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Abstract
Operant extinction, which features modification of instrumental responses to stimuli following a
change in associated reinforcement, is an important form of learning for organisms in dynamic
environments. Animal studies have highlighted orbital and medial prefrontal cortex and amygdala
as mediators of operant extinction. Yet little is known about the neural mediators of operant
extinction learning in humans. Using a novel fMRI paradigm, we report dissociable functional
responses in distinct regions of medial orbitofrontal cortex (mOFC) during successful appetitive
and aversive based operant extinction. During successful operant extinction, increased activity
was observed in frontopolar OFC, while decreased activity was observed in caudal mOFC and
rostral anterior cingulate cortex (rACC) relative to both (i) successful control trials where the
reinforcement associated with the stimulus does not change; and (ii) successful acquisition trials
during initial learning of the stimulus- reinforcement associations. Functional connectivity
analysis demonstrated inverse connectivity between frontopolar OFC and both rACC and the
amygdala. These data support animal models suggesting the importance of mOFC - amygdala
interaction during operant extinction and expand our knowledge of the neural systems in humans.
These findings suggest that in humans, frontopolar OFC modulates activity in caudal mOFC,
rACC and amygdala during successful operant extinction learning.
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Extinction learning in humans facilitates behavioural flexibility in response to changing
contingencies and, when impaired, has been associated with neuropsychiatric disorders such
as psychopathy and addiction. Two forms of extinction can be considered: Pavlovian
extinction, the extinction of a classically conditioned response when the conditioned
stimulus is no longer paired with the unconditioned stimulus (Pavlov, 1927), and operant
extinction, the extinction of a conditioned operant response when the response is no longer
followed by the reinforcing stimulus (Skinner, 1938). Recent human neuroimaging work has
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examined the neural systems involved in Pavlovian extinction (Gottfried and Dolan, 2004;
LaBar et al., 1998; Milad et al., 2005; Phelps et al., 2004) but, to our knowledge, none has
considered operant extinction.

On the basis of animal studies, the successful extinction of an operant response results from
the replacement of the original stimulus-outcome association with an updated stimulus-
outcome association which then guides behaviour (Ostlund and Balleine, 2005; Schoenbaum
et al., 2003b). As in Pavlovian extinction, in operant extinction learning the original
stimulus-outcome association is not erased but the new association is preferentially selected
to guide behaviour (Ellson, 1938; Rescorla R.A. and Wagner and Skucy, 1969). Orbital
frontal cortex (OFC) is critically implicated in this process. When OFC is lesioned, an
increase in perseverative errors (failures to modify original response) is observed in both
operant extinction and reversal learning paradigms in animal and human studies (Butter,
1969; Chudasama and Robbins, 2003; Gallagher et al., 1999; Izquierdo and Murray, 2005;
Schoenbaum et al., 2002; Schoenbaum et al., 2003a). It has been proposed that OFC
facilitates changes in stimulus-reinforcement encoding in other brain regions such as the
amygdala, particularly when contingencies change (Saddoris et al., 2005; Schoenbaum et al.,
2007). Currently, it remains unclear which regions of human OFC may be critically involved
in this process. However, studies of emotion regulation suggest that frontopolar regions of
rostral medial orbitofrontal cortex may be the region of human PFC that facilitates selection
of the new stimulus-outcome association to guide behaviour. Frontopolar OFC is activated
during successful operant responses in the setting of positive and negative emotional
distracters (Blair et al., 2007) and has been implicated in the adaptive modulation of
emotional information during instrumental tasks (Mitchell et al., 2008). This region of
frontopolar OFC is also activated during voluntary suppression of emotional stimuli
(Levesque et al., 2003; Ohira et al., 2006).

