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The orbital prefrontal cortex (OFC) is seen as a central node in the 
emotional circuits of the brain. Profoundly altered regulation of 
emotions is a hallmark of damage or dysfunction in OFC1,2. At the 
extremes, patients with damage to the OFC show ‘acquired socio-
pathic’ behavior3. Monkeys with lesions of OFC similarly show altered 
emotional responsiveness to fear-inducing stimuli4. OFC is also criti-
cal for behavioral flexibility5. Neuropsychological studies have repeat-
edly found that damage to OFC leads to an inability to rapidly alter 
object–reward associations, as assessed in the object reversal learning 
task. This influential result has achieved classic status and has been 
replicated many times in humans6,7, monkeys8–11, rodents12,13 and 
other mammals.

In part because patients with OFC damage show a correlation 
between the severity of impairments on the object reversal learning 
task and the degree of emotional disruption14, some theories posit 
that emotion regulation and behavioral flexibility reflect a single, 
OFC-dependent process15 corresponding to inhibitory control16,17. 
This ‘inhibitory control’ hypothesis has had a wide-ranging impact, 
influencing thinking not only about how the prefrontal cortex inte-
grates emotion and cognition but also about the pathophysiology of 
several psychiatric and neurological disorders18,19.

An alternative view of OFC function has also found support. It 
holds that OFC is critical for representing and updating specific 
outcome expectancies to guide decisions20–22. This idea agrees with 
neurophysiological23–26 and neuropsychological27,28 studies of OFC, 
which have emphasized the function of this area in encoding specific 
stimulus–outcome expectancies as well as in revaluing such expectan-
cies on the basis of motivational states9,29.

These two hypotheses about OFC function—inhibitory control 
and updating valuations—are not incompatible, of course, and results 
from neuroimaging and neurophysiology agree with both. However, 

recent results from neuropsychology have cast doubt on the former20. 
In particular, two recent studies have found that partial lesions of 
OFC have no effect on object reversal learning, long assumed to 
assess behavioral flexibility and inhibitory control29,30. Because these 
experiments involved excitotoxic lesions, which spared fibers passing 
through or near OFC, we investigated the possibility that the ‘classic’ 
effects of OFC damage have depended on inadvertent damage to fiber 
tracts running near or through OFC and not on the function of OFC 
per se. In so doing we reassessed the two hypotheses of OFC function 
outlined above. Specifically, we tested behavioral flexibility, emotion 
regulation and revaluation in monkeys that had received complete, 
excitotoxic, fiber-sparing lesions of OFC.

Here we report that damage limited to neurons within OFC does not 
produce the deficits in behavioral flexibility and emotion regulation 
that are observed after aspiration lesions of this region. Instead, our 
data show that OFC in monkeys is necessary for the ability to revalue 
objects in line with changing biological needs. A further experiment 
confirmed that the ‘classic’ effects of OFC lesions depend on damage 
to proximate fiber tracts.

RESULTS
OFC, behavioral flexibility and emotion regulation
We tested monkeys with complete, bilateral excitotoxic lesions of OFC 
(OFCEXC, n = 7, Fig. 1) and a group of unoperated controls (CONEXC, 
n = 12) on the key tests of behavioral flexibility and emotion regulation 
used in earlier studies. On the basis of MRI assessment, we estimated 
that the injections of excitotoxins destroyed a mean of 77.2% (range, 
64.3–96.3) of OFC (Supplementary Table 1). Inadvertent damage to 
adjacent prefrontal cortical and subcortical structures was minimal. 
The extent and location of the lesions matched that used in earlier 
studies that had used aspiration lesions of OFC (OFCASP; one-way  
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Two ideas have dominated neuropsychology concerning the orbitofrontal cortex (OFC). One holds that OFC regulates emotion and 
enhances behavioral flexibility through inhibitory control. The other ascribes to OFC a role in updating valuations on the basis 
of current motivational states. Neuroimaging, neurophysiological and clinical observations are consistent with either or both 
hypotheses. Although these hypotheses are compatible in principle, we present results supporting the latter view of OFC function 
and arguing against the former. We found that excitotoxic, fiber-sparing lesions confined to OFC in monkeys did not alter either 
behavioral flexibility, as measured by object reversal learning, or emotion regulation, as assessed by fear of snakes. A follow-up 
experiment indicated that a previously reported loss of inhibitory control resulted from damage to nearby fiber tracts and not  
from OFC dysfunction. Thus, OFC has a more specialized role in reward-guided behavior and emotion than has been thought,  
a function that includes value updating.
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ANOVA, total lesion volume, OFCEXC versus OFCASP, F1,9 = 0.4,  
P = 0.85) and that had produced severe impairments in behavioral 
flexibility and emotion regulation4,9. The methods used to assess 
reward-guided behavior in the present and previous studies were 
virtually identical (see Online Methods); accordingly, we were able 
to directly compare the scores of monkeys in the present study with 
those of monkeys with aspiration lesions of OFC (OFCASP, n = 3) and 
their corresponding controls (CONASP, n = 10)4,9.

