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Amygdala and Orbitofrontal Cortex Lesions Differentially
Influence Choices during Object Reversal Learning

Peter H. Rudebeck and Elisabeth A. Murray

Section on the Neurobiology of Learning and Memory, Laboratory of Neuropsychology, National Institute of Mental Health-National Institutes of Health,
Bethesda, Maryland 20892

In nonhuman primates, interaction between the orbitofrontal cortex (OFC) and the amygdala (AMG) has been seen as critical for learning
and subsequently changing associations between stimuli and reinforcement. However, it is still unclear what the precise role of the OFC
is in altering these stimulus-reward associations, and recent research has questioned whether the AMG makes an essential contribution
atall. To gain a better understanding of the role of these two structures in flexibly associating stimuli with reinforcement, we reanalyzed
a set of previously published data from groups of monkeys with either OFC or AMG lesions that had been tested on an object reversal
learning task. Based on trial-by-trial analyses of rewarded and unrewarded choices, we report two new findings. First, monkeys with OFC
lesions were, compared with both control and AMG groups, unable to use correctly performed trials to optimally guide subsequent
choices. Second, monkeys with AMG lesions showed the opposite pattern of behavior. This group benefited more than controls from
correctly performed trials that followed an error. Finally, as has been reported by others, after a change in reward contingencies, monkeys
with OFC lesions also showed a slightly greater tendency to choose the previously rewarded object. These findings demonstrate that the

OFC and AMG make different contributions to object reversal learning not highlighted previously.
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Introduction

The ability to associate reinforcement with previously neutral
stimuli in the environment and to subsequently change these
associations is critical for adaptive reward-guided behavior and
decision making. In nonhuman primates, two brain regions, the
orbitofrontal cortex (OFC) and amygdala (AMG), have been
considered central to this ability. Aspiration or radio frequency
lesions of either structure lead to profound and reproducible
deficits in object reversal learning, a task that requires flexible
alteration of object-reward associations (Mishkin, 1964;
Schwartzbaum and Poulos, 1965; Iversen and Mishkin, 1970;
Jones and Mishkin, 1972; Aggleton and Passingham, 1981; Dias et
al., 1996; Izquierdo et al., 2004). The view that emerged was one
in which OFC and AMG contributed in a similar manner to a
monolithic process: stimulus—reward association.

Contrary to the long-standing view, several studies now sug-
gest that OFC and AMG make distinct contributions to altering
stimulus—reward associations. For example, Izquierdo and Mur-
ray (2007) demonstrated that monkeys with selective excitotoxic
lesions of the AMG learned to reverse object—reward associations
as efficiently as controls. Interestingly whereas monkeys with
AMG lesions were able to flexibly change stimulus—reward asso-
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ciations as measured by object reversal learning, they were unable
to update stimulus—reward value associations in a test of rein-
forcement devaluation. These findings point to a distinction in
the neural substrates underlying associations between objects
and reward contingencies versus those underlying associations
between objects and reward value. In addition, whereas damage
to the OFC affects the ability of monkeys to extinguish respond-
ing to an object paired previously with reinforcement, lesions of
the AMG disrupt the ability for an object associated with rein-
forcement to maintain responding in both extinction and second
order schedules (Parkinson et al., 2001; Pears et al., 2003; Izqui-
erdo and Murray, 2005).

Animals’ choices during reversal learning are typically ana-
lyzed by counting errors taken to learn each reversal (Iversen and
Mishkin, 1970; Dias et al., 1996; Chudasama and Robbins, 2003).
However, such an approach does not take into account the dy-
namic nature of the task, because macaques often alter their
choice behavior based on the outcome of only a few trials. A new
approach for exploring the neural structures involved in selection
tasks, such as reversal learning, has been to investigate how the
outcome of single rewarded trials, unrewarded trials, or se-
quences of such trials influence subsequent choices (Kennerley et
al., 2006).

In light of these new trial-by-trial approaches, we applied a
more fine-grained analysis to the previously published data on
object reversal learning from groups of monkeys that had re-
ceived OFC and AMG lesions. First, as a prelude to the new
analysis, we determined the number of errors made after a rever-
sal but before a rewarded trial. This analysis was conducted to
determine whether OFC or AMG lesions differentially affected
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the monkeys’ ability to stop responding to the previously re-
warded object. Then a trial-by-trial analysis of monkeys’ re-
warded and unrewarded choices was used to further probe the
contribution of both these areas to reward-based decision
making.