In contrast, a second region of rodent medial prefrontal cortex (mPFC), the infralimbic
region, has been implicated in the retention or recall of Pavlovian extinction learning (Milad
and Quirk, 2002; Phelps et al., 2004; Quirk et al., 2000). Lesions of this region result in an
increase in regressive errors (the return to the previously learned but now invalid response)
(Chudasama and Robbins, 2003; Ragozzino, 2007). In human Pavlovian extinction, caudal
regions of mOFC have been proposed to serve an analogous role. In a classical fear
extinction paradigm, this region displayed decreased BOLD signal in early extinction
relative to late and was correlated with expression of the conditioned response, leading to
the suggestion that it may play a role in extinction retention (Phelps et al., 2004).
Furthermore, during recall of classically conditioned fear extinction, proximal regions of
caudal mOFC demonstrate augmented activity (Milad et al., 2007), and thickness of this
region is positively associated with fear extinction recall (Milad et al., 2005; Rauch et al.,
2005).

In the present study, we use a passive avoidance extinction paradigm to examine operant
extinction learning (Kosson et al., 2006; Newman and Kosson, 1986). This paradigm is
based on animal go-no-go paradigms in which a single stimulus is presented in association
with either reward or punishment (Schoenbaum et al., 1998, 1999). Following a change in
contingency, the valence of the reinforcement associate with the stimulus is changed. In the
extinction phase, the participant extinguishes instrumental responses to the previously
rewarding stimulus, and learns to respond to the previously punishing but now rewarding
stimulus. Performance in this task is thought to rely on the formation of appropriate
stimulus-outcome associations during acquisition and then, in extinction, the replacement of
the original stimulus-outcome association with an updated stimulus-outcome association
(Saddoris et al., 2005; Schoenbaum et al., 2000).
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While this form of operant extinction likely shares functional components and neural
substrates with response reversal tasks, the two forms of learning differ in several important
ways. First, human and non-human primate reversal learning paradigms (Budhani, 2006;
Cools et al., 2002; O'Doherty et al., 2003) typically involve object discrimination reversal
learning: the same pair of stimuli is repeatedly presented and the subject must learn to
respond to one component of the pair, and then to the other member of the pair. It has been
argued that such visual discrimination reversal learning paradigms are solved by updating
stimulus-response associations or response-outcome associations rather than stimulus-
reinforcement associations (Baxter and Murray, 2002). In such paradigms, it has been
suggested that the simultaneous presentation of two stimuli can be considered as one
compound stimulus (Baxter and Murray, 2002). Thus the reinforcement associated with the
(compound) stimulus remains constant, it is only the response to the stimulus (respond to
component A rather than B) that need be updated. The stimulus is not good or bad; rather to
gain reward, the correct response must be made towards the stimulus (respond towards
component A rather than B). In contrast, the paradigm used in the current study is thought to
rely on the formation of appropriate stimulus-outcome associations (during acquisition) and
then, in extinction, the replacement of the original stimulus-outcome association with an
updated stimulusoutcome association (Saddoris et al., 2005). Effectively, the individual
learns that some of the stimuli are good and responses should be made to them while some
stimuli are bad and responses should be withheld. In extinction, some of the “good” stimuli
become bad and some of the bad stimuli good.

Furthermore, lesion studies indicate this form of operant extinction and reversal learning are
dissociable. The amygdala is not necessary for successful object discrimination and reversal
learning as lesions do not impact performance (Izquierdo and Murray, 2007). In contrast,
amygdala lesions do impair performance following the contingency change in stimulus-
outcome based instrumental tasks (Schoenbaum et al., 2003a). Recent functional imaging
studies in healthy adults further suggest that reversal learning tasks and passive avoidance
learning paradigms recruit both shared and distinct regions of orbitofrontal and medial
prefrontal cortex. The suggestion is that both rely on the appropriate representation of
reinforcement information by medial regions of OFC. However, reversal learning paradigms
also consistently reveal activation in dorsomedial and ventrolateral PFC with increased
activity found during reversal errors relative to correct responses (Cools et al., 2002;
O'Doherty et al., 2003). These regions also show significant activation to incorrect responses
relative to correct responses during the acquisition phase of reversal learning paradigms
(Budhani et al., 2007). In the context of these paradigms, dorsomedial prefrontal cortex is
thought to respond to response conflict generated by either an internal error signal or
external punishment and that ventrolateral prefrontal cortex is recruited to aid selection of an
alternate response option (Budhani et al., 2007). We suggest that successful behavioral
extinction may not be associated with the level of response conflict seen in reversal learning
paradigms. However, we argue that successful behavioral extinction critically involves
appropriate recoding of the stimulus-reinforcement associations that are thought to drive
correct behavioral selection (respond vs. not respond to the stimulus) during acquisition (cf.
Kosson et al., 2006). Based on studies of emotion regulation we believe that a frontopolar
region of vmPFC may be critically involved in appropriate recoding of the stimulus-
reinforcement associations.

