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Summary

We have used event-related functional magnetic reso-
nance imaging (fMRI) to characterize neural responses
associated with emotional learning. Employing a clas-
sical conditioning paradigm in which faces were con-
ditioned by pairing with an aversive tone (US), we com-
pared responses evoked by conditioned (CS+) and
nonconditioned (CS—) stimuli. Pairing 50% of the CS+
with the US enabled us to constrain our analysis to
responses evoked by a CS+ not followed by a US.
Differential evoked responses, related to conditioning,
were found in the anterior cingulate and the anterior
insula, regions with known involvement in emotional
processing. Differential responses of the amygdalae
were best characterized by a time by stimulus interac-
tion indicating a rapid adaptation of CS+-specific re-
sponses in this region.

Introduction

In classical conditioning paradigms, a previously neutral
stimulus (conditioned stimulus or CS) comes to elicit a
behavioral response through temporal pairing with an
unconditioned stimulus (US). In many paradigms, the
US is aversive and the behavioral response is measured
in terms of changes in skin conductance (skin conduc-
tance response [SCR] or galvanic skin response [GSR]),
pupil diameter, or some other measure such as freezing
behavior (LeDoux, 1996). Hence, classical conditioning
is a form of associative learning involving linkage be-
tween a neutral stimulus and a stimulus with high intrin-
sic behavioral significance.

Classical conditioning embodies elements of memory
and emotional processing, a fact reflected by the associ-
ated functional anatomy. Lesion studies suggest a criti-
cal role for medial temporal lobe structures, especially
the amygdala, in the acquisition of conditioned emo-
tional responses (LaBar and LeDoux, 1996). For exam-
ple, lesions restricted to bilateral amygdalae impair the
acquisition of conditioned autonomic responses but
leave declarative knowledge of stimulus contingencies
intact. The opposite dissociation has been reported in
association with bilateral hippocampal damage (Be-
chara et al., 1995).
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In classical conditioning, the close temporal proximity
of US and CS pairings is essential. To achieve selective
conditioning of some stimuli but not others, the intertrial
interval (ITl) between neutral and conditioned stimuli has
to be long compared to the time between CS and US.
Several functional neuroimaging studies have investi-
gated human classical conditioning (Fredrikson et al.,
1995; Schreurs et al., 1997). Positron emission tomogra-
phy (PET) functional neuroimaging (Morris et al., 1997)
has implicated an extended system including the pulvi-
nar, medial thalamic nuclei, and amygdala in aversive
classical conditioning of emotionally expressive faces.
Notably, functional imaging studies, using PET and
functional magnetic resonance imaging (fMRI), employ
blocked designs, in which subjects undergo an initial
conditioning block by presenting the CS with the US
and the effect is then assessed in a (test) second block
by presenting the CS alone (Morris et al., 1997). Unfortu-
nately, this procedure is confounded by the fact that
during the test block, when the CS is always presented
alone, there may also be an extinction component where
the associated functional neuroanatomy may differ from
that of conditioning per se (Rolls et al., 1994).

The optimal prerequisites for studying the neurobiol-
ogy of classical conditioning in humans, using functional
neuroimaging, are met by event-related (mixed/single
trial) fMRI technique (Buckner et al., 1996; Dale and
Buckner, 1997; Josephs et al., 1997). This novel tech-
nique resembles that used to record event-related po-
tentials in electrophysiology, where different stimuli are
presented repeatedly over time. Recent methodological
advances (Josephsetal., 1997) have enabled us to study
evoked hemodynamic responses for the whole brain to
conditioned and neutral stimuli in a manner compatible
with mixed trial classical conditioning paradigms. In this
study, we used a partial reinforcement strategy in which
one half of the CS+ presentations were paired with
the US (CS+,..4) and the other half were not paired
(CS+ ynpaireq), t0 compare evoked hemodynamic responses
elicited by the CS+ in the absence of the US.

Results

We chose four neutral faces, two male and two female,
taken from the Ekman series (Ekman, 1982). Faces were
presented for 3 s. Subjects were scanned during two
distinct phases: in an initial familiarization phase, all four
faces were presented in randomized order (52 faces
were presented over 10 min), and in a second condition-
ing phase, two (one male, one female) of the four faces
were paired with an unpleasant tone (1 kHz) and conse-
quently became CS+. The amplitude of the tone was
adjusted to 10% above each subject’s aversive thresh-
old (~100 dB; estimated by self report during gradient
switching). The 500 ms tone followed at the end of the
3 s presentation time of the face (Figure 1). Faces pre-
sented during the first and second phases of the experi-
ment were identical.
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Figure 1. lllustration of the Experimental Design

The top row shows the four images used in the experiment. Two faces (first and second) were conditioned with an aversive tone. According
to a 50% partial reinforcement, only one-half of the presentations were followed by the tone (e.g., first and last [CS+ ,..] versus second and
fourth [CS+ ,,.d Presentation). Dotted and dash-dotted vertical lines indicate the onset of the visual and auditory stimuli, respectively. The
three plots below the images show the modeled hemodynamic responses. Responses are time-locked to the onset of the face stimuli (CS—,
CS+ unpaireds aNd CS+4eq). The dashed response in the last row is an example for a hypothetical auditory evoked response. Note the overlap
in time of hemodynamic responses for the paired CS+ and the auditory response. The timescale indicates that the ITI was randomized to
introduce a phase shift between sampling and stimulus onset (see Experimental Procedures for details). Thin vertical lines in the second row
demonstrate the relation between the acquisition of fMRI volumes and the presentation of stimuli.