Materials and Methods

Subjects

Eighteen adult male rhesus monkeys (Macaca mulatta) served as sub-
jects. Five monkeys sustained bilateral excitotoxic lesions of the amyg-
dala (group AMG), three received bilateral aspirative lesions of the or-
bital prefrontal cortex (group OFC), and the remaining 10 were retained
as unoperated controls (group CON). Four of the controls were tested
concurrently with the AMG group, whereas the remaining six were tested
with the OFC group. The training histories of all groups were highly
similar. The results from the same set of monkeys have been reported
previously on object reversal learning, emotional responses, reinforce-
ment devaluation and instrumental extinction (Izquierdo et al., 2004,
2005; Izquierdo and Murray, 2005, 2007). Animals weighed between 6.2
and 12.6 kg at the start of testing. Each animal was housed individually,
was kept on a 12 h light/dark cycle, and had access to water 24 h per day.
All procedures were reviewed and approved by the National Institute of
Mental Health Animal Care and Use Committee.

Apparatus and materials

Testing was conducted in a modified Wisconsin General Test Apparatus
(WGTA) in a dark room. Monkeys were presented with a test tray
(19.2 X 72.7 X 1.9 cm) situated in an illuminated test compartment. The
test tray contained two food wells spaced equally (145 mm) from the
center of the tray. Each well was 6 mm deep and 38 mm in diameter. For
preliminary training, several dark gray matboard plaques and three junk
objects were used. Two objects which were novel to the monkeys at the
start of testing were used for the object reversal learning task. Through-
out all training and testing, a half peanut served as a reward.

Surgery

For a full description of the surgical methods, see the study by Izquierdo
and Murray (2004). For all animals, anesthesia was induced with ket-
amine hydrochloride (10 mg/kg, i.m.) and maintained with isoflurane
(1.0-3.0%, to effect). Monkeys received isotonic fluids via an intrave-
nous drip. Aseptic procedures were used throughout while heart rate,
respiration rate, blood pressure, expired CO,, and body temperature
were continuously monitored. Monkeys were treated with dexametha-
sone sodium phosphate (0.4 mg/kg, i.m.) and cefazolin antibiotic (15
mg/kg, i.m.) for 1 d before and for 1 week after surgery. At the conclusion
of surgery and for 2 additional days, animals received ketoprofen anal-
gesic (10—15 mg/kg, i.m.); ibuprofen (100 mg) was provided for an 5
additional days.

Orbital prefrontal cortex lesions. Bilateral subpial aspirative lesions of
the OFC were performed using a combination of electrocautery and
suction. The lesions were made in two stages, balanced for hemisphere of
first removal, and were intended to remove Walker’s areas 11, 13, and 14,
and the caudal part of area 10 (Walker, 1940). The location and extent of
the intended lesion is shown in Figure 1.

Amygdala lesions. Bilateral excitotoxic lesions of the amygdala were
made in two stages. For each monkey, magnetic resonance imaging
(MRI) was used to determine the stereotaxic coordinates for injections of
excitotoxins. Monkeys received 18—22 injections of the excitotoxin ibo-
tenic acid into each amygdala. At each site, which was spaced ~2 mm
apart in each plane, we injected 0.6—1.0 ul of ibotenic acid (10 ug/ul, 0.2
pl/min; Biosearch Technologies). Two animals received injections into
the left amygdala in the first operation and the other three received
injections into the right amygdala. During the second surgery, each ani-
mal received injections into the amygdala in the intact hemisphere. The
intended lesion included the entire amygdala, including the basolateral
group of nuclei as well as the central and cortical nuclei (Fig. 2).