Based on the animal and human literature described above, we hypothesized that successful
operant extinction learning would entail suppression of the original stimulus-action-outcome
representations following the change in contingency. We predicted that frontopolar OFC
would show augmented activity during successful operant extinction learning in humans.
Furthermore, if the role of frontopolar OFC is to facilitate updating of stimulus-outcome
expectations, it should be augmented during successful extinction of operant responses to
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both previously appetitive and aversive cues. In contrast, based on findings of decreased
caudomedial OFC activity early Pavlovian extinction learning (extinction learning
conducted immediately after acquisition) (Phelps et al., 2004), we predicted that caudal
mOFC would show a decrease in activity during successful extinction of responses to both
appetitive and aversive cues, particularly early in extinction learning when the old outcome
associations should be suppressed in favour of the new associations. Finally, if frontopolar
OFC suppresses the initial stimulus-outcome representations in caudal mOFC, we predicted
that activity between these regions should be negatively correlated.

Materials and Methods
To test the hypothesis described above we developed an operant extinction learning fMRI
task based on the “go-no-go” task used extensively in animal work (Roesch et al., 2006;
Schoenbaum et al., 1998, 1999; Schoenbaum and Eichenbaum, 1995; Setlow et al., 2003)
and its human homologue, the passive avoidance learning paradigm (Kosson et al., 2006;
Lykken, 1957; Newman and Kosson, 1986). In these tasks, the organism learns to respond to
stimuli associated with reward, and refrain from responding to stimuli associated with
punishment. The contingency then changes for a subset of the stimuli, and the organism
must learn to extinguish prior responses to rewarding stimuli and learn to respond to
previously punishing stimuli.

Participants
Twenty right handed participants took part in the study (10 women and 10 men; mean age=
26 years old). One participant demonstrated a low response rate (> 2 S.D. below the mean
response rate) and was not included in the subsequent analysis. All participants were in good
health with no past history of psychiatric or neurologic disease and all gave informed written
consent. The study was approved by the NIMH Institutional Review Board.

Passive Avoidance Extinction Task and Experimental Procedure
In the current study, we used the human passive avoidance learning paradigm studied
previously (Kosson et al., 2006) and modified it by including an extinction phase following
acquisition (see figure 1). In this extinction phase, the reinforcement value of half of the
stimuli changed. The participant’s goal was to learn to extinguish responses to previously
rewarding stimuli and similarly, to extinguish avoidances and learn to respond to previously
punishing stimuli.

The test stimuli consisted of 12 white Snodgrass images per run presented on a black
background (see Figure 1). As in Kosson (Kosson et al., 2006) six stimuli were initially
associated with positive reinforcement: if a button press was made while the stimulus was
displayed, the participant received positive feedback (“you WIN 100 points”) and a running
point total was displayed. Six were associated with negative reinforcement and a response
resulted in negative feedback (“you LOSE 100 points”). If the participant did not respond to
a stimulus, they neither won nor lost points and a blank screen replaced the feedback screen.
Participants were told, “You will be presented with a series of images. Some of these images
are good and will gain you points if you press the button when they are showing. Some
images are bad and will lose you points if you press the button when they are showing. If
you do nothing you will neither gain nor lose points. Your goal is to win as many points as
you can.”

