the subjects had any history of neuro-
logical or psychiatric disorder and all were medication-free at the
time of experiment. All subjects gave informed consent to the
study that was approved by the Joint Ethics Committee of the
National Hospital for Neurology and Neurosurgery and Institute
of Neurology.

Experimental design

During scanning, subjects viewed greyscale pictures of two
faces (one male, one female, both with neutral expressions)
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shown singly in a pseudorandomized order. The interstimulus
interval was 6 s. Each picture was projected for 500 ms onto a
screen above the head volume coil in the scanner. Subjects were
required to indicate, via a button press, the sex of each
presented face. Every scanning session was divided into four
seamless phases: (1) acquisition of conditioning, (2) repeat
conditioning, (3) reversal conditioning, and (4) new condition-
ing. Subjects were not informed about the separate phases in the
experiment. Thirty-six presentations of both faces (i.e., total of
36 x 2 = 72 presentations) were made in each of the four
phases. During acquisition of conditioning (1), one of the faces
(A = CS+) was immediately followed by a 500 ms 100 dB
white noise burst (UCS) on 12 of the 36 presentations (in a
pseudorandomized order). The other face (B = CS—) was never
followed by the noise. In six subjects, the male face was used
as the CS+, in the other six subjects the female face was the
CS+. In the repeat conditioning phase (2), the same stimulus
contingency applied as in the previous phase (i.e., face A was
followed by noise on 12 presentations). In the reversal condi-
tioning phase (3), face B (the old CS—) was immediately
followed by the noise on 12 presentations, while face A (old
CS+) was never paired with the noise. Finally, in the new
conditioning phase (4), two new faces (one male, one female,
both with neutral expressions) were presented, one of which (C =
CS+) was paired with the noise on 12 occasions, while the other
(D = CS—) was never paired. The order of phases 2—-4 was
counterbalanced across the 12 subjects. This experimental design
ensured that unpaired face A and face B conditions in phases 2 and
3 were physically and temporally identical, differing only in the
conditioning contingency concurrent during each phase; that is, on
paired trials. It should be noted that the counterbalanced design
created an order effect such that the reversal session occurred before
the repeat session in an “early” subgroup of subjects, but after the
repeat session in a “‘late” subgroup. In the ‘“early” reversal
subgroup, the conditioning contingency in the subsequent repeat
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Fig. 1. Reaction times. A graphical display of mean response latencies in each stimulus condition in all three phases. Stimulus contingencies in each phase are
indicated by the labels “UCS”, “CS+”, and “CS—". Stimulus identities, i.e., face A, face B, etc., which remain constant across different phases are indicated
by the colour of the histogram columns. Bars on the histogram represent 2 standard errors. Significant (P < 0.05) pairwise differences between the mean

reaction times for two conditions are indicated by asterisks (¥).
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session was the same as in the preceding reversal session; that is, no
“double” reversal of contingencies occurred. The new conditioning
phase (4) provided an additional control for the specificity of
changes observed in the reversal phase; that is, to exclude differ-
ences in neural response resulting simply from nonspecific novelty
of the reversal phase relative to the repeat phase.

Data acquisition

Neuroimaging data were acquired with a 2-T Magnetom
VISION whole-body MRI system equipped with a head volume
coil. Contiguous multislice T2*-weighted echoplanar images
were obtained using a sequence that enhanced blood oxygena-
tion level dependent (BOLD) contrast (FOV = 192 mm, TE =
40 ms, flip angle = 90°).Volumes covering the whole brain (48
slices, slice thickness 2 mm) were obtained every 4.1 s (TR). A
T1-weighted anatomical MRI was also acquired for each subject.
BOLD signal dropout was noted at sinus cavity susceptibility
boundaries resulting in reduced coverage of orbitofrontal cortex,
one of the regions of interest. The spatial extent of usable
orbitofrontal signal ranged approximately from x =0, y =23, z =
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—23 posteriorly to x = 50, y = 50, z = —18 laterally to x = 0,
y = 62, z = —23 anteriorly. All reported orbitofrontal activations
lie within these boundaries. We are unable to determine from
our present neuroimaging data whether additional orbitofrontal
activations occurred in regions affected by signal dropout.
Reaction times in the sex decision task were recorded for each
presented face and used as an index of conditioning (Critchley
et al,, 2002; Gottfried et al., 2002; Mclntosh et al., 2003).
Changes in skin conductance were also recorded, but unfortu-
nately a scanner-related artefact in these measurements made
them unusable.