Behavioral testing
Preliminary training. Before formal testing, all animals were habitu-
ated to the WGTA and were allowed to retrieve food from the test tray.
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Figure 1. OFClesion. The first column shows the location and extent of the intended OFC
lesion (Intended, shaded region) on drawings of coronal sections from a standard rhesus mon-
key brain. The second column shows photomicrographs of Nissl-stained coronal sections
through the OFClesion in case OFC1 (OFCT Actual), and the third column shows a reconstruction
colored in green of the same removal represented on a series of Nissl-stained sections from an
intact rhesus monkey (OFCT Reconstructed). In the last two columns, the OFC lesions in cases
0FC2 and OFC3 are reconstructed on the same series of sections used for case OFC1. The numer-
als indicate the distance in millimeters from the interaural plane. OFC1, OFC2, OFC3, Monkeys
with bilateral lesions of the orbitofrontal cortex.

Through successive approximation, monkeys were trained to displace
plaques and then objects placed over the food wells to retrieve rewards.

Object reversal learning. On each trial, monkeys were presented with
two objects placed over the food wells. To prevent object preferences
from biasing learning scores, both objects were either baited (for half the
monkeys in each group) or unbaited (remaining monkeys) on the first
trial of the first session of initial learning. If the chosen object was re-
warded, it was designated the S+; if not, it was designated the S—. From
trial 2 onward, the food well corresponding to the S+ was baited, whereas
the other was not. The monkey was allowed to displace one of the two
objects and if correct to retrieve the food reward underneath. The inter-
trial interval was 10 s and the left—right position of the correct object was
pseudorandomly determined. There was no correction after errors.
Monkeys were tested for 30 trials per daily session for 5-6 d per week.
Criterion was set at 93% for 1 d followed by at least 80% the next day.
Once monkeys had attained criterion on the initial object discrimination
problem, the contingencies were reversed and animals were trained to
the same criterion as before. This procedure was repeated until a total of
nine serial reversals had been completed.

Lesion assessment

The lesions in both set of animals have been assessed using MRI scans and
extensively documented in previous published work from our laboratory
(Izquierdo et al., 2004; Izquierdo and Murray, 2005). In addition, the
brains of monkeys with OFC lesions were processed using traditional
histological techniques. The location and extent of the OFClesion in each
monkey is illustrated in Figure 1. The monkeys in this group sustained an
estimated 78.5% damage to the OFC. The location and extent of the
AMG lesions based on T2-weighted MR scans obtained within 7 d of
surgery are shown in Figure 2. Monkeys in the AMG group sustained an
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AMG lesion. The first column shows the location and extent of the intended AMG lesion (Intended, shaded region) on drawings of coronal sections from a standard rhesus monkey brain.

Columns 2-5 show MR images from cases AMGT (largest lesion), AMG3, AMG4 (smallest lesion), and AMGS5 at matching levels. The T2-weighted MR images show the extent of white hypersignal
reflecting edema after injections of the excitotoxin, ibotenic acid. The hypersignal also represents the approximate location and extent of the lesion. Numerals indicate the distance in millimeters
from the interaural plane. AMG1, AMG3, AMG4, AMGS, Monkeys with bilateral excitotoxic lesions of the amygdala.

estimated 93.4% damage to the AMG. Images of the lesion for case
AMG?2 are not shown in Figure 2 because we were only able to obtain
postoperative MR scans from one hemisphere.

Results

The data from the object reversal learning task have been ana-
lyzed previously by comparing the number of errors per reversal
between groups (Izquierdo et al., 2004; Izquierdo and Murray,
2007). In addition, an analysis of errors by stage (below chance,
near chance, above chance) was performed. For the present
study, we conducted a more fine-grained analysis of the mon-
key’s choices. Because all monkeys had been tested for at least 2 d
after each reversal, we restricted our analysis to this data set.
Accordingly, data from the two sessions (60 trials) immediately
after each of the nine reversals were analyzed, making a total of
540 trials for each monkey. No statistically significant differences
were found between the two CON groups ( p > 0.1, all compar-
isons) so their data were collapsed into one set for analysis. The
OFC group scored more total errors across the nine reversals
compared with both CON and AMG groups (one-way ANOVA,
effect of group, F(, ;5, = 12.1, p = 0.001; post hoc Bonferroni’s
tests: OFC vs CON or AMG groups, p < 0.002; CON vs AMG,
p > 0.5) (Fig. 3). Thus, in line with our earlier analysis of the
entire data set from these same groups of monkeys (Izquierdo et
al., 2004; Izquierdo and Murray, 2007), the OFC group but not
the AMG group showed a reversal learning impairment.