Skin Conductance Responses
The SCR time series confirmed that subjects acquired
conditioned autonomic responses to the conditioned
stimuli. Figure 2 (top) shows an example of the time
course of the skin conductance signal for two subjects
during MR scanning over a 100 s period. Statistical anal-
ysis was performed separately for data generated during
scanning and for data of the remaining four subjects
acquired in a separate study session. We found a signifi-
cant difference between SCR for CS— comparedto CS+
trials for both analyses (Figure 2, bottom). This demon-
strates that subjects were successfully conditioned dur-
ing the fMRI experiment. As with our fMRI analysis, we
analyzed only CS+ that were not paired with the US.
We employed a 50% partial reinforcement strategy to
assess the evoked hemodynamic response to the CS+
in the absence of the US (tone); that is, only half of the
presentations of the two CS+ were paired with the tone
(CS+paiea). In total, we presented 104 stimuli over ~20
min. 52 were neutral stimuli, 26 were CS+ paired with
noise (CS+ paieq) and 26 were CS+ not paired (CS+ ypaired)
with noise. Figure 1 (top) gives an example of the scan-
ning procedure. Using two CS+ and two CS— allowed
a more balanced presentation of CS—, CS+.q and
CS+ unpairea iN the context of the 50% partial reinforcement
employed.

In contrast to evoked responses in electrophysiology,
the sampling rate (i.e., TR) in event-related fMRI is re-
stricted. To characterize hemodynamic responses fol-
lowing an indexed stimulus, it is necessary to sample
data points after the onset of many stimuli at different
peri-stimulus time points. This can be achieved by the
introduction of a fixed or random jitter between ITl and
TR. In this experiment, we chose a random jitter, to
ensure an equal distribution of data points after each
event type. The ITI was randomized in the range of 3 =
0.5 TR, leading to ITIs that ranged between 10.25 and
14.35 s. The example in Figure 1 (second row) illustrates
the relationship between fMRI volume acquisition and
trials: image volumes were acquired continuously. For
example, scans tookplace 3,7.1,and 11.2 s afterthe first
CS+unpaied Stimulus onset. After the second CS+ unpaired
trial, volumes were acquired 1, 5.1, and 9.2 s after the
onset of the stimulus.

Functional Neuroimaging

Visual and Auditory Evoked

Hemodynamic Responses

A first analysis addressed that event-related fMRI, with
a TR of 4.1 s, is capable of detecting evoked responses
elicited by sensory stimulation (i.e., visual and auditory).
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Figure 2. Skin Conductance Responses Are Shown for Two Sub-
jects

The top graphs show the processed SCR (see text) for the presenta-
tion of face stimuli used in the experiment. Plus signs indicate the
onset of a CS+ stimulus. Circles indicate the onset of a CS— stimu-
lus. Asterisks indicate the onset of the aversive tone (US), following
50% of CS+. The two bottom graphs show the statistical analysis
of the SCR. The left graph demonstrates the difference and the
significance of that difference for SCR data acquired during scan-
ning. Normalized differences between a baseline and the SCR re-
sponse for CS+ s and CS— are plotted with their standard errors
of the mean (SEM). The right graph shows the same analysis for
SCR data recorded with the identical paradigm but outside the MR
scanner. The difference between CS— and CS+paired IS Similar for
both groups, indicating that subjects were reliably conditioned dur-
ing the acquisition of fMRI volumes.

We compared hemodynamic responses evoked by vi-
sual face stimuli pooled over all categories (CS+ eq,
CS+ynpaiess and CS—) to baseline. Activated areas were
confined to bilateral striate (axial slice in Figure 3A) and
extrastriate cortices. Visual evoked responses in right
primary visual cortex are plotted for two of the six sub-
jects (Figure 3A).

The second part of the analysis compared auditory
evoked responses to baseline. This comparison, com-
prising only 26 auditory stimuli per subject, showed sig-
nificant (p < 0.05, corrected) activations of primary audi-
tory cortex and subcortical auditory structures. Figure
3B shows the activation of primary auditory cortex and
the associated evoked hemodynamic responses in left
primary auditory cortex for two subjects.