The acquisition phase consisted of 8 blocks: in each block each stimulus was presented once
in a randomized order. The acquisition phase was followed immediately by the extinction
phase, in which the reinforcement value of 3 good stimuli and 3 bad stimuli were changed.
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The remaining 3 “good” and 3 “bad” stimuli served as control stimuli whose reinforcement
value was not changed in the extinction phase. During the extinction phase, the twelve
stimuli (3 always “good,” 3 newly “good”, 3 always “bad”, 3 newly “bad”) were presented
in a randomized order once per block for 8 blocks. Each trial lasted 2300 ms, beginning with
a Snodgrass image for 1100 ms followed by the feedback screen for 1000ms and finally a
fixation cross for 200ms. Fixation trials (2300ms) served as the baseline and were presented
for 25% of trials (4 randomly interspersed per block). Participants were trained outside of
the scanner on a practice run containing 8 sample stimuli displayed for 2 blocks. Participants
subsequently completed 4 runs presented in a random order in the MRI scanner. Each run
lasted 10 minutes and 18 seconds. Four different task versions counterbalancing stimuli with
reinforcement assignments were developed and randomly administered to control for any
inadvertent differences in processing of the cue Snodgrass images.

MRI Parameters
Participants were scanned during task performance using a 3.0 Tesla GE Signa scanner. A
total of 269 functional images per run were taken with a gradient echo planar imaging (EPI)
sequence (repetition time = 2300ms, echo time = 23 ms, 64 × 64 matrix, flip angle 90°, FOV
24cm). Whole brain coverage was obtained with 34 axial slices (thickness 3.3mm; in-plane
resolution 3.75 × 3.75mm). A high resolution anatomical scan (three-dimensional Spoiled
GRASS; repetition time = 8.1ms, echo time = 3.2ms; field of view = 24cm; flip angle = 20°;
124 axial slices; thickness = 1.0 mm; 256 × 256 matrix) in register with the EPI dataset was
obtained covering the whole brain.

Imaging Data Analysis
The AFNI software package (http://afni.nimh.nih.gov/afni) was used for image data
processing (Cox and Hyde, 1997). Functional images from the first 6 trials of each run
collected before equilibrium magnetization was reached were discarded. Functional images
from the 4 time series were motion corrected and spatially smoothed with a 6 mm full-width
half-maximum Gaussian filter. The time series were normalized by dividing the signal
intensity of a voxel at each time point by the mean signal intensity of that voxel for each run
and multiplying the result by 100. Resultant regression coefficients represented a percent
signal change from the mean. Following this, 16 regressors characterizing the trial types
(accuracy: correct vs. error), response type (response vs. avoidance), and trial type
(extinction vs. control) were created by convolving the train of stimulus events with a
gamma-variate hemodynamic response function to account for the slow hemodynamic
response. Linear regression modelling was performed using the 16 regressors described
above plus regressors to model a first order baseline drift function. This produced a beta
coefficient and associated t-statistic for each voxel and regressor.

Individual anatomic and functional images were normalized to the standardized space of
Talairach and Tournoux (Talairach, 1988). The group analysis was then performed through
ANOVAs on whole brain data. The threshold was set at p< 0.005 (corrected at p< 0.05 for
multiple comparisons). Threshold correction was done using the AlphaSim program in
AFNI, which applies Monte Carlo simulation to calculate the probability of false positive
detection, taking into consideration both the individual voxel probability thresholding and
cluster size. Average percent signal change was measured within each significant cluster of
50 mm3 or greater. Significant main effects were followed up with ANOVAs to further
characterize the percent signal change according to trial type and response type during the
extinction phase (blocks 9–16). To aid interpretation of main effects of interest, post-hoc
examination of average percent signal change in BOLD responses during acquisition (blocks
1–8) and extinction errors was conducted using functional ROIs with p<0.005.
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Functional Connectivity Analysis
Functional connectivity, or covariation of the BOLD responses throughout the brain, was
assessed with respect to a seed voxel of maximum intensity in frontopolar OFC. Following
conversion of individual participants’ time series to Talairach space, the time series of the
seed voxel in right frontopolar OFC (BA 10) was extracted. After correction for baseline,
linear and quadratic trends, the average of the brain time series was treated as a global signal
and used as a covariate in the correlation analysis. A voxel-wise correlation analysis was
conducted between individual voxel time series and that of the identified seed voxel in
frontopolar OFC. The resulting correlation coefficient was squared to calculate the
proportion of signal variance attributable to correlation with the seed. To reduce the skew
and normalize the sampling distribution, correlation coefficients were converted to a
Gaussian variable with a Fisher transformation formula. A one-sample t-test was conducted
on the transformed correlation coefficients to identify regions positively or negatively
correlated with the target voxel at group level at a threshold of p<0.001.