We next divided the total number of errors scored by each
monkey across all reversals into two categories: (1) errors made
after a reversal but before a reward had been obtained, and (2)
errors scored after the first correct trial after a reversal until the
next change in contingencies (Fig. 3, Before 1st correct, After 1st
correct, respectively). A three (group) by two (error type)
repeated-measures ANOVA revealed a significant main effect of
error type (F(, ;5 = 209.33; p < 0.001), reflecting the greater
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Figure 3. Number of errors scored in object reversal learning. The bars show group mean

(==SEM) total errors summed across reversals (Total), the number of errors scored before the
first correct response (Before 1st correct), and the number of errors scored after the first correct
response (After Tst correct) by control (white bars), OFC (light gray bars), and AMG (dark gray
bars) groups. *p << 0.05; **p << 0.01; ***p < 0.001. Capital letters with numerals represent
scores of individual monkeys: 01—-03, monkeys with bilateral OFC lesions; A1—A5, monkeys
with bilateral excitotoxic lesions of the amygdala; C1-C10, unoperated controls.

number of errors made after the first correct trial relative to those
before the first correct trial (Fig. 3). The ANOVA also revealed a
significant interaction of group by error type (F, ;5 = 30.93;p <
0.001), indicating that not all groups performed similarly across
the two error types. A one-way ANOVA of the total number of
errors made before the first correct trial revealed that the OFC
group made more errors of this type than the CON but not the
AMG group (F(, 5y = 3.907, p = 0.043; post hoc Bonferroni’s
tests: OFC vs CON, p = 0.043; OFC vs AMG, p > 0.1; CON vs
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Figure4. Performance (percentage correct, = SEM) during object reversal learning on trials

aftera correct response (C + 1) and on trials after an error (E + 1) by control (white bars), OFC
(light gray bars), and AMG (dark gray bars) groups. ***p < 0.001. Capital letters with numerals
represent scores of individual monkeys: 0103, monkeys with bilateral OFC lesions; A1-A5,
monkeys with bilateral excitotoxic lesions of the amygdala; C1—C10, unoperated controls.

AMG, p > 0.5). In addition, the OFC group made significantly
more errors after the first correct trial than both CON and AMG
groups (F, 5 = 19.64, p < 0.001; post hoc Bonferroni’s tests:
OFC vs CON or AMG, p < 0.001; CON vs AMG, p > 0.5).

These findings suggest that the OFC and AMG groups’ choices
may be influenced differentially by correctly performed trials. To
investigate this possibility, we used an analysis intended to tease
apart the effect of correctly and incorrectly performed trials on
subsequent performance. The method developed by Kennerley et
al. (2006) to investigate monkeys  performance on a
reinforcement-guided action selection task involves several steps.
First, monkeys’ performance (percentage correct) on the trials
immediately after either a correct choice (C + 1) or an error (E +
1) was determined (Fig. 4). A one-way ANOVA revealed that the
OFC group performed significantly worse than both CON and
AMG groups on trials after a correct response (group, F, ;5) =
15.381, p < 0.001; post hoc Bonferroni’s tests: OFC vs CON, p =
0.001; OFC vs AMG, p < 0.001). The AMG group did not differ
from CON group after correct responses (p > 0.5). Although
there was an effect of group on E + 1 trials, post hoc tests did not
reveal any significant differences between groups [one-way
ANOVA, group, F(, 5, = 6.071, p < 0.05; post hoc Bonferroni’s
test, p > 0.05 all comparisons; 1 — 3 error probability (observed
power) = 0.4].

The second step of the analysis further investigated the effect
of correct choices on behavior by examining whether the number
of consecutive correct (C) trials performed after an error (E)
influenced performance. In this “EC analysis,” scores are tabu-
lated for every trial following an error (E + 1), and for every
instance in which an error is followed by a single correct trial (EC
+ 1), by two correct trials [EC(2) + 1], and so on (Fig. 5, top). For
the present analysis, we applied an arbitrary rule that every mon-
key had to have at least 10 instances of each trial type; accordingly,
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Figure5. Top, Mean (== SEM) performance of controls, OFC, and AMG groups during object
reversal learning after an error (E + 1), an error followed by a correct response (EC + 1), an
error followed by two correct responses [EC(2) + 1],and so on. *p << 0.05; **p << 0.01. Bottom,
Mean (==SEM) number of occurrence of each trial type. Only trials types with at least 10 in-
stances for each monkey were included in the analysis.