We first sought to determine the effect of excitotoxic lesions of  
OFC on object reversal learning, a widely used test of behavioral  
flexibility that has been linked to inhibitory control10,16. Initially 
monkeys learned to discriminate a single pair of objects, novel at 
the start of testing, for a food reward. After monkeys had met the 
learning criterion on this initial object discrimination problem, the 
contingencies were reversed (that is, the rewarded object now became 
the unrewarded item of the pair, and vice versa) and the monkeys 
were trained until they reached the same criterion as before. This 
procedure was repeated until a total of nine serial reversals had 
been completed. The four groups of monkeys learned the initial dis-
crimination at a similar rate (Fig. 2; one-way ANOVA, F3,28 = 0.56,  
P = 0.65). In addition, all monkeys, both operated and controls alike, 
made fewer errors as they completed more reversals (Fig. 2; repeated 
measures ANOVA, effect of reversal, F8,224 = 15.72, P < 0.001). Over 
the course of nine serial reversals, monkeys with excitotoxic lesions 
of OFC switched their responses to the rewarded object as quickly  
as controls, but they were markedly different from monkeys with 
aspiration lesions of OFC (effect of group, F3,28 = 15.25, P < 0.001;  
post hoc tests, OFCEXC versus OFCASP, P < 0.001; OFCEXC versus 
either CONEXC or CONASP, P = 1.00).

Given this unexpected result, we further probed whether mon-
keys with excitotoxic lesions of OFC used both positive (correct) and 
negative (error) feedback in a manner similar to that of the controls. 
This trial-by-trial analysis, which is arguably more sensitive than our 
main measure, also showed no effect of the excitotoxic OFC lesions 
on monkeys’ choices (repeated measures ANOVA, effect of group 
F3,28 = 5.91, P = 0.003; post hoc tests, OFCEXC versus CONEXC or 
CONASP, P = 1.00). By contrast, monkeys with aspiration lesions of 
OFC differed markedly from controls (CONEXC, P = 0.002; CONASP,  
P = 0.005; Supplementary Fig. 1a) and from monkeys with excito-
toxic lesions of the OFC (P = 0.011). These data indicate that exci-
totoxic lesions of OFC do not simply produce a milder deficit than 
aspiration lesions. Thus, at least in macaques, OFC is not necessary for 
the ability to flexibly assign rewards to particular objects, as required 
by the object reversal task.

Next we assessed emotion regulation in these same monkeys. 
Monkeys fear artificial or real snakes, even when they have not 
encountered them previously31, and aspiration lesions of OFC 
blunt such emotional responses, rendering monkeys less fearful of 
snakes4,32. To assess emotional responsiveness, we presented fear-
inducing stimuli (toy spider or snake) and neutral objects, one at a 
time, inside a transparent plastic box with a food reward placed on the 
back edge of the box. The dependent measure was the time taken by 
monkeys to reach over the object to retrieve the food reward. On some 
trials there is a conflict between approach responses elicited by a moti-
vational incentive, the food, and withdrawal responses engendered by 
a fear-inducing stimulus. On the basis of earlier results, we predicted 
that intact animals would show a greater latency to retrieve the food 
on trials with fear-inducing objects than on those with neutral objects. 
Because differences in testing protocols preclude direct comparison 
of excitotoxic and aspiration lesions of OFC, we restrict comparisons 
to include only concurrently run controls (CONEXC).