Data analysis

The fMRI data were analysed using statistical parametric
mapping (SPM99) (Friston et al., 1995; see also http://www.
fil.ion.ucl.ac.uk/spm). Following realignment to the first volume,
the functional (T2*-weighted) scans were spatially normalized to
a standard template. The structural (T1-weighted) MRIs were
coregistered to the functional scans and transformed into the
same standard space. The functional data were smoothed using a
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Fig. 2. Acquisition CS+ responses. (a) Statistical parametric map (SPM) showing dorsal region of left amygdala (indicated by arrow) with greater mean
response to face A (CS+) than face B (CS—) in the acquisition phase. (b) Graphical representation of parameter estimates for response in the maximal left
amygdala voxel in a. (c) Statistical parametric map (SPM) showing dorsal region of right amygdala (indicated by arrow) where responses to face A (CS+)
exhibit significant time-dependent decreases in amplitude [relative to face B (CS—)] in the acquisition phase. In a and c, activations are displayed on coronal
sections of a canonical MRI. (d) 3-D graphical representation of the event-related activity in the maximal right amygdala voxel in c.
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6 mm (full width at half maximum) isotropic Gaussian kernel to
allow for corrected statistical inference. The evoked haemody-
namic responses for the different stimulus events were modelled
as delta functions convolved with a synthetic haemodynamic
response function and its temporal derivative (Josephs et al.,
1997).

Specific effects (e.g., acquisition CS+ > acquisition CS—)
were tested by applying linear contrasts to the parameter esti-
mates for each event. Contrasts were specified for individual
subjects, and the resulting contrast images were entered into a
second-level random effects analysis to produce group results.
The resulting ¢ statistic at every voxel constitutes an SPM. A time
by event interaction analysis was performed by multiplying the
regressors for the stimulus events with a mean corrected expo-
nential function having a time constant one quarter of the session
length. The value of this time constant was chosen from previous
time-dependent analyses of fear-conditioned amygdala responses
(Buchel et al., 1998; Morris et al., 2001a). Contrasts tested for
the difference of the interaction terms between the acquisition
CS+ and acquisition CS— conditions. Reported P values were
corrected for the number of comparisons made within each a
priori region of interest (Worsley et al., 1996). Maxima in
amygdala [x = 18, y = =2, z = —28, radius of volume of interest
(VOI) = 8 mm], medial and lateral orbitofrontal cortex (x = 12,
y=50,z=—12 and x = 42, y = 42, z = —6, VOI radius = 20
mm), fusiform gyrus (x = 36, y = —62, z = —20, VOI radius = 20
mm), anterior cingulate (x = 3, y = —4, z = 40, VOI radius = 20
mm), insula (x = 48, y = 12, z = —6, VOI radius = 20 mm) and
posterior thalamus (18, —28, 12, VOI radius = 20 mm) were
used to define search volumes from previously reported activa-
tions in studies of face processing and fear conditioning (Blair
et al., 1999; LaBar et al., 1998; Morris et al., 1997, 1998a,b,
2001a). All activations in these regions with a significance level
of P < 0.05 (corrected) are reported.