Comparison of CS+ ypaires to CS— Stimuli

during Conditioning

Ina CS+,qtrial, the peak of the visual evoked response
occurred after delivery of the auditory stimulus (first

event in the third row in Figure 1). This can give rise to
interaction effects in regions that respond to both the
US and the CS+. To fully disambiguate the effects of
CS+ and US, we compared only responses evoked by
the conditioned face stimuli when they were not followed
by a tone (CS+ p.ieq). COnsequently, the critical compar-
ison in this experiment was that between the CS+paireq
visually evoked responses and those evoked by the CS—
during conditioning. This comparison revealed differen-
tial activation of bilateral anterior cingulate gyri, bilateral
anterior insulae, and medial parietal cortex. Further dif-
ferential responses were detected in the supplementary
motor area (SMA) and bilateral premotor cortices. Acti-
vation in the right (Z = 4.6) and left red nucleus (Z =
3.6) did not reach a significance criterion of p < 0.05
corrected, though it nevertheless achieved an uncor-
rected significance level at p < 0.001. We report these
results for descriptive purposes in view of the bilaterality
of the activations and their previously reported involve-
ment in conditioning (Desmond and Moore, 1991; Thomp-
son and Krupa, 1994). Coordinates and significance lev-
els of activations are summarized in Table 1. Figure 4A
shows the location of the left anterior cingulate activa-
tion overlaid on the template T1 MRI used for spatial
normalization. This coronal slice also shows activation in
bilateral insulae. In Figure 4, the peri-stimulus responses
are plotted for three of the nine subjects. To best charac-
terize the data, we plotted the responses evoked by the
CS— (blue = standard error), the response evoked by
the CS+aieq (red = standard error), and the difference
between the two (green). Figure 4B shows activation
of bilateral insulae together with the right red nucleus
and individual plots of the associated peri-stimulus re-
sponses for the left anterior insula.

Rapid habituation of amygdala responses in the con-
text of classical conditioning has been demonstrated in
animal studies (Quirk et al., 1997) and human imaging
(Breiter et al., 1996; Whalen et al., 1998). Such temporal
effects would be disguised in a simple categorical com-
parison of the CS+ ,,p.eq and CS—. We therefore explic-
itly tested for the presence of a time by event type
interaction in an additional analysis. This analysis tests
for areas in which neural responses evoked by CS+ ,aireq
decrease over time, and at the same time this pattern is
significantly different from the pattern for the responses
evoked by the CS—. In effect, this analysis shows voxels
with a differential adaptation for the CS+ .4 relative
to the CS—.

In this group analysis, amygdala activations were sig-
nificant bilaterally at p < 0.05 (left Z = 4.6 and right Z =
3.2, p values corrected for the volume of interest and
smoothness of the underlying statistical parametric map
[SPM; Worsley et al., 1996]). The exact coordinates and
statistics of amygdalae activations are given in Table 1.

Figure 5 shows significant voxels for this group analy-
sis of the left amygdala on a coronal section of the T1
MRI template that was used for spatial normalization.
The rightamygdala response is more posterior and does
not show on this selected slice. The top panels show
the fitted response for the CS+ i trials. These data
for two subjects indicate that amygdala responses to
CS+ npaires ShOW @ rapid habituation. The associated sta-
tistics indicate the significance of the difference of this
interaction in comparison to the CS— responses.
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Figure 3. Visual and Auditory Event-Related Hemodynamic Responses

A1, p<0.05 corrected

(A) Visual evoked hemodynamic responses following the presentation of faces for a subgroup of six subjects. Activations in right primary
visual cortex are shown overlaid on an axial slice of the template MRI used for spatial normalization. On the left, the fitted response and
adjusted data are plotted as a function of peri-stimulus time for the most significant voxel in right primary visual cortex for two subjects.

Activations are thresholded at p < 0.05 (corrected).

(B) Auditory evoked hemodynamic responses due to the presentation of an unpleasant 1 kHz tone for a subgroup of six subjects. Activation
of primary auditory cortices are overlaid on the normalization template. On the left, the fitted response and adjusted data are plotted as a
function of peri-stimulus time for the most significant voxel in the left primary auditory cortex for two subjects. Activations are thresholded

at p < 0.05 (corrected).

We further investigated whether this temporally lim-
ited amygdala response is reflected in our behavioral
SCR data. SCR for the first 8 and last 12 min of the
conditioning phase were analyzed separately and con-
trasted. Figure 5D shows the differences of SCR for
CS— and CS+iea for the early and late part of the
conditioning phase, similar to Figure 2. The significant
interaction (t[18] = 2.5, p < 0.05) indicates a relationship
between lateral amygdala activation and behavioral
measurements.