Monkeys with excitotoxic OFC lesions and unoperated controls 
readily retrieved the food reward in the presence of neutral objects 
but took increasingly longer in the presence of progressively more 

Intended lesion OFCEXC, subject 3 OFCEXC, subject 6
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+36

+32

+28

Figure 1  Excitotoxic lesions of OFC.  
Left panel, the extent of the intended lesion  
(shaded region) on a ventral view (left) and on 
standard coronal sections (right) through the 
frontal lobe of a macaque brain. The lesions  
correspond approximately to Walker’s areas 11, 
13 and 14. Numerals indicate the distance  
in mm from the interaural plane. Right panel, 
coronal images at corresponding levels taken 
from T2-weighted MRI scans obtained within  
1 week of surgery from OFCEXC subjects 3 and 6.  
White hypersignal (set off by arrowheads) is 
associated with edema that follows injections 
of excitotoxins and indicates the extent of the 
lesion. Left and right sides of the MR images 
are from different scans and have been placed 
together for ease in viewing. Scale bar, 5 mm.
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Figure 2  Excitotoxic lesions of OFC did not disrupt object reversal 
learning. The plot shows the number of errors before reaching criterion 
made by monkeys during acquisition (ACQ) and the nine subsequent serial 
reversals (1–9) in the object reversal learning task. In contrast to monkeys 
with aspiration lesions of OFC, monkeys with excitotoxic lesions of OFC 
scored in the same range as unoperated controls. CONASP and CONEXC, 
unoperated control monkeys; OFCASP, monkeys with bilateral aspiration 
lesions of the orbital prefrontal cortex; OFCEXC, monkeys with bilateral 
excitotoxic lesions of the orbital prefrontal cortex. Data for groups OFCASP 
and CONASP are from an earlier study9. Error bars show s.e.m.
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anxiogenic objects (repeated measures ANOVA, effect of object type,  
F5,85 = 45.3, P < 0.001, Fig. 3a). Monkeys with excitotoxic lesions of 
OFC were just as fearful of the snake and spider stimuli as the controls, 
as measured by their retrieval latencies (group by object-type interac-
tion F5,85 = 0.45, P = 0.74; effect of group, F1,17 = 0.008, P = 0.93). This 
is in contrast to the behavior of monkeys with aspiration lesions of 
OFC, who fail to inhibit food retrieval responses in the presence of the 
fear-inducing objects4. Thus, excitotoxic lesions of OFC in macaques 
do not alter emotion regulation, at least in the domain tested.

OFC and the ability to revalue objects
To determine the contribution of the OFC to the updating of object–
outcome value, we evaluated the monkeys’ behavior on an object 
reinforcer devaluation task. In contrast to object reversal learning, 
this task measures the ability of monkeys to flexibly choose between 
rewarded objects on the basis of the biological value of associated 
foods (see Online Methods). Monkeys learned 60 object discrimina-
tion problems in which the positive objects of each pair were rewarded 
consistently with either food 1 (30 objects) or food 2 (30 objects). We 
then used a selective satiation procedure intended to devalue one of 
the two foods to test whether monkeys could update the value of spe-
cific object–outcome associations. In critical test sessions comprised 
of probe trials, monkeys were presented with pairs of objects associ-
ated with either food 1 or food 2 and were able to choose between the 
objects based on their subjective preferences. To determine the degree 
to which monkeys adaptively shifted their choice of objects following 
reinforcer devaluation, we computed a difference score (object choices 
after satiation relative to object choices during baseline)29. Higher 
difference scores reflect a greater shift from baseline after selective 
satiation and therefore a greater sensitivity to the present value of the 
foods. In keeping with previous studies, we conducted two devalua-
tion tests (see Online Methods). To allow comparison with previously 
studied groups (CONASP and OFCASP), we compare group scores only 
on reinforcer devaluation test 2. Irrespective of which test we analyzed, 
the statistical outcome was the same (Supplementary Fig. 2a).

In sessions after selective satiation, unoperated controls (CONEXC 
and CONASP) adaptively shifted their choices relative to baseline ses-
sions; specifically, they selected objects associated with the non-sated 
food on a high proportion of trials, a phenomenon known as the 
devaluation effect. By contrast, both groups of monkeys with lesions 
of OFC failed to shift their object choices to the same degree as con-
trols after selective satiation (one-way ANOVA, F3,28 = 7.31, P = 0.001;  
post hoc tests, OFCEXC versus CONEXC, P = 0.003 or CONASP,  
P = 0.008; OFCEXC versus OFCASP, P = 1.00; Fig. 3b). Thus, like 
monkeys with aspiration lesions of OFC, monkeys with excitotoxic 
lesions of OFC were unable to link objects with the present biological 
value of associated food rewards. Control procedures showed that the 

impairment was unlikely to be due to factors such as gross changes 
in visual perception, motivation, food preferences or an inability 
to discriminate between the two foods (Supplementary Fig. 2b).  
In addition to showing a function for OFC in linking objects with the 
value of specific outcomes and/or using that information to guide 
choices, these data also indicate that the lesions were effective.