Results
Behavioural data

Reaction times for making a sex decision were significantly
slower (P < 0.01) for the CS+ face than the CS— face in the
acquisition phase (Fig. 1). In the subsequent repeat and reversal
phases, reaction times (RTs) were significantly faster (P <
0.001) for the CS+ face (Fig. 1). In the new phase, RTs to
CS+ and CS— faces did not differ significantly, although there
was trend for RTs to the CS+ to be slower (Fig. 1). It is
notable that RTs in all conditions were faster in the new phase
than the initial acquisition phase, suggestive of a nonspecific
practice effect (Fig. 1). There were no significant differences in
RTs between subjects with “early” and “late” reversal sessions
(early reversal mean RTs: UCS = 547.6 ms, CS+ = 551.4 ms,
CS— = 598.1 ms; late reversal mean RTs: UCS = 581.6, CS+ =
560.1 ms, CS— = 597.2 ms).

Neuroimaging data

Acquisition phase

We compared event-related neural responses evoked by the
CS+ and CS— faces during the acquisition phase. A dorsal
region of left amygdala showed a greater mean response to the

CS+ face (Figs. 2a,b; Table la). Other regions showing a
significantly greater mean response to the CS+ face included
right insula and bilateral posterior thalamus (Table 1a). Previous
studies (Buchel et al., 1998, LaBar et al., 1998) have shown the
importance of time-dependent, learning-related responses in
amygdala, and therefore we also tested for time X condition
interactions during the acquisition phase. This analysis revealed
a dorsal region of right amygdala in which responses to the
CS+ face were initially increased but then rapidly declined
during the remainder of the phase compared to the CS— face
(Figs. 2c,d; Table 1b).

Repeat and reversal phases

To identify reversal of learning-related differential responses,
we compared event-related neural responses evoked by CS+ and
CS— faces in repeat and reversal phases. Right ventromedial
prefrontal and lateral orbitofrontal cortex showed increased CS+
responses in both repeat and reversal phases; that is, face A
(CS+) elicited increased responses in the repeat phase compared
to B (CS—), while face B (new CS+) evoked increased
responses in the reversal phase compared to A (old CS+) (Figs.
3a,b; Table 1c). Regions exhibiting similar reversal of learning-
related responses included right medial amygdala, right anterior
cingulate, and bilateral posterior fusiform gyrus (Fig. 3; Table
1c). By contrast, several regions with increased responses to face
A (CS+) in the repeat phase continued to show greater responses
to face A (old CS+) than face B (new CS+) in the reversal
phase. Regions showing this nonreversing pattern of learning-
related response included right ventral amygdala, right anterior
cingulate (lateral to the “reversing” cingulate region), right
anterior fusiform gyrus, and right posterior thalamus (Fig. 4;
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Table 1d). There were no significant differences between “ear-

Table 1
Brain regions activated during reversal conditioning

Brain area Coordinates (x, y, z) P value

(a) Acquisition CS+ > acquisition CS —
Left dorsal amygdala —24, —10, —12 <0.05

Right insula 42, 30,0 <0.05
Right posterior thalamus 34, —28,0 <0.01
Left posterior thalamus —26, —22,8 <0.01

(b) (Acquisition CS+ > acquisition CS —) X time interaction
Right dorsal amygdala 30,0, —12 <0.05
Right anterior cingulate 0, 4, 58 <0.05

(c¢) (Repeat CS+ and reversal CS+) > (repeat CS — and reversal CS —)

Right medial orbitofrontal cortex 4,38, — 14 <0.05
Right lateral orbitofrontal cortex 42,44, —16 <0.05
Right medial amygdala 18,2, —24 <0.05
Right anterior cingulate 12, 4, 56 <0.05
Right posterior fusiform gyrus 28, =74, -8 <0.05

Left posterior fusiform gyrus —34, —72, — 14 <0.05

(d) (Repeat CS+ and reversal CS—) > (repeat CS— and reversal CS+)