Results
Behavioral Results

A 2 (trial type: extinction vs. control) × 8 (block) repeated measures ANOVA was
conducted on correct hits (trials when the participant responded to a stimulus associated with
reward) in the extinction phase (blocks 8–16). This revealed main effects for extinction
(F(1,18) = 13.51, p<0.005) and block (F(7,126) = 6.76, p<0.001), and an extinction × block
interaction (F(7,126) = 14.39, p<0.001) (see figure 2a). Unsurprisingly, participants made
more correct responses on control trials (stimuli where the reinforcement value had not
changed since the acquisition phase) relative to extinction trials, particularly for the early
blocks following reinforcement change.

A second 2(trial type: extinction vs. control) × 8(block) ANOVA conducted on correct
avoidances in the extinction phase of the task (blocks 9–16) (figure 2b). This revealed main
effects of block (F(7,126) = 44.69, p<0.001) and a significant trial type × block interaction
(F(7,126) = 10.15, p<0.001), but no significant main effect of trial type (F 1,18) = 2.3, p
<0.15). Correct responses increased with greater exposure (increasing block number) for
both extinction and control trial types across the blocks. In block 9 alone (the first block of
the contingency change) participants made more correct avoidance responses on control
trials (to stimuli which did not change reinforcement association) relative to extinction trials
(to stimuli which were no longer rewarding).

Reaction time Data
Reaction time data in the extinction phase was assessed with a 2 (trial type: extinction vs.
control) × 8(block) ANOVA on correct responses (figure 2c). This demonstrated a main
effect of block (F(7,126)= 5.07, p<0.001). There was no main effect of response type
(F(1,18) =2.23, p=0.15) nor response type × block interaction (F<1, n.s.). Examination of
the main effect of block demonstrated that reaction times increased following the first block
in extinction phase (block 9) when participants were exposed to new stimulus-outcome
associations.

FMRI Results
Successful Extinction—A 2 (trial type: extinction vs. control) × 2 (response type:
response vs. avoidance) ANOVA was conducted on BOLD response data from correct
responses during the extinction phase (blocks 9–16). This yielded main effects of both
extinction and response type, with no significant interactions.
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The main effect of extinction identified regions which showed a differential response during
successful extinction trials compared to successful control trials. In line with predictions,
BOLD responses were increased during extinction trials relative to non-extinction control
trials in regions of frontopolar OFC at the frontal pole: right and left medial frontal gyrus
(BA 10/11) (F(1,18)= 26.50; p<0.001 and F(1,18) =20.93; p<0.001 respectively) and the left
middle frontal gyrus (BA 11) (F(1,18)= 16.51; p=0.001) (see Figure 3a+bi). This increased
activation was present during successful extinction for both response and avoidance trials
(see figure 3a+bii). A distinct pattern of BOLD response was observed in more caudal
regions of mOFC and rACC. In these regions, BOLD responses were reduced during
successful extinction trials relative to control trials: medial frontal gyrus (BA 25) (F(1,18) =
12.3; p<0.005) and rACC (F(1,18)= 14.18; p=0.001) (see figure 3c+di). This was found for
both response and avoidance successful extinction trials (see figure 3c+dii).

The main effect of response type identified regions which all demonstrated increased
activity during responses relative to avoidances (see supplemental table 2). These regions
included the temporal-occipital cortex, thalami, caudate, anterior and dorsal cingulate
cortex, superior and inferior parietal lobules, inferior, middle and superior frontal gyri, and
precentral gyrus.