we were able to include trials types EC + 1 to EC(4) + 1 (Fig. 5,
bottom). A three (group) by five (trial type) repeated-measures
ANOVA on performance revealed significant main effects of trial
type (F4,60) = 70.31; p < 0.001) and group (F(, 5, = 13.65; p <
0.001), as well as a significant interaction between group and trial
type (Fg.60) = 2.96; p = 0.009). To explore these effects, one-way
ANOVAs of the different trial types were conducted and con-
firmed that the OFC group performed significantly worse than
both CON and AMG groups for trial types EC(2) + 1to EC(4) +
1 (F(5,15>8.8; p <0.003; post hoc Bonferroni’s tests, OFC vs CON
or AMG, p < 0.003). In contrast, the AMG group performed
significantly better than both CON and OFC groups on EC + 1
trials (effect of group, F, 5, = 6.329, p = 0.01; post hoc Bonfer-
roni’s test, AMG vs OFC or CON, p < 0.05). Importantly, differ-
ences in the performance of the two lesion groups compared with
the CON group could not be ascribed to a disparity in the number
of instances of each trial type. For those trial types on which the
performance of either the AMG or OFC lesion groups differed
from that of the CON group [AMG, EC + 1; OFC, EC(3-4) + 1],
there were comparable numbers of trials considered in the anal-
ysis (one-way ANOVAs, p > 0.5). In addition, if the EC analysis is
run on data controlling for the number of correct trials after each
reversal, the findings we report remain the same.

The third step of the analysis examined the effect of multiple
errors [E + 1, EE + 1, EE(2) + 1, etc.] on subsequent perfor-
mance. This “EE analysis,” which was conducted in a manner that
paralleled the EC analysis, failed to reveal any significant differ-
ences between the groups (group by trial type interaction, p >
0.1; 1 — B error probability = 0.57).

Discussion

Impairment in object reversal learning is a hallmark of damage to
OFC and, until recently, the same was thought to be true for the
AMG as well. In light of the findings of Izquierdo and Murray
(2007) and in an attempt to understand the nature of the changes
in behavior following lesions of these two interconnected areas,
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we conducted a more fine-grained analysis of already published
data, one intended to tease apart the effects of correctly and in-
correctly performed trials on subsequent performance.

The new analyses confirmed the significant impairment on ob-
ject reversal learning after OFC but not AMG lesions, consistent with
previous findings from these monkeys (Izquierdo et al., 2004; Izqui-
erdo and Murray, 2007). In addition, consistent with previous re-
ports, monkeys with OFC lesions exhibited a mild but significant
tendency to make more errors than controls in the period after a
reversal but before a rewarded choice. The new trial-by-trial analysis
yielded two new findings. First, monkeys with OFC lesions failed to
benefit as much as control and AMG groups from correctly per-
formed trials. Second, monkeys with selective excitotoxic AMG le-
sions benefited more than controls from a correctly performed trial,
when the correct trial immediately followed an error (EC + 1).
There were no effects of AMG lesions on any other measures of
performance. These findings provide new insights into the role of the
OFC and AMG in object reversal learning in particular and reward-
based decision making in general.