Right ventral amygdala 30,2, —26 <0.01
Right anterior cingulate 18, 0, 40 <0.05
Right anterior fusiform gyrus 28, =50, —12 <0.05
Right posterior thalamus 20, —26, 10 <0.05
Right insula 40, 16, — 12 <0.05
Left insula 38, —6, — 6 <0.05
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Fig. 3. Reversing CS+ responses. Statistical parametric maps (SPMs) showing (a) regions of right ventromedial prefrontal cortex (VM), right lateral
orbitofrontal cortex (LO), bilateral posterior fusiform gyrus (PF) and (c) right medial amygdala with increased responses to the CS+ face relative to the CS —
face in both the repeat and reversal phases. Note that the identity of the CS+ face changes in the reversal phase. Activations are displayed on (a) transverse and
(c) coronal sections of a canonical MRI. Graphical representations of parameter estimates for responses to the CS+ face are shown for (b) right ventromedial

prefrontal cortex and (d) right medial amygdala.

ly” and “late” reversal subgroups in learning-related neural
responses reported in Table 1.

Discussion

The present results provide evidence for rapid, experience-
dependent modification of learned emotional responses in human
orbitofrontal cortex and medial amygdala. During a single phase,
lasting a few minutes, orbitofrontal cortex and a region of medial
amygdala switched responses to reflect changed stimulus contin-
gencies. By contrast, the data also indicate a persistent, nonrevers-
ing, “memory” for biologically significant stimulus associations in
ventral amygdala. Differential responses to (old) CS+ faces in
ventral amygdala persisted despite reversal of the conditioning
contingency, suggesting that this structure is representing a more
long-lasting association between conditioned stimulus and UCS.
Other brain structures implicated in emotional processing (e.g.,

anterior cingulate and insula) also showed intraregional functional
segregation of learning-related responses (Table 1a—d).

Dorsal amygdala showed increased early CS+ responses,
which then declined with time. Right dorsal amygdala responses
to the CS+ face declined rapidly within the acquisition phase
(Figs. 2c,d; Table 1b). Left dorsal amygdala responses declined
more slowly, showing a mean differential response to the CS+
face in the acquisition phase, but not in the later repeat phase
(Figs. 2a,b; Table la). These time-dependent differential amyg-
dala responses concur with previous studies of learning-related
responses in amygdala (Buchel et al., 1998; LaBar et al., 1998;
Morris et al., 2001a). The lateralization of amygdala responses
also concurs with previous data, showing more rapid habituation
in right amygdala than left (Phillips et al., 2001; Wright et al.,
2001).

A ventral region of right amygdala (Fig. 4a) showed a different
response pattern to that seen in the adjacent dorsal region.
Although significant mean differential responses were not evident
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coronal and (c) transverse sections of a canonical MRI. Graphical representations of parameter estimates for responses to face A (old CS+) are shown for (b)

right ventral amygdala and (d) right anterior fusiform gyrus.

in the acquisition phase, right ventral amygdala showed increased
CS+ responses in the later repeat phase. In addition to a slower
acquisition of learning-related responses, right ventral amygdala
also showed stable (persistent) learning-related responses, even in
the face of reversal of stimulus contingencies (Fig. 4b). This
learning-related functional segregation accords with a previous
neuroimaging study of fear conditioning that also observed rapidly
habituating responses in a dorsal amygdala subregion and non-
habituating responses in an adjacent ventral amygdala subregion
(Morris et al., 2001a). Electrophysiological recording of amygdala
activity in rats has also revealed distinct populations of learning-
related cells (Repa et al., 2001). A dorsal subregion of lateral
amygdala was found to exhibit “transiently plastic” responses,
characterized by rapid increases and equally rapid decreases of
learning-related activity. By contrast, a ventral region of lateral
amygdala showed ‘“‘long-term plastic” responses, which were
slower to develop, but which persisted during an extinction phase.
The parallel between the functional anatomical segregation
reported by Repa et al. (2001) and our present neuroimaging data
is striking, although limitations in the spatial resolution of fMRI

and differences in anatomical homology between human and
rodent preclude identification of corresponding subnuclei.