We next investigated whether regions involved in extinction learning would differ in early
(first 4 blocks) relative to late (last four blocks) in the extinction process. A 2 (phase: early
extinction vs. late extinction) × 2 (trial type: extinction vs. control) × 2 (response type:
response vs. avoidance) ANOVA was conducted on the BOLD data from correct responses.
This demonstrated significant main effects of trial type (extinction vs. control) and main
effects of phase (early vs. late), and response type, with no significant trial type × phase
interactions, and one phase × response type × trial type interaction (see supplemental table
A). Examination of the main effect of phase revealed regions implicated in attentional
processing, including dorsolateral prefrontal cortex, were more active during early relative
to late blocks of extinction learning. Examination of the main effect of trial type (extinction
vs. control) demonstrated that the frontopolar region of mOFC was more active for
extinction trials than control trials in both the early and late phases of the extinction phase,
while anterior cingulate cortex was less active in both early and late phases of extinction
trials compared to control trials.

Functional Connectivity
Following the findings above demonstrating differential activity in frontopolar OFC
compared to anterior cingulate cortex and caudal mOFC during extinction learning, we next
examined whether activity in the region of frontopolar OFC identified during successful
extinction correlated with activity in the anterior cingulate cortex and caudal mOFC.
Functional connectivity throughout the brain was assessed with respect to a seed voxel of
maximum intensity in right frontopolar OFC (right medial frontal gyrus/ BA 10 Talairach
(−15,−64,−5) selected because it was the voxel of greatest mean % signal change identified
by the main effect of trial type during successful extinction. This analysis demonstrated that
activity in frontopolar OFC was negatively correlated with activity in rACC (p<0.005).
Furthermore, frontopolar OFC activity also demonstrated significant negative correlations
with activity in the right and left amygdalae (p<0.0001). (see figure 4 and table 2).

Discussion
The present study investigated the neural bases of successful operant extinction learning in
humans. Using a whole-brain voxel wise analysis, we identified extinction related activity
with two dissociable functional patterns in regions of mOFC. First, we report the frontopolar
region of frontopolar OFC in particular was the region of mPFC associated with increased
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activity during successful operant extinction learning in humans. Second, successful operant
extinction was associated with decreased BOLD responses in caudal mOFC and rostral
anterior cingulate cortex. Third, functional connectivity analysis demonstrated an inverse
relationship between activity in frontopolar OFC and both the amygdala and rACC.
Together these results suggest that in operant extinction learning in humans, frontopolar
OFC may modulate activity within the amygdala and rostral anterior cingulate to facilitate
rapid updating of stimulus-reinforcement associations.

Successful operant extinction requires updating of responses based on the new contingency.
It has been proposed that in the setting of a contingency change, successful operant
extinction learning entails formation and use of alternate stimulus-reinforcement
associations to guide motor responding (Schoenbaum et al., 2002). In non-human animal
models of successful operant learning, OFC is thought to process outcome expectancies
based on stimulus-reinforcement associations (Izquierdo et al., 2004; McDannald et al.,
2005; Pickens et al., 2005; Schoenbaum and Roesch, 2005; Tremblay and Schultz, 2000). In
the present study, regions of frontopolar OFC at the frontal pole were the only areas to
demonstrate significantly increased activation during successful extinction relative to control
trials. In short, BOLD responses within frontopolar OFC were augmented for successful
extinction in comparison to previously learned and unchanged correct responses, to initial
learning in acquisition, or to errors. Extrapolating from animal models (Schoenbaum and
Roesch, 2005; Schoenbaum et al., 2007), we suggest the increased BOLD responses in
frontopolar OFC during successful extinction may reflect the manipulation of stimulus-
reinforcement associations mediated by the amygdala. We suggest that during human
operant extinction learning, frontopolar OFC may gate original representations of stimulus-
reinforcement associations in the amygdala when they are no longer consistent with the
current contingency. In line with this, the regions identified here were proximal to those
implicated in previous emotional regulation studies thought to involve manipulation of
stimulus-reinforcement associations mediated by the amygdala (Blair et al., 2007; Mitchell
et al., 2007; Ohira et al., 2006). Moreover, it is notable that the functional connectivity
analysis identified a highly significant inverse relationship between this region of
frontopolar OFC and the amygdala.