White matter near OFC, behavioral flexibility and emotion
Taken together, the pattern of spared and impaired abilities in 
macaques with the two types of OFC lesions (either excitotoxic or 
aspiration) reveals that deficits in emotion regulation and behav-
ioral flexibility observed after aspiration lesions of OFC are related 
but that they do not depend on OFC. Instead, the ‘classic’ deficits 
reported in previous studies may be due to inadvertent damage to 
neuronal projection fibers passing nearby or through OFC en route to 
other regions, either alone or in concert with damage to the neurons 
residing in OFC. Notably, cortical and subcortical structures in the 
medial temporal lobe contain neurons that project to the prefrontal 
cortex, and these projections course near the posterior and ventro-
medial portions of OFC by way of the uncinate fascicle, as well as 
the extreme capsule33,34. Furthermore, neurons in OFC send effer-
ent projections to many targets, including the ventral striatum and 
medial thalamus, and these connections also pass near the posterior 
OFC. If impairments seen after aspiration lesions of OFC are due to 
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Figure 3  Excitotoxic lesions of OFC did not alter emotional  
responses, but disrupted monkeys’ ability to link objects with  
food value. (a) Like unoperated controls, monkeys with excitotoxic  
lesions of OFC showed increasingly greater fear when in the presence  
of increasingly anxiogenic objects, arranged from left to right (neutral 
objects to moving snake), as indexed by their greater food-retrieval 
latencies across conditions. We limited trials to 30 s. (b) When  
required to link objects with food value, unoperated controls chose  
objects overlying the higher-value food on a high proportion of trials; 
higher difference scores indicate greater sensitivity to changes in  
reward value. Monkeys with either excitotoxic or aspiration lesions  
of OFC, unlike controls, were unable to link objects with current  
food value. Symbols represent the scores of individual monkeys.  
Error bars show s.e.m.
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Figure 4  Strip lesions in posterior OFC. Left panel, the extent of the 
intended lesion (shaded region) on a ventral view (left) and on standard 
coronal sections (right) through the frontal lobe of a macaque brain. 
Numerals indicate the distance in mm from the interaural plane. Right 
panel, coronal images at corresponding levels taken from a T1-weighted 
MRI scan obtained from OFCSTRIP subject 1. Arrowheads mark the 
boundaries of the lesion at +28. Scale bar, 5 mm.
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damage to fibers of passage, then an aspiration lesion limited to the 
posterior OFC should reproduce alterations in emotion regulation 
and reversal learning performance, regardless of the exact site(s) of 
origin or termination of those fibers.

To test this hypothesis, we removed by aspiration a narrow strip of 
cortex, oriented in the mediolateral plane and situated at the posterior 
boundary of our OFC lesion, in a total of three monkeys from the 
CONEXC (n = 2) and OFCEXC (n = 1) groups (group OFCSTRIP).  
We refer to these surgical removals as strip lesions. Lesions were 
assessed using T1-weighted MRI scans and found to reliably destroy 
a strip of cortex in posterior OFC; the lesion involved portions of areas 
13l, 13m, 13a and 14c (Fig. 4)35. We retested these monkeys on the 
object reversal learning task and then the emotional responsiveness 
task. Their scores were compared with those of the original unoperated  
control group (CONSTRIP, n = 10) and the monkeys with aspiration 
lesions of OFC and their controls (OFCASP and CONASP).

All groups performed similarly when acquiring the initial dis-
crimination problem in the object reversal learning task (Fig. 5a; 
F3,22 = 0.15, P = 0.93). When the reward contingencies were reversed, 
however, monkeys with either strip lesions of the posterior OFC or 
complete aspiration lesions of OFC made many more errors than  
controls (repeated measures ANOVA, effect of group, F3,22 = 11.67,  
P < 0.001; post hoc tests, OFCSTRIP versus CONSTRIP, P = 0.001; 
OFCSTRIP versus CONASP, P = 0.021; OFCASP versus CONSTRIP or 
CONASP, P < 0.0025). Monkeys with either strip lesions or aspira-
tion lesions performed similarly (OFCSTRIP versus OFCASP, P = 1.00). 
Notably, the difference between monkeys with strip lesions of the 
posterior OFC and unoperated controls occurred despite the previous 
exposure of the OFCSTRIP group to object reversal learning, which 
might be expected to improve performance. Further trial-by-trial 
analyses with data collapsed across reversals found that monkeys with 
strip lesions of the posterior OFC did not benefit from either correctly 
or incorrectly performed trials to the same degree as unoperated con-
trols (effect of group, F3,22 = 5.74, P = 0.005; least squares difference  
post hoc tests, OFCSTRIP versus CONSTRIP, P = 0.022; OFCSTRIP versus 
CONASP, P = 0.034; Supplementary Fig. 1b). Notably, the scores of 
monkeys with strip lesions of posterior OFC did not differ from those 
of monkeys with complete aspiration lesions of OFC (P = 0.426).