In contrast to the persistent “memory” responses observed in
ventral amygdala (Fig. 4), orbitofrontal and ventromedial pre-
frontal responses to conditioned stimuli reflected dynamic
changes in conditioning contingency across the different experi-
mental sessions (Fig. 3). These findings accord with animal and
human data implicating orbitofrontal and ventromedial prefrontal
cortex in the modification of emotional learning (Fellows and
Farah, 2003; Jones and Mishkin, 1972; Rolls et al., 1994, 1996;
Thorpe et al., 1983). Patients with damage to ventromedial
prefrontal cortex show a characteristic clinical syndrome of
irresponsible, disinhibited behaviour and fatuous affect (Eslinger
and Damasio, 1985) and are impaired in changing strategies on
gambling tasks despite receiving feedback indicating that the
current strategy will lose money (Bechara et al., 1995; Fellows
and Farah, 2003). Functional neuroimaging of healthy subjects in
an instrumental reward reversal task has shown activation of
orbitofrontal cortex by both feedback cues and response switch-
ing (O’Dobherty et al., 2003).
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Whereas previous studies implicate ventromedial prefrontal
cortex in reversal of instrumental learning (e.g., O’Doherty et al.,
2003; Rolls et al., 1994), the present data indicate a role for
ventromedial prefrontal cortex in reversal of classical (Pavlovian)
conditioning. To reverse conditioning contingencies so that, for
example, stimulus A (initial CS+) becomes CS— and stimulus B
(initial CS—) becomes CS+, the originally acquired conditioned
responses to stimulus A must be extinguished. The process of
extinction is, therefore, intrinsic to “reversal” of classical condi-
tioning. Animal lesion studies indicate that ventromedial prefrontal
cortex plays a critical role in extinction of classical (fear) condi-
tioning (Morgan and LeDoux, 1995; Morgan et al., 1993), while
electrophysiological studies in animals have shown fear extinction
“memory” responses in ventromedial prefrontal neurons (Milad
and Quirk, 2002). The ventromedial prefrontal and orbitofrontal
responses observed in the reversal session of the present study
(Figs. 3a,b) may, therefore, reflect neural processes involved in
extinguishing previously acquired conditioned responses in addi-
tion to processes involved in forming new conditioned associa-
tions. Our present neuroimaging data cannot distinguish between
these different components of conditioning “‘reversal”.

A medial amygdala region (Fig. 3c) showed a further distinct
pattern of learning-related activity. Responses in this region were
nonhabituating but showed ‘‘orbitofrontal-like” reversal of
responses in the reversal phase (Fig. 3d). This pattern of response
is therefore functionally distinct from the ““transient” activity in the
dorsal subregion (Figs. 2a,b) and also the persistent “memory”
response in the posterior ventral subregion (Figs. 4a,b). The
“reversing” pattern of response observed in this medial region
suggests a functional relationship with orbitofrontal cortex. Animal
studies have shown that interconnections between orbitofrontal
cortex and amygdala are critical for the acquisition and reversal of
learned responses (Baxter et al., 2000; Schoenbaum et al., 2000).
In an olfactory discrimination task, initial learning-related
responses were first observed in amygdala and then later in
orbitofrontal cortex (Schoenbaum et al., 2000). During reversal
learning, however, correlated neural activity increased in orbito-
frontal cortex, but not in amygdala (Schoenbaum et al., 2000).
These results suggest that the similarity of response patterns seen in
medial amygdala and orbitofrontal cortex may arise from recipro-
cal modulatory interactions between these structures.