OFC, perseveration, and reward
The majority of previous reports have highlighted the persevera-
tive nature of animal’s choices after OFC lesions (Jones and
Mishkin, 1972; Dias et al., 1996; Chudasama and Robbins, 2003)
(cf. Iversen and Mishkin, 1970). The aforementioned studies de-
fined perseverative behavior using a stage analysis developed by
Jones and Mishkin (1972). In this scheme, stage 1 errors, defined
as all errors occurring in sessions in which the score falls below
chance (i.e., >20 errors in 30 trials), are considered perseverative.
Using this same stage analysis, however, Izquierdo and Murray
(2004) failed to confirm that monkeys with OFC lesions (the
same monkeys reported here) made more perseverative errors.
This difference was attributed to the more restricted OFC lesion
used relative to the one studied by Jones and Mishkin (1972). The
present report, which uses a different analysis applied to a subset
of the same data, shows that the monkeys studied by Izquierdo et
al. (2004) were mildly impaired relative to controls in the number
of errors scored after a reversal but before a correct choice was
made. This finding potentially brings the data into line with sev-
eral other studies, including those cited above, as it suggests the
monkeys with OFC damage were “perseverating” to some extent.
This deficit may be linked to deficits in instrumental extinction
reported in the same animals (Izquierdo and Murray, 2005).
The inability of monkeys with OFC lesions to optimally use
reward information from correctly performed trials to guide
their subsequent choices has not been emphasized before. Not
only did monkeys with OFC lesions perform worse than controls
once they had made a correct choice after a reversal (Fig. 3, After
Ist correct), but even after having made four consecutive correct
choices they were still less likely than controls to select the correct
object on the next trial [Fig. 5, EC(4) + 1]. We note that this
apparent inability to use reward information is only observed
after a reversal and does not affect discrimination learning as a
whole; the OFC group was able to learn the initial discrimination
at the same rate as controls. Whether deficits in using either er-
rors or correct information are the result of disruption to com-
mon or distinct processes is explored below.

Amygdala and incentive value

The finding that lesions of the AMG facilitated monkey’s perfor-
mance is surprising given that, originally, the AMG was thought
to be essential for normal performance on object reversal learn-
ing. As indicated previously, however, although deficits on object
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reversal learning have been found after aspiration or radio fre-
quency lesions of the AMG in monkeys (Schwartzbaum and Pou-
los, 1965; Jones and Mishkin, 1972; Aggleton and Passingham,
1981), excitotoxic lesions do not produce such deficits (Izquierdo
and Murray, 2007). However, the present reanalysis shows that
“lack of impairment” is an incomplete description. From the EC
analysis, it is apparent that the AMG group were more likely than
controls to continue to choose the rewarded object if they have
already been rewarded for choosing it once before, but only when
that correct choice followed an error (Fig. 5, EC + 1). It is possi-
ble that similar effects on other trial types [EC(2—4) + 1] were
obscured by ceiling effects.

The facilitation of the performance of the AMG group com-
plements a recent report in which the reversal learning perfor-
mance of two human subjects was enhanced by AMG damage
(Hampton et al., 2007). It is also reminiscent of the performance
of the same group on instrumental extinction (Izquierdo and
Murray, 2005), in which they took fewer trials than control mon-
keys to extinguish responding to a previously rewarded object.
Despite differences between instrumental extinction and object
reversal learning tasks (e.g., extinction assesses responses to a
single object, whereas object reversal requires a choice between
two objects), it may be possible to understand the pattern of
results within a single theoretical framework.

Izquierdo and Murray (2005) proposed that the AMG lesion-
induced facilitation in extinction might be attributable to either
an increased sensitivity to nonrewarded trials or an inability to
represent the incentive value of the reward. The results of the EE
analysis and the finding that the AMG group made just as many
“before first correct” errors as controls argues against the first
explanation. Their second proposal, that AMG lesions degraded
representations of incentive value, at first seems untenable be-
cause monkeys with AMG lesions were actually better than con-
trols at using reward information to guide subsequent choices.
However, it may be possible to account for both data sets with this
hypothesis by considering the contribution of other structures,
such as the inferior temporal cortex (IT) and OFC, in monkeys
with AMG lesions during reversal learning.