Comparison of CS+ and CS— Stimuli

before Conditioning

We assessed systematic effects related to the faces
themselves by comparing responses elicited by the two
conditioned and two neutral faces during the familiariza-
tion (preconditioning) phase, before any conditioning
took place. This analysis confirmed that regions showing
a significant activation for the CS+ .4 relative to the
CS— in the conditioning phase showed no systematic
differences between the faces at p < 0.001 (uncorrected)
in the familiarization phase of the experiment. We further

tested the robustness of our principal findings by per-
forming an interaction analysis, looking for differences
between CS+ y5aeg and CS— in the familiarization rela-
tive to the conditioning phase. Although Z scores were
in general smaller (as expected for interactions), this
analysis confirmed the conditioning-specific effects re-
ported above. We also tested for significant differences
in amygdala adaptation (i.e., time by event interaction)
between the conditioning phase and the familiarization
phase, again looking explicitly for a difference between
the familiarization and conditioning phases. This was
again significant (p < 0.001, uncorrected). It should be
emphasized that comparing activations during the con-
ditioning relative to the familiarization phase (i.e., inter-
action) is only a supplementary analysis and could be
confounded by temporal order effects. The more impor-
tant comparison is between CS+eq and CS— pre-
sented within the same trial. Furthermore, systematic
effects of individual faces per se are unlikely, because
we randomized the allocation of conditioned and neutral
stimuli across subjects.
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Table 1. Coordinates and Magnitudes of Main Activations

Coordinates z p value Coordinates z p value
Anterior cingulate left right
-3, 15, 33 6.3 <0.05* 6, 30, 42 6.6 <0.05*
Red nucleus left right
-6, -9, —6 3.6 <0.001 9, —21, —12 4.6 = 0.08*
Anterior insula left
—33,27, —12 8.0 <0.05* 51, 24, -9 8.0 <0.05*
Medial parietal right

15, —66, 36 5.6 <0.05*
Premotor left right
-39, 3, 54 4.6 = 0.08* 48, 12, 39 5.2 <0.05*
SMA right

6, 6, 54 5.9 <0.05*
Time by condition interaction
Amygdala left right
—24,3, 24 4.6 <0.05* 27, =3, -24 3.2 <0.05**

Differential activations comparing visual evoked responses for conditioned stimuli in the absence of an unconditioned stimulus (CS+ npaired)
and CS—. Coordinates are in mm according to Talairach and Tournoux (1988) and are based on spatial normalization to a template provided

by the Montreal Neurological Institute (Evans et al., 1994).
*p value corrected for entire brain volume.
**p value corrected for volume of interest.

Discussion

In this study, we used event-related whole brain fMRI.
This required a TR of 4.1 s and meant that we could
only sample two to three time points per stimulus. We
were, nevertheless, able to demonstrate sensory evoked
responses in the visual and auditory system. Further-
more, we were able to demonstrate differential hemody-
namic responses elicited by conditioned and neutral
stimuli divorced from confounding effects of an associ-
ated aversive stimulus. These differences must reflect
learning the association between a neutral stimulus and
an aversive tone. The purely sensory characteristics of
the stimuli themselves evoked identical responses in a
familiarization phase. Activations revealed by compar-
ing CS+ npaired @gainst CS— within the same session are
unlikely to reflect factors such as motivation. Although
this might confound blocked designs, in the context of
mixed trials as employed here motivation should affect
all event types equally.

Anterior Cingulate

Bilateral, significant differentially evoked hemodynamic
responses were found in the anterior cingulate cortex.
This structure plays a crucial role in assessing the moti-
vational content of internal and external stimuli and in
regulating context-dependent behaviors (Devinsky et
al., 1995) such as approach and avoidance learning
(Freeman et al., 1996). Direct evidence for the participa-
tion of the anterior cingulate in classical conditioning
comes from animal (Powell et al., 1996; Everitt and Rob-
bins, 1997) and human (Schreurs et al., 1997) functional
imaging studies. The latter study described positive cor-
relations between changes in regional cerebral blood

flow (rCBF) and percent conditioned responses. Cin-
gulo-thalamic neuronal plasticity may be crucial for the
acquisition of avoidance responses in the context of
conditioning, and it has been suggested that amygdala
projections play an important role in the modulation of
these plastic changes (Poremba and Gabriel, 1997a,
1997b).

The affective role of the anterior cingulate has been
dissociated from any perceptual stimulus-processing
role (Rainville etal., 1997). This latter experimentdemon-
strated that rCBF in the anterior cingulate is linearly
correlated to the affective intensity of mediated pain. A
similar response behavior of the anterior cingulate is
suggested by our results: the presentation of the un-
paired CS+ is not painful, but it has, through condition-
ing, become a predictor of pain (i.e., the expected ensu-
ing unpleasant tone). In contrast to the study by Rainville
et al. (1997), where hypnosis was used to downregulate
pain affect, our experiment can be construed as ef-
fecting the reverse, namely, an upregulation of pain an-
ticipation leading to a neural response in the absence
of physical pain (for the CS+ ypaired)-