Similarly, monkeys with strip lesions of the posterior OFC showed 
altered emotional responses to fear-inducing stimuli by comparison 
to unoperated controls (repeated-measures ANOVA, group by object-
type interaction F2,22 = 4.56, P = 0.022; effect of group, F1,11 = 6.01,  
P = 0.031; Fig. 5b). This difference was primarily driven by scores 
on trials with the moving snake; monkeys with strip lesions of the 
posterior OFC readily retrieved the food reward in the presence of 
the normally anxiogenic moving snake object, in contrast to unoper-
ated controls (moving snake trials, repeated measures ANOVA, effect 

of group F1,11 = 7.51, P = 0.019). Given that only a small portion of 
OFC was removed in the strip lesions, these data support the idea that 
damage to fiber pathways is sufficient to produce deficits observed 
after complete aspiration lesions of OFC.

DISCUSSION
We assessed monkeys with excitotoxic lesions of OFC on two tests of 
inhibitory control (object reversal learning and snake fear) and one 
of updating object–outcome expectancies (reinforcer devaluation). 
Unlike aspiration lesions of OFC, damage limited to cells in this area 
but sparing fibers did not affect either behavioral flexibility, as meas-
ured by object reversal learning, or emotion regulation, as measured 
by snake fear. These excitotoxic lesions did, however, cause the same 
impairment in updating valuations that follows aspiration lesions of 
OFC. In a follow-up experiment, aspiration of a narrow strip of cortex 
in the posterior OFC reproduced the often-replicated impairments 
in object reversal learning and the blunting of snake fear caused by 
aspiration lesions of the entire OFC.

Taken together, these findings show that inadvertent damage to fibers 
passing near or through OFC causes the impairments in behavioral flexi
bility and emotion regulation typically attributed to OFC. The results 
also support the idea that the OFC performs a more specific function in 
reward-guided behavior and emotion than thought, and they indicate 
that this function includes the updating of object valuations accord-
ing to current motivational states. It could be argued that the pattern 
of results after excitotoxic OFC lesions—impairment on reinforcer 
devaluation but not on object reversal learning and emotional reactiv-
ity—simply reflects a difference in the sensitivity of the tasks to OFC 
damage. Against this idea, however, we note that lesions of the ventral 
prefrontal cortex impair reversal learning but not reinforcer devalua-
tion36. Thus, the devaluation task is not intrinsically more sensitive to 
prefrontal cortex damage.

Although our results come from macaque monkeys, there is reason 
to believe that this conclusion applies to humans as well37. Given that 
damage to structures in the temporal lobe leads to deficits in object 
reversal learning and emotional responses like those observed after OFC 
damage4,38,39, it seems likely that temporal–frontal interactions underlie 
both flexible responding in reversal learning and regulation of emotional 
responses to artificial and real snakes and spiders. Many of the relevant 
temporal areas project to the medial frontal cortex by way of the uncinate 
fascicle34. Thus, it is possible that disruption of white matter pathways 
linking the temporal and medial frontal cortex is responsible for the 
deficits that classically follow aspiration lesions of OFC. Consistent with 
this idea, lesions of one part of the medial frontal cortex in macaques, 
the anterior cingulate cortex (ACC), mildly disrupt object reversal learn-
ing40. The OFC aspiration and ACC lesion groups have in common the 
inability to sustain the correct choice of object after a reversal.
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Figure 5  Monkeys with aspiration lesions of a narrow strip of posterior 
OFC, like monkeys with complete aspiration lesions of OFC, were  
impaired on object reversal learning and showed reduced emotional 
responsiveness. (a) When retested on object reversal learning, monkeys 
with a strip lesion of the posterior OFC (OFCSTRIP) performed significantly 
worse than unoperated controls (CONSTRIP). Plot shows number of errors 
before reaching criterion made by monkeys during acquisition (ACQ)  
and the nine subsequent serial reversals (1–9) in the object reversal 
learning task. Error bars show s.e.m. (b) When retested on responses 
to neutral and fear-inducing objects, monkeys with a strip lesion of the 
posterior OFC showed reduced emotional responses relative to controls. 
This pattern matched that seen for monkeys with complete aspiration 
lesions of OFC. Symbols represent the scores of individual monkeys.  
Error bars show s.e.m.
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Because the effects of OFC and ACC aspiration lesions on object 
reversal learning differ both quantitatively and qualitatively, however, 
damage to temporal–frontal connections directed to ACC cannot pro-
vide a complete account of the disconnection. An alternative possibil-
ity is that the deficits result from a more widespread temporal–frontal 
disconnection, one involving all of the medial frontal cortex and the 
ventral prefrontal cortex as well. This idea is consistent with identi-
fied contributions of the ventral prefrontal cortex to object reversal  
learning11. Finally, aspiration lesions of OFC may damage several  
circuits passing near or through posterior OFC. Indeed, this region 
seems to be a bottleneck not only for fibers passing between the tem-
poral and frontal lobes but also for fibers serving broadly directed 
neurotransmitter systems41,42.