Frontotemporal interaction during reward-based

decision making

Like OFC lesions, removal of parts of the IT, specifically the rhi-
nal cortex, in monkeys yields reversal learning impairments
(Murray et al., 1998). Recent research indicates that these impair-
ments occur because functional interaction between the IT and
OFC is necessary for acquiring and implementing visually guided
rules (Bussey et al., 2002; Browning et al., 2007). In these cases,
the occurrence of food reward provides information distinct
from its hedonic properties, for example, by instructing visually
guided rules such as win—stay or win—shift (Gaffan, 1985). Unlike
the IT, the AMG is not essential for visually guided rules (Murray
and Wise, 1996), but is necessary for representing the incentive
value of a reward and updating this value (Mélkova et al., 1997;
Parkinson et al., 2001; Wellman et al., 2005; Izquierdo and Mur-
ray, 2007). Furthermore, direct functional interaction between
the OFC and AMG is essential for updating reward value (Baxter
et al., 2000). Based on these findings, it has been proposed that
there may be two OFC—temporal lobe circuits that drive reward-
based decision making (Murray, 2007). One circuit including the
IT and OFC has been hypothesized to process the sensory or
informational properties of reward (i.e., its occurrence or not),
whereas the other, including the OFC and AMG, would process
the affective or hedonic properties of reward.
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Without affective input from the AMG to the OFC, monkey’s
choices may be dependent on OFC-IT interactions alone and
therefore driven by visually guided rules, sensory—sensory asso-
ciations, or a combination of the two. The findings from an odor-
guided reversal learning study in rats with AMG lesions suggests
that this may be the case (Schoenbaum et al., 2003). Although rats
with AMG lesions were able to reverse cue—outcome associations
as efficiently as sham-operated controls, Schoenbaum et al.
(2003) reported that OFC neurons in rats with AMG lesions did
not encode odor—outcome associations, at least not during the
time the odor was present. Instead, OFC neurons were more
likely to be activated by the sensory properties of the cues. These
findings are consistent with the idea that the choices of group
AMG are more strongly guided by the occurrence of food reward
on the most recent trial because there is no affective signal to bias
them toward choosing the previously rewarded object. Similarly,
without a representation of the incentive value of the reward to
motivate responding, monkeys would also extinguish to a previ-
ously rewarded object more quickly compared with controls.

The clear dissociation between the influence of rewarded ver-
sus nonrewarded trials on subsequent choices is important be-
cause it demonstrates that monkeys with OFC lesions are im-
paired at integrating reward and, to a lesser extent, error
information to dynamically guide their selections. Paradoxically,
the inability of monkeys with OFC lesions to use reward infor-
mation to guide choice after reversals may be the result of less
flexible coding in the AMG. Without input from the OFC during
odor-guided reversal learning, AMG neurons in rats are less flex-
ible and show disrupted outcome-expectancy encoding across
reversals (Saddoris et al., 2005). Less flexible encoding in the
AMG might account not only for an inability to benefit from
correctly performed trials, but also for the increased number of
errors before the first correct trial and extinction deficits after
OFC lesions. Alternatively, an increased number of errors before
the first correct response might reflect disrupted encoding in the
IT. An important avenue for future research will be to determine
whether similar effects are seen in monkeys and also how the
activity of neurons in other interconnected areas, including the
IT and portions of the striatum, is altered after OFC lesions.

In sum, our reanalysis indicates that OFC lesions reduced,
whereas AMG lesions enhanced, the influence of correctly per-
formed trials on subsequent choices. This explanation implies
that affective representations established in the AMG actually
impede reward-based decision making after a reversal; that is,
without such affective signals to bias choices during reversal
learning, monkeys may behave more rationally.

References

Aggleton JP, Passingham RE (1981) Syndrome produced by lesions of the
amygdala in monkeys (Macaca mulatta). ] Comp Physiol Psychol
95:961-977.

Baxter MG, Parker A, Lindner CC, Izquierdo AD, Murray EA (2000) Con-
trol of response selection by reinforcer value requires interaction of amyg-
dala and orbital prefrontal cortex. ] Neurosci 20:4311-4319.

Browning PG, Easton A, Gaffan D (2007) Frontal-temporal disconnection
abolishes object discrimination learning set in macaque monkeys. Cereb
Cortex 17:859-864.

Bussey TJ, Wise SP, Murray EA (2002) Interaction of ventral and orbital
prefrontal cortex with inferotemporal cortex in conditional visuomotor
learning. Behav Neurosci 116:703-715.

Chudasama Y, Robbins TW (2003) Dissociable contributions of the orbito-
frontal and infralimbic cortex to pavlovian autoshaping and discrimina-

J. Neurosci., August 13, 2008 - 28(33):8338 - 8343 - 8343

tion reversal learning: further evidence for the functional heterogeneity of
the rodent frontal cortex. ] Neurosci 23:8771-8780.

Dias R, Robbins TW, Roberts AC (1996) Dissociation in prefrontal cortex of
affective and attentional shifts. Nature 380:69-72.

Gaffan D (1985) Hippocampus: memory, habit and voluntary movement.
Philos Trans R Soc Lond B Biol Sci 308:87-99.