This similarity of systems differentially activated in our
experiment to those implicated in pain processing is
remarkable. The activation of anterior insulae with ante-
rior cingulate cortices is a prominent feature in most
functional imaging studies of pain (Coghill et al., 1994;
Rainville et al., 1997). It has been suggested that the
anterior cingulate cortex together with the anteriorinsula
provides one route through which nociceptive input is
integrated with memory to allow appropriate responses
to stimuli that predict future adversities (Coghill et al.,
1994). This linkage of nociception with memory receives
further support from our results. Activation of the red
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(A) Significant differential visual evoked responses for conditioned versus neutral faces in the left anterior cingulate cortex (x = —3,y = 15,
z = 33 mm). The coronal slice of the template T1 weighted MRI used for normalization shows differential responses in bilateral anterior insulae
and right anterior cingulate. Images are thresholded at p < 0.001 uncorrected for visualization. The significances for individual activations
are given in Table 1. The peri-stimulus time plots are shown for three out of nine subjects. Instead of plotting raw data, we show the fitted
response =* the standard error of the mean (SEM) for CS— (blue) and CS+,,.q (red) events. Dash-dotted lines represent the fitted response;
dotted lines represent the mean + SEM. Statistical inference is based on the difference between the two responses, shown in green.

(B) Significant differential visual evoked responses for conditioned versus neutral faces in the left anterior insula (x = =33,y = 27, z = —12).
The axial slice of a mean T1 weighted group MRI also shows differential responses in the right red nucleus and right anterior insula. Peri-
stimulus time plots are shown for three out of nine subjects. Fitted responses = the standard error of the mean (SEM) for the CS— (blue) and
CS+unpaired (red) events are shown. Statistical inference is based on the difference between the two responses, shown in green.

nuclei in this regard suggests that projections from the
cingulate, which assimilate the value of a stimulus, inter-
act with an efferent motor system as a means of regulat-
ing context-dependent behaviors.

Anterior Insula

Several studies suggest a role for the anterior insula in
processing emotionally relevant contexts, for instance,
disgust (Phillips et al., 1997), pain (Casey et al., 1995),
and the recollection of affect-laden autobiographical in-
formation (Fink et al., 1996). This functional characteriza-
tion is in keeping with known insular projections to ante-
rior cingulate, perirhinal, entorhinal, and periamygdaloid
cortices and various amygdaloid nuclei (Mesulam and
Mufson, 1982). This pattern of connectivity, together
with neurophysiological data, has led to a conceptual-
ization of the insula as an area functionally associated

with emotional processing (Casey et al., 1995; Au-
gustine, 1996). In our study, the insula may provide infor-
mation about primary reinforcers received from the sen-
sory system (Rolls, 1994).

Amygdala

The initial analysis comparing CS +npaired With CS— over
the entire conditioning phase did not reveal amygdala
activation. However, based on recent evidence from an
electrophysiological study showing habituation of amyg-
dala single cell responses during conditioning in the rat
(Quirk et al., 1997), we performed a further analysis to
explicitly test for habituation (time by event type interac-
tion) of amygdala responses. In line with Quirk et al.
(1997), the a priori hypothesis for this analysis was re-
stricted to the amygdala. Correction for multiple com-
parisons in this analysis was based on the size of the
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Figure 5. Time-Dependent Neural Responses in the Amygdala with Conditioning

Rapid habituation of amygdala responses to CS+paiea Stimuli. (A) and (B) show the fitted response for the CS+nparea €vENts for two subjects
in left amygdala. Responses evoked by CS+ n.ea Stimuli are initially positive and then decrease to become deactivations (relative to baseline)
after 120 scans (8.2 min) for subject 1 and after 100 scans (6.8 min) for subject 2. (C) shows the activation of the left amygdala (Z = 4.6)
overlaid on a template T1 MRI. Statistical inference is based on the difference between the time by condition interaction shown in (A) and (B)
relative to responses evoked by CS— stimuli. (D) shows differences in SCR responses comparing the first 8 min to the last 12 min of the
conditioning phase. The difference between SCR elicited by CS+ npared Versus CS— is clearly larger for the first 8 min of the experiment. This
interaction is significant (t[18] = 2.5, p < 0.05). The vertical dashed lines in (A) and (B) indicate the cutoff between early and late (117 volumes =

8 min) used for the SCR interaction analysis shown in (D).

amygdala as used by others (Breiter et al., 1996; Whalen
et al., 1998). This anatomical constraint is justified on
the grounds that ignoring this a priori evidence could
lead to type Il errors (Worsley et al., 1996).

Inthis additional analysis, the focus of maximal activa-
tion in the amygdala was seen in its rostrolateral part.
Comparison of this location with response foci in other
fMRI studies (Breiter et al., 1996; Whalen et al., 1998)
reveals a difference in the z coordinate values (ventral-
dorsal). Amygdala coordinates from these studies proj-
ect into the striatum when using the template from the
Montreal Neurological Institute as in our analysis. There-
fore, we conclude that this difference is most likely due
to differences in spatial normalization, for example, a
differenttemplate. The activation of the lateral amygdala
in classical conditioning is in accord with reciprocal pro-
jections between the medial geniculate nucleus and this

part of the amygdala (LeDoux et al., 1990b). Further-
more, the lateral amygdala is strongly implicated in clas-
sical conditioning as shown by single cell recordings
(Quirk et al., 1997) and lesion experiments (LeDoux et
al., 1990a) in rats.