It is worth noting that frontopolar OFC demonstrated increased activation during successful
operant extinction trials whether the updated response was a successful new approach for
reward or a successful new avoidance of punishment. This finding further supports previous
suggestions that OFC is not mediating inhibition but rather updating stimulus-reinforcement
associations generally (Berlin et al., 2004; Schoenbaum et al., 2007). Our voxel-wise whole
brain analysis also identified a more caudal region of mOFC (medial frontal gyrus (BA 25))
and anterior cingulate cortex which demonstrated a different pattern during successful
extinction. In these regions, successful extinction trials were associated with decreased
activity relative to control trials (i.e., trials to stimuli which did not change reinforcement
contingency)(see figure 3c+d). This region of caudal mOFC (MNI coordinates: 12, 36, −12)
is proximal to the subgenual region previously correlated with extinction of Pavlovian fear
conditioned responses by Phelps (Phelps et al., 2004) (Talairach coordinates: −2, 38 −3 and
−4, 31, −6) and the regions of medial gyrus rectus and caudal mOFC identified during
classical extinction by Gottfried (Gottfried and Dolan, 2004) (MNI: 15, 27, −21; 12, 21,
−12). It is also proximal to the regions of mPFC identified by Milad (Milad et al., 2005)
(Talairach: 4, 30, −12 and 6, 28, −15) which demonstrated significant correlations between
gray matter volume and retention of fear extinction.

This region of caudal mOFC has been implicated in the retention or recall of extinction
learning (Milad and Quirk, 2002; Phelps et al., 2004; Quirk et al., 2000). However, while
our results match predictions of the involvement of this region based on Pavlovian
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extinction work, as we observed a suppression of this region when subjects behaviourally
exhibited successful operant extinction our data do not clearly support the role of this region
in extinction retention. Phelps et al. did report decreased activity within this region to what
had been the CS+, relative to the CS−, during the early phase of extinction (one day after
acquisition). However, it was the absence of this suppression which predicted extinction on
day 2. In contrast, Milad (Milad et al., 2007) reported increased BOLD responses in this
region during late day 1 classical fear extinction learning relative to control trials, and an
increase on day 2 of extinction. The reason for these mixed results is not yet clear. Of
course, it should be remembered that there are considerable differences between operant and
Pavlovian extinction. Moreover, it is notable that the contrasts implicating this region in the
Pavlovian extinction studies differ considerably across studies. Phelps et al. (2004)
examined differences between a stimulus previously associated with a shock on 100% of
trials relative to a stimulus never presented with shocks. Milad et al. (2007) compared
responses to a stimulus previously associated with shock on 60% trials but now extinguished
relative to a stimulus now associated with shocks during early extinction, and relative a
stimulus associated with shocks that was not extinguished during late extinction.
Furthermore, Milad et al. compared the first four trials of early extinction on day 1 with the
last 12 trials of “late” extinction, while Phelps et al. examined early and late (first ½ of trials
vs. last ½ of trials during both day 1 and 2. Finally, the current study did not examine
activity within this region a day or longer after extinction had occurred. Based on Pavlovian
conditioning studies demonstrating differences in regions of mOFC activity between early
and late extinction learning (Milad et al., 2007; Phelps et al., 2004), we predicted we would
observe phase related differences in mOFC. Our results did not confirm this prediction.
Instead, we observed main effects of phase (early vs. late) in a network of regions implicated
in attention. While this contrast replicated main effects of extinction in the frontal pole and
ACC, no significant phase interactions were present in these regions. The lack of findings
may relate to differences in time course contrasts between this study and prior work. In the
present study, we examined phase effects by comparing the first half of trials after the
contingency change to the second half of trials. In prior Pavlovian studies, early extinction
learning took place immediately after extinction, but late learning occurred several hours
(Milad et al., 2007) to a day later (Phelps et al., 2004). We conclude that the lack of a
significant temporal separation between the early and late phases as assessed in this study
may underlie the lack of phase related findings in frontopolar cortex, ACC, and subgenual
cortex.