Hampton AN, Adolphs R, Tyszka MJ, O’Doherty JP (2007) Contributions
of the amygdala to reward expectancy and choice signals in human pre-
frontal cortex. Neuron 55:545-555.

Iversen SD, Mishkin M (1970) Perseverative interference in monkeys fol-
lowing selective lesions of the inferior prefrontal convexity. Exp Brain Res
11:376-386.

Izquierdo A, Murray EA (2004) Combined unilateral lesions of the amyg-
dala and orbital prefrontal cortex impair affective processing in rhesus
monkeys. ] Neurophysiol 91:2023-2039.

Izquierdo A, Murray EA (2005) Opposing effects of amygdala and orbital
prefrontal cortex lesions on the extinction of instrumental responding in
macaque monkeys. Eur ] Neurosci 22:2341-2346.

Izquierdo A, Murray EA (2007) Selective bilateral amygdala lesions in rhe-
sus monkeys fail to disrupt object reversal learning. J Neurosci
27:1054-1062.

Izquierdo A, Suda RK, Murray EA (2004) Bilateral orbital prefrontal cortex
lesions in rhesus monkeys disrupt choices guided by both reward value
and reward contingency. ] Neurosci 24:7540—7548.

Izquierdo A, Suda RK, Murray EA (2005) Comparison of the effects of bi-
lateral orbital prefrontal cortex lesions and amygdala lesions on emo-
tional responses in rhesus monkeys. ] Neurosci 25:8534—8542.

Jones B, Mishkin M (1972) Limbic lesions and the problem of stimulus—
reinforcement associations. Exp Neurol 36:362-377.

Kennerley SW, Walton ME, Behrens TE, Buckley MJ, Rushworth MF (2006)
Optimal decision making and the anterior cingulate cortex. Nat Neurosci
9:940-947.

Milkové L, Gaffan D, Murray EA (1997) Excitotoxic lesions of the amygdala
fail to produce impairment in visual learning for auditory secondary re-
inforcement but interfere with reinforcer devaluation effects in rhesus
monkeys. ] Neurosci 17:6011-6020.

Mishkin M (1964) Perseveration of central sets after frontal lesions in mon-
keys. In: The frontal granular cortex and behavior (Warren JM, Akert K,
eds), pp 219-241. New York: McGraw-Hill.

Murray EA (2007) The amygdala, reward and emotion. Trends Cogn Sci
11:489-497.

Murray EA, Wise SP (1996) Role of the hippocampus plus subjacent cortex
but not amygdala in visuomotor conditional learning in rhesus monkeys.
Behav Neurosci 110:1261-1270.

Murray EA, Baxter MG, Gaffan D (1998) Monkeys with rhinal cortex dam-
age or neurotoxic hippocampal lesions are impaired on spatial scene
learning and object reversals. Behav Neurosci 112:1291-1303.

Parkinson JA, Crofts HS, McGuigan M, Tomic DL, Everitt BJ, Roberts AC
(2001) The role of the primate amygdala in conditioned reinforcement.
J Neurosci 21:7770-7780.

Pears A, Parkinson JA, Hopewell L, Everitt BJ, Roberts AC (2003) Lesions of
the orbitofrontal but not medial prefrontal cortex disrupt conditioned
reinforcement in primates. ] Neurosci 23:11189-11201.

Saddoris MP, Gallagher M, Schoenbaum G (2005) Rapid associative encod-
ing in basolateral amygdala depends on connections with orbitofrontal
cortex. Neuron 46:321-331.

Schoenbaum G, Setlow B, Saddoris MP, Gallagher M (2003) Encoding pre-
dicted outcome and acquired value in orbitofrontal cortex during cue
sampling depends upon input from basolateral amygdala. Neuron
39:855-867.

Schwartzbaum JS, Poulos DA (1965) Discrimination behavior after amyg-
dalectomy in monkeys: learning set and discrimination reversals. ] Comp
Physiol Psychol 60:320-328.

Walker A (1940) A cytoarchitectural study of the prefrontal area of the ma-
caque monkey. ] Comp Neurol 73:59-86.

Wellman LL, Gale K, Malkova L (2005) GABA ,-mediated inhibition of ba-
solateral amygdala blocks reward devaluation in macaques. ] Neurosci
25:4577—-4586.