Amygdala responses to CS+ypaed Stimuli showed
rapid habituation. This accords with results from other
neuroimaging studies showing rapid habituation of amyg-
dala responses in the context of viewing emotionally
expressive faces (Breiter et al., 1996; Whalen et al.,
1998). Our results extend these observations to human
classical conditioning and are in accord with animal data
of amygdala responses to acoustic stimuli (Bordi and
LeDoux, 1992; Bordi et al., 1993) and lateral amygdala
responses in classical conditioning in the rat (Quirk et
al., 1997). The transient response characteristic further
suggests an important role for the amygdala during the
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early phase of aversive conditioning, consistent with the
suggestion that the amygdala serves as arapid subcorti-
cal information processing pathway for behaviorally rel-
evant (e.g., dangerous) stimuli (LeDoux, 1996). This early
versus late dissociation, initially suggested for the hip-
pocampus (Alvarez and Squire, 1994), may also apply
to the amygdala.

Lesion studies have stressed the importance of the
amygdala in acquisition and expression of conditioned
fear (Campeau and Davis, 1995). However, NMDA antag-
onist administration impairs acquisition and the associ-
ated emergence of plastic changes but not expression
of conditioned responses (Miserendino et al., 1990),
highlighting potential differences in underlying mecha-
nisms. Recent studies of single neuron responses in the
amygdala of awake, behaving rats also reveal striking
temporal dynamics of amygdala responses (Quirk et al.,
1997). Recordings from lateral amygdala show tempo-
rally limited neuronal responses during conditioning
(Quirk et al., 1997), whereas cortical responses remain
elevated throughout the conditioning phase. Amygdala
responses in our experiment show similar temporally
limited response characteristics.

However, the temporal pattern of amygdala responses
in our study seems at odds with the lesion literature,
where an intact amygdala is necessary not only for ac-
quisition but also for expression of conditioned re-
sponses. One possibility is that plastic changes occurring
during the early phase of conditioning are related to
increased amygdala activity. In this context, the initial
increases in amygdala activity might represent plastic
changes, necessary for the acquisition of the condi-
tioned response. Although the integrity of the amygdala
is essential for the continued expression of conditioned
responses, a refined connectivity within the amygdala
and between the amygdala and other regions leads to
lower mean firing rates and synaptic activity during later
stages of conditioning.

Another possible explanation for the habituation of
amygdala responses is based on the concept of nega-
tive feedback in classical conditioning (Fanselow, 1998).
It has been demonstrated that fear conditioning using
electric shocks as USs produces an amygdala-depen-
dent analgesic state mediated by endogenous opioids
(Fanselow, 1984). This can be seen as a negative feed-
back since analgesia leads to a reduced ability of the
US to condition and explains habituation of amygdala
responses in the study by Quirk et al. (1997). In our
experiment, where an aversive tone serves as the US,
engagement of the stapedius reflex might decrease
sound transmission at the level of the middle ear and
mediate negative feedback that reduces the impact of
the US (Cacace et al., 1992). This conjecture accords
with our behavioral data showing time-dependent differ-
ences in SCR to CS— versus CS+,,.iea. These sugges-
tions are necessarily speculative, and the functional sig-
nificance of time-limited amygdala activations clearly
warrants further investigations.

It has been speculated that the lateral amygdala
serves as a differentiator and is therefore sensitive to
changes in the CS-US relationship as it occurs at the
beginning of conditioning (Quirk et al., 1997). On the
other hand, ongoing selective activation of cortical areas

throughout conditioning is in accord with the proposal
that cortical regions act as integrators. Our data showing
habituation to the CS in the lateral amygdala and ongo-
ing activation in cortical areas (e.g., anterior cingulate
and insular) support this hypothesis and suggest a simi-
lar model for human associative learning. As already
noted, the amygdala habituation is mirrored by the tem-
poral characteristics of SCR, showing smaller differ-
ences between SCR to CS— versus CS+ynpaired after 8
min of conditioning. This relation to behavioral measure-
ments is in accord with a neuroimaging study showing
correlations of amygdala activation during viewing emo-
tionally arousing film clips with the number of recalled
film clips after 3 weeks (Cabhill et al., 1996).

The contribution of amygdala to conditioning may be
linked to early modulation of cingulo-thalamic connec-
tivity (Poremba and Gabriel, 1997a, 1997b). All of these
observations suggest that with time, mnemonic repre-
sentations of behaviorally salient contexts are expressed
in cortical regions other than medial temporal lobe struc-
tures (McGaugh et al., 1996). Proposed candidate struc-
tures, including the anterior cingulate and insular corti-
ces, were all activated in our study (Everitt and Robbins,
1997).