One outstanding question is why our results seem to diverge from 
those reported in rodents and New World monkeys10,12,13. The deficits 
in rodents and New World monkeys reported after OFC lesions are 
qualitatively and quantitatively different from those seen in macaques. 
Specifically, aspiration lesions of the OFC in macaques have a long-
lasting effect on reversal learning performance, but this effect only 
becomes apparent around the third or fourth serial reversal9,11. By 
contrast, reversal learning deficits in rodents and New World monkeys 
are often transient and limited to the first few reversals (for example, 
ref. 43). It may be that different species learn or solve stimulus reversal 
tasks in slightly different ways or using different cognitive strategies. 
In addition, tasks are often tailored to individual species with respect 
to the cognitive demands of the task (for example, number of reversals 
performed) or the sensory modality tested (for example, odor reversal 
learning for rodents versus visual reversal learning in macaques), 
factors that hamper cross-species comparisons.

Irrespective of these differences, one possibility is that that the 
divergence between our findings and those from rodents may 
reflect differences in the expansion of the prefrontal cortex across 
species during their prolonged period of independent evolution44. 
Such differences could affect the dependence on the OFC for adap-
tive stimulus–reward-related functions. In this view, the OFC in an 
intact macaque brain would be involved in reversing stimulus–reward 
associations to a minor extent but would not be necessary for this 
function. When the OFC is unavailable, stimulus-reward contingency 
and reversal in macaques could be carried out by alternative brain 
structures such as the amygdala, ventral striatum and other parts 
of the prefrontal cortex. By contrast, in rodents, the OFC might be 
more important for all stimulus–reward-related functions, including 
reversing stimulus–reward associations.

It is more difficult, however, to account for the conflicting data from 
New World monkeys, specifically marmosets10,43. In primates, the 
expansion of the prefrontal cortex occurred in steps, and at least some 
of that expansion occurred in parallel in New World and Old World 
monkeys44,45. One possibility is that parts of the prefrontal cortex 
developed divergent functions between New and Old World monkeys. 
Another is that the apparent difference in the effects of OFC lesions in 
New and Old World monkeys reflects the distinct foraging niches of the 
two species studied (Callithrix jacchus and Macaca mulatta). Common 
marmosets feed mainly on tree gums and insects, which requires patient 
foraging46, whereas rhesus monkeys feed on fruit, seeds, roots, buds, 
bark and cereals, foods obtained by more active foraging.

Our results have implications for psychiatry, computational mod-
eling and theories of prefrontal cortex function. First, partly because 
of deficits in reversal learning and emotion regulation, several 
psychiatric disorders have been attributed to dysfunction of OFC, 
including major depression, obsessive-compulsive disorder and psy-
chopathy18,19,47. Given our finding that the reversal and emotion 

regulation impairments do not result from damage to OFC neurons, 
the association among inhibitory control, the OFC and psychiatric 
disorders needs to be reassessed.

Second, the ability to alter object–reward associations rapidly has 
often served as a starting point for hierarchical models of prefrontal 
cortex48. Narrowing the range of functions attributed to OFC should 
contribute to more accurate computational models of prefrontal  
cortex and its role in the processing of rewards and risks.