Conditioning-related responses were also observed in fusiform
gyrus (Figs. 3a and 4c,d). These responses accord with previous
neuroimaging studies that have reported emotional and learning-
related modulation of face-related activity in fusiform gyrus
(Morris et al., 1998a; 2001a; Rotshtein et al., 2001). Functional
segregation of activity was evident in fusiform gyrus, with an
anterior region showing a ‘“ventral amygdala-like” nonreversing
pattern (Figs. 4c,d), and a posterior area showing an “orbitofrontal-
like” reversing pattern (Fig. 3a). The anterior fusiform region
(Figs. 4c,d), therefore, showed a persistence of learning-related
responses to an individual face (i.e., face A is the CS+ initially, but
CS— in the reversal phase), whereas the posterior region (Fig. 3a)
responded to whichever face stimulus was currently the CS+ (i.e.,
irrespective of the individual identity of the face). This functional
segregation mirrors previous neuroimaging data whereby posterior
fusiform responses were related to general discriminability of face
stimuli, while responses in an anterior fusiform region indexed the
recognition of a particular individual (George et al., 2001).

Our present data accord with previous neuroimaging studies
(Buchel et al., 1998; Knight et al., 1999; LaBar et al., 1998) in

showing involvement of anterior cingulate in aversive condi-
tioning. However, our findings suggest functional segregation of
anterior cingulate into “reversing” and “nonreversing” patterns
of learning-related activity. Intriguingly, these responses were
seen in discrete, but adjacent regions of anterior cingulate
(“reversing” maximal voxel x = 12, y = 4, z = 56, Table lIc;
“nonreversing”’ maximal voxel x = 18, y = 0, z = 40, Table 1d),
similar to the functional segregation observed in adjacent medial
(Figs. 3c,d; Table 1c) and lateral (Figs. 4a,b; Table 1d) amyg-
dala subregions. The extensive anatomical connectivity between
anterior cingulate, amygdala, and orbitofrontal cortex helps to
account for these distinct functional patterns. Increased
responses in anterior cingulate have been observed during
selective attention to internal emotional states (Lane et al.,
1997) and during response conflict in an emotional Stroop task
(George et al., 2001; Whalen et al., 1998). It has been proposed
that one of the functions of anterior cingulate is to monitor and
evaluate external stimuli and select appropriate responses with
respect to ongoing emotional goals and priorities (Davidson et
al., 2002). The complex functional segregation observed in
anterior cingulate in the present study is consistent with such
a role.

A “nonreversing” pattern of learning-related activity was
also observed in posterior thalamus (Table 1d). Increased
responses in posterior thalamus to aversively conditioned faces
have been previously reported in a positron emission tomogra-
phy (PET) study (Morris et al., 1997). It is notable that the
posterior thalamic CS+ responses observed in the PET study
were found to correlate positively with right amygdala
responses, indicating the operation of learning-related functional
interactions between these two structures (Morris et al., 1997).
Neuroimaging studies employing backward masking of stimuli,
or involving patients with occipital lesions, have also provided
evidence of posterior thalamus—amygdala interactions in aver-
sive conditioning (Morris et al., 1999, 2001b). These functional
interactions are consistent with the known anatomical connec-
tions between posterior thalamus and amygdala (Jones and
Burton, 1976; Linke et al., 1999).

Conclusion

These neuroimaging data provide novel insights into the neural
mechanisms underlying the modification of learned emotional
responses in humans. Consistent with animal data on reinforcement
learning, we found that responses in orbitofrontal cortex altered
rapidly and flexibly with reversal of aversive stimulus associations.
In contrast, ventral amygdala and associated brain regions showed
inflexible, persistent “memory” responses that reflected previous
conditioning. These observations are relevant to several phenom-
ena described in animal learning theory. Conditioned responses are
extinguished (i.e., cease to be elicited) by repeated presentations of
the CS without the UCS. However, in the appropriate experimental
context, extinguished conditioned responses can be renewed,
reinstated, or show spontaneous recovery, indicating that a “mem-
ory” of the original conditioning remains even in the absence of
“overt” conditioned behavioural responses (Bouton, 1994;
LeDoux, 1996). The persistent conditioning-related responses
observed in ventral amygdala and associated brain regions may
represent the neurophysiological substrate for this “indelible” fear
learning.
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