Motor Structures: Red Nucleus, SMA,

and Premotor Cortex

Activation of the red nucleus together with premotor
structures is typically associated with the efferent motor
component of eyeblink conditioning (Clark and Lavond,
1993; Krupa et al., 1993; Thompson and Krupa, 1994,
Logan and Grafton, 1995). The involvement of the red
nucleus in this context has been established in animal
studies of eyeblink conditioning (Desmond and Moore,
1991; Thompson and Krupa, 1994) and by functional
imaging of humans (Logan and Grafton, 1995). Further
evidence for an important role in conditioning comes
from experiments in which reversible inactivation of the
red nucleus blocked the expression of conditioned re-
sponses (Krupa et al., 1993). This is in contrast to cere-
bellar inactivation, which impairs acquisition of condi-
tioned responses (Krupa et al., 1993; Ramnani and Yeo,
1996).

Subcortical motor nuclei and premotor activations
raise the question of a relationship between classical
conditioning, as employed in our experiment, and eye-
blink conditioning. Lid closure in eyeblink conditioning
is an obligatory defensive mechanism to avoid the im-
pact of a US (e.g., air puff to the cornea). After condition-
ing, a previously neutral stimulus can elicit the same
defensive response (i.e., blink). In our paradigm, sub-
jects’ ability to react was restricted by positioning in a
tight head holder as well as by the instruction not to
move during imaging. Although almost no actual move-
ments occurred (confirmed by the estimated head mo-
tionof <1.5 mm), itis likely that generating a preparatory
motor response is obligatory in this setting. In keeping
with this suggestion, cortical activation patterns involv-
ing motor regions can be observed when movements
are prepared or imagined but not executed (Decety et
al., 1994; Stephan et al., 1995).
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Conclusion

Exploiting the high spatiotemporal resolution of fMRI
for an event-related experimental design, our results
illustrate the contribution of different cortical and sub-
cortical areas to the rapid learning that mediates the
behavioral effects of classical conditioning. Interpreting
our results in the light of animal studies, we propose
a central integrative role for the human “rostral limbic
system,” including anterior cingulate and insular corti-
ces, which receive input from the amygdala, processing
the behavioral relevance of sensory stimuli. Projections
of the anterior cingulate to premotor regions and subcor-
tical motor nuclei suggest a potential role for these
structures in the formation of context-dependent adap-
tive behavioral responses.

Experimental Procedures

Subjects and Imaging
We studied nine healthy right-handed volunteers (seven male and
two female). Written informed consent was obtained prior to MRI
scanning. Data were acquired with a 2 Tesla Magnetom VISION
whole body MRI system (Siemens, Erlangen, Germany) equipped
with a head volume coil. Contiguous multi-slice T2* weighted
echoplanar images (TE = 40 ms, 80.7 ms/image, 64 X 64 pixels
[19.2 cm X 19.2 cm]) were obtained in an axial orientation. This
sequence enhances blood oxygenation level-dependent (BOLD)
contrast (Kwong et al., 1992). The volume acquired covered the
whole brain (48 slices; slice thickness 3 mm, giving a 14.4 cm vertical
field of view). The effective repetition time (TR) was 4.1 s/volume.
During scans, subjects looked at a translucent screen through a
45° angled mirror. The distance between eyes and screen was ~300
mm. Visual stimuli (i.e., faces) were back-projected onto the screen
by an LCD video-projector, subtending 17° vertically and 8° horizon-
tally in the visual field. The screen refresh rate was set to 67/s.
During the ITI, the screen was dark. Computer-generated auditory
stimuli were delivered through plastic tubes, sealed by foam ear
inserts. To further decrease the influence of the gradient switching
noise from the scanner, the sound delivery system was shielded
by plastic ear defenders. To minimize head motion, subjects were
restrained with bitemporal pressure pads.

Skin Conductance Responses

We measured online SCRs in all subjects during fMRI scanning.
Unfortunately, SCR traces in four out of nine subjects could not be
analyzed due to artifacts caused by gradient switching and radio
frequency transmission from the MR scanner. SCRs were measured
from two electrodes on the index and middle finger of the left hand
using silver electrodes and electrode gel. The signal was amplified
and sampled at 100 Hz. Further offline processing was performed
with MATLAB (The MathWorks, Natick, MA). Data were detrended
and temporally smoothed (Gaussian kernel with full width at half
maximum of 2 s), and remaining MRI scanning artifacts were elimi-
nated. Finally, the time series were resampled at 10 Hz using sinc
interpolation. For quantitative analysis of SCRs (similar to Esteves
et al., 1994), evoked SCR responses were characterized by the
maximum of the SCR signal in the interval between stimulus onset
and 5 s after stimulus onset. Extending this window beyond the
onset of the US (3 s) was possible since we only analyzed CS— and
CS+unpairea- This value was then subtracted from a baseline, the mean
of the SCR in the second before the onset of the stimulus, to account
for residual baseline fluctuations. For statistical analysis, the differ-
ences were normalized to zero mean and standard deviation of
unity. The significance of SCR differences for CS— and CS+ aieq
was assessed by a t test. We analyzed both groups (SCRs acquired
during fMRI scanning and SCRs acquired in a separate session)
separately to demonstrate that conditioning took place during scan-
ning. The group of subjects that was tested after fMRI scanning
comprised three of the fMRI study participants. The fourth imaging

volunteer being unavailable, we substituted him with another
subject.