Third, for decades, OFC has been held to exert inhibitory control 
over behavior. Although evidence in opposition to this view has been 
gradually accruing20, our findings make it clear that inhibitory control 
is not the purview of OFC. Recent reconsiderations of prefrontal cortex  
function have led to the same conclusion20,44. In agreement with evi-
dence from rats, monkeys and humans20,21,24,49, we find OFC to instead 
represent specific outcome expectancies. These representations include 
the sensory properties and the motivational value of specific outcomes, 
such as foods26, punishers23 and social signals50, all updated in terms 
of biological needs based on the animal’s current state44. Thus, OFC 
enhances fitness by allowing an informed judgment about the relative 
merits of choices, in the contexts in which they occur.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Subjects. Nineteen adult rhesus monkeys (Macaca mulatta), three female, served 
as subjects. All animals were naive at the start of the experiment, and all experi-
ments were conducted during the light cycle of the day. For the first experiment, 
7 monkeys sustained bilateral excitotoxic lesions of OFC (group OFCEXC) and the 
remaining 12 were retained as unoperated controls (group CONEXC). Monkeys were 
randomly assigned to each group. For the second experiment, a pseudorandomly  
selected subset of the monkeys from experiment 1 were given ‘strip’ lesions of the 
posterior OFC (OFCSTRIP). The data from four of the unoperated controls have 
been previously published29. Data from 13 monkeys, 3 with aspiration lesions of 
OFC and 10 unoperated controls, from two previous studies are also included for 
comparison9,51. No statistical test was run to determine the sample size a priori. 
The sample sizes we chose are similar to those used in previous publications. 
Monkeys weighed 5.1–10.0 kg and all were at least 4.5 years old at the start of 
testing. Each animal was individually or pair housed, was kept on a 12-h light 
dark cycle and had access to water 24 h a day. All procedures were reviewed and 
approved by the NIMH Animal Care and Use Committee.

Apparatus and materials. All apparatus and materials were identical to those 
described in previous reports on the effects of lesions in the macaque OFC on 
reversal learning and reinforcer devaluation tasks4,9,29,51. Briefly, all testing was 
conducted in a modified Wisconsin General Test Apparatus (WGTA) inside 
a darkened room. Monkeys occupied a wheeled transport cage in the animal 
compartment of the WGTA. The test compartment of the WGTA held the test 
tray, which contained two food wells spaced 235 mm apart. Test material for 
reinforcer devaluation consisted of 120 objects that varied in size, shape, color 
and texture. Two additional novel objects were used for object discrimination 
reversal learning. Food rewards for the devaluation task consisted of two of the 
following six foods: M&Ms (Mars Candies, Hackettstown, NJ), half peanuts,  
raisins, Craisins (Ocean Spray, Lakeville-Middleboro, MA), banana-flavored  
pellets (Noyes, Lancaster, NH) and fruit snacks (Giant Foods, Landover, MD). 
For object reversal learning, a half peanut served as the food reward.

For the emotional response tests, a Plexiglas box measuring 70 × 11 × 11 cm 
with a hinged back was fixed to the WGTA 20 cm in front of the transport cage. 
Sixteen neutral, ‘junk’ objects were used across the two tests, as well as four dif-
ferent fear inducing-objects: either a static rubber spider (test 1), a static rubber 
snake (test 1), a moving toy spider (test 2) or a moving wooden snake (test 2). Two 
synchronized cameras recorded monkey’s behavioral and reaching responses.

Surgery. Standard aseptic surgical procedures were used throughout29. Under 
isoflurane anesthesia, a large bilateral bone flap was raised over the region of the 
prefrontal cortex and a dural flap was reflected toward the orbit to allow access 
to the orbital surface in one hemisphere. For the excitotoxic OFC lesion, a series 
of injections was made into the cortex corresponding to Walker’s areas 11, 13 
and 14 in each hemisphere using a hand-held, 30-gauge Hamilton syringe. In a 
two-stage operation, injections were made bilaterally into the cortex on the orbital 
surface between the fundus of the lateral orbital sulcus and the rostral sulcus on 
the medial surface of the hemisphere. The rostral boundary of the injections 
was an imaginary line joining the tips of the medial and lateral orbital sulci. The 
caudal boundary of the injections was a line joining the most caudal points of the 
medial and lateral orbital sulci (Fig. 1). At each site, 1.0 µl of ibotenic acid (OFC 
subjects 1–3, 10–15 µg/µl; Sigma or Tocris) or a cocktail of ibotenic acid and 
N-methyl-d-aspartic acid (NMDA) (OFC subjects 4–7, ibotenic acid 10 µg/µl, 
NMDA 10 µg/µl; Sigma) was injected into the cortex as a bolus (mean number of 
injections per hemisphere ± s.e.m., 92 ± 6; range, 71–119). The needle was then 
held in place for 2–3 s to allow the toxin to diffuse away from the injection site. 
Injections were spaced approximately 2 mm apart.