We suggest it is worth considering an alternative hypothesis regarding the role of this region
in operant extinction. Recent work in humans using an instrumental devaluation paradigm
has demonstrated that an adjacent region of caudal mOFC displays reduced activity during
operant responses linked to a devalued reinforcer compared to a valued reinforcer (Valentin
et al., 2007) . It has also been argued that this region is involved in the representation of
outcome information that is used to guide behavior (Blair et al., 2006; O'Doherty, 2007). It
is possible that the reduced activity of this region during successful extinction trials reflects
the suppression of the representation of outcome information relating to the old stimulus-
reinforcement association that is no longer valid. Interesting in this regard is the inverse
relationship, revealed by the functional connectivity analysis, between frontopolar OFC and
this caudal region. By suppressing the original representations of stimulus-reinforcement
associations in the amygdala when they are no longer consistent with the current
contingency, frontopolar OFC may give rise to a suppression of outcome information in
caudal mOFC. This model of interaction is supported by anatomical studies in non-human
primates which demonstrate reciprocal connections between rostral mOFC and frontopolar
regions with caudomedial OFC and rostral ACC (Barbas and Pandya, 1989; Schmahmann
and Pandya, 2006) , and the amygdala (Amaral and Price, 1984; Moran et al., 1987). It
should be noted that the anatomic connections between these regions are reciprocal and
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functional connectivity analysis cannot determine the direction of modulation between
regions. We suggest modulation is more likely to involve active regions suppressing
deactivated regions. However, it is also possible, though we suggest less likely, that rostral
ACC, caudomedial OFC, or the amygdala could inhibit frontopolar cortex, and that
decreased activity in ACC and caudomedial OFC would result in less inhibition of
frontopolar cortex.

The neural correlates of operant extinction learning in humans identified in the present study
complement those of seminal work in animal models and Pavlovian extinction, and newly
highlight dissociable functional roles of specific regions of frontopolar and caudomedial
OFC as mediators of this type of adaptive behavior in humans. Further characterization of
the neural mechanisms of operant extinction learning in humans may help to elucidate the
pathophysiology of disorders such as addiction, psychopathy, and frontotemporal dementia
which feature devastating impairments in the extinction of instrumental behavior.
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Figure 1.
Passive Avoidance Extinction Task. In an event-related design stimuli were shown serially
for 1100 ms followed by feedback for 1000ms and a fixation cross for 200ms. Participants
responded to stimuli by pressing a button to a stimulus and were awarded or penalized with
100 points. Passively avoiding a stimulus by not pressing the response button resulted in a
blank screen during the feedback window. In the extinction phase, half of the original
stimulus-reinforcement associations were changed (3 rewarding and 3 punishing), so that
participants had to learn to respond to some previously punishing stimuli, and avoid
responding to some previously rewarding stimuli. Control stimuli did not change their
reinforcement contingency during the extinction phase. Participants were presented with
each of the 12 stimuli once per block in a randomized order, for 8 blocks in the acquisition
phase and 8 blocks in the extinction phase.
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Figure 2.
Behavioral Results. (a) Mean Correct Hit Responses for control and extinction trial types
over the extinction phase (blocks 9–16). (b) Mean Correct Avoidance Responses for control
and extinction trial types over the extinction phase (blocks 9–16). (c) Mean Reaction times
for Correct Hit Responses for control and extinction trial types over the extinction phase
(blocks 9–16).
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Figure 3.
Differential BOLD Responses during Successful Extinction. BOLD response and % signal
change analysis demonstrate increased responses during successful extinction compared to
control trials in (a) frontopolar OFC (left medial frontal gyrus/ BA 11 and (b) right medial
frontal gyrus/ BA 10). Decreased responses were observed in caudal mPFC including (c)
right anterior cingulate cortex and (d) right medial frontal gyrus/ BA 25. Asterisk (*)
denotes variables used in the initial ANOVA on BOLD response data. BOLD responses
during acquisition and extinction error trials are also shown for comparison in (i). (ii)
Comparison of successful appetitive (response) and aversive (avoidance) control and
extinction trials.
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Figure 4.
Functional Connectivity Analysis. Seed voxel in the region of frontopolar OFC (right medial
frontal gyrus) (a) activated by extinction errors and successful extinction (BA 10)
demonstrated negative correlations (in blue) with the left and right amygdalae (b), and
rostral anterior cingulate cortex (c).
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