Image Processing and Statistical Analysis

Image processing and statistical analysis were carried out using
SPM97 (Worsley and Friston, 1995; Friston et al., 1995b; see also
http://www fil.ion.ucl.ac.uk/spm). The problem of medial temporal
lobe susceptibility artifacts was addressed by looking at animated
sequences of raw images. This procedure revealed no event-related
changes in susceptibility. All volumes were realigned to the first
volume (Friston et al., 1995a). Residual motion effects were elimi-
nated at each and every voxel by regressing a periodic function of
the estimated movement parameters at each voxel on the time
course of this voxel. Actual head movements were <1.5 mm for all
subjects. To account for the different sampling times of different
slices, voxel time series were interpolated using sinc interpolation
and resampled using the slice at the AC-PC line as the reference.
A mean image was created using the realigned volumes. An anatom-
ical MRI, acquired using a standard three-dimensional T1 weighted
sequence (1 X 1 X 1.5 mm voxel size), was coregistered to this
mean (T2*) image. This measure ensured that the functional and
structural images were spatially aligned. Finally, the structural image
was spatially normalized (Friston et al., 1995a) to a standard tem-
plate (Talairach and Tournoux, 1988; Evans et al., 1994), using non-
linear basis functions. The nonlinear transformation mapping the
structural T1 MRI scan onto the template was also applied to the
fMRI data. The data were smoothed using an 8 mm (full width at
half maximum) isotropic Gaussian kernel to compensate for residual
variability after spatial normalization and to permit application of
Gaussian random field theory to provide corrected statistical infer-
ence (Friston et al., 1995c).

Conditioning

The data were analyzed by modeling the evoked hemodynamic
responses for different stimuli as delta functions convolved with a
synthetic hemodynamic response function in the context of the
general linear model as employed by SPM97 (Josephs et al., 1997).
We defined three different event types: all were time-locked to the
onset of the presentation of a face. The events were subdivided
into (1) CS— (2) CS+ paired (CS+parea), and (3) CS+ unpaired
(CS+unpairea) face stimuli (Figure 1). Specific effects were tested by
applying appropriate linear contrasts to the parameter estimates
for each event, resulting in a t statistic for every voxel. These t
statistics (transformed to Z statistics) constitute an SPM. The con-
trast used in the main analysis tested for greater responses evoked
by CS+unparea Stimuli relative to CS—.

Sensory (Auditory and Visual) Evoked Responses

In this analysis, we added a fourth event type to the main analysis,
which was time-locked to the presentation of the US (1 kHz tone).
The contrasts for the auditory evoked responses tested for the
comparison of these events to baseline. For the visual evoked re-
sponses, the contrast resembles the grouped comparison between
CS—, CS+ paireds aNd CS+ 4 to baseline. For this analysis, only the
first six subjects were considered.

Interaction Analysis Including Familiarization Trials

We also combined the data for the familiarization phase and the
conditioning phase and defined two additional events for the famil-
iarization phase (fCS— and fCS+) for the faces that will become
CS— and CS+. The contrast in this analysis modeled the difference
between fCS+ versus fCS— and CS+paied VErsus CS—, thatis, the
interaction.

Time by Event Interaction Analysis

In addition to the main analysis, we defined three new regressors
representing the time by event interactions. These three additional
regressors were created by multiplying the regressors for CS—,
CS+ paired, aNd CS+ ynpaires With @ mean corrected exponential function
with a time constant of one-fourth of the session length. Contrasts
tested for the difference of the interaction terms between the CS—
and CS+ paireq-

Ensuing SPMs were interpreted by referring to the probabilistic
behavior of Gaussian random fields. The data for all nine subjects
were analyzed as a group, modeling evoked responses in a subject-
specific way. To demonstrate individual effects, we display the
evoked hemodynamic response for contrasts of interest for subjects
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individually. In the case of the amygdala, where we had a region-
specific hypothesis, correction for multiple comparisons was based
on the volume of interest (Filipek et al., 1994) and the smoothness
of the underlying SPM (Worsley et al., 1996). For the remaining brain,
where we had no a priori regional hypothesis, correction was for
the entire volume analyzed (i.e., whole brain). Thus, in all cases the
threshold was set to p < 0.05.
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