For the OFCSTRIP lesion, a 3-mm strip of cortex was removed by a combination 
of electrocautery and suction from the posterior OFC (Fig. 4). The strip lesion 
was placed at the caudal extent of the medial orbital sulcus, which is at or near 
the caudal limit of the OFC lesions made in previously studied groups from our  
laboratory4,9,29. In the medial-to-lateral axis, the lesion extended from the fundus 
of the lateral orbital sulcus to the rostral sulcus on the medial surface.

Lesion assessment. Injections of excitotoxins into OFC resulted in hypersignal—
visible in T2-weighted MRI scans—in the cortex on the orbital surface extend-
ing from the fundus of the lateral orbital sulcus, laterally, to the rostral sulcus,  

medially (Fig. 1). The location and extent of excitotoxic lesions is reliably indi-
cated by white hypersignal on T2-weighted scans. Accordingly, for each operated 
monkey, the extent of hypersignal on coronal MR images between approximately 
40 and 26 mm anterior to the interaural plane was plotted onto a standard set of 
drawings of coronal sections from a macaque brain. The volume of the lesions 
was then estimated using a digitizing tablet (Wacom, Vancouver, WA). For  
the monkeys in the OFCSTRIP group, lesions were assessed using T1-weighted 
MRI scans (Fig. 4).

Behavioral testing. Before surgery, all animals were habituated to the WGTA 
and were allowed to retrieve food from the test tray. After preliminary training 
and initial food preference testing, monkeys either received excitotoxic lesions 
of OFC or were retained as unoperated controls. Following surgery, monkeys 
were tested on reinforcer devaluation test 1, emotional response test 1, reinforcer 
devaluation test 2, object reversal learning and then emotional test 2. The testing 
order was similar to previous experiments from our laboratory. In the case of the 
monkeys that received OFCSTRIP lesions, surgery was conducted at the conclusion 
of the five initial tests. Monkeys were then retested on object reversal learning 
and emotional test 2. Testers conducting the behavioral experiments were, where 
possible, blind to group assignments.

Food preference testing. After habituation to the WGTA, each monkey’s prefer-
ence for six different foods was assessed over a 15-d period. Each day monkeys 
received 30 trials consisting of pairwise presentation of the six different foods, 
one each in the left and right wells of the test tray. The left-right position of the 
foods was counterbalanced. Preferences were determined by analyzing choices 
between each of the 15 possible pairs of foods over the final 5 d of testing.

Reinforcer devaluation. The behavioral methods used were similar to those 
reported before9, enabling direct statistical comparisons. The procedure used 
object discrimination learning, which set up particular object–outcome associa-
tions, followed by reinforcer devaluation tests, in which probe trials gauged the 
monkeys’ abilities to link objects with present food value.

Object discrimination learning. Monkeys were trained to discriminate 60 pairs of 
novel objects. For each pair, one object was randomly designated as the positive 
object (S+, rewarded) and the other was designated as negative (S−, unrewarded). 
Half of the positive objects were baited with food 1. The other half were baited 
with food 2. For each monkey, the identity of foods 1 and 2 was based on the 
monkey’s previously determined food preferences. The foods selected were those 
that the monkey valued highly and that were roughly equally palatable as judged 
by choices in the food preference test.

On each trial, monkeys were presented with a pair of objects, one each over-
lying a food well, and were allowed to choose between them. If they displaced 
the S+ they were allowed to retrieve the food. The trial was then terminated. If 
they chose the S−, no food was available, and the trial was terminated. The left-
right position of the S+ followed a pseudorandom order. Training continued 
until monkeys attained the criterion of a mean of 90% correct responses over 5  
consecutive days. (that is, 270 correct responses or greater in 300 trials).

Reinforcer devaluation test 1. Monkey’s object choices were assessed under two 
conditions: in normal (baseline) conditions or after one of the foods was deval-
ued. On separate days we conducted four test sessions, each consisting of 30 
trials. Only the positive (S+) objects were used. On each trial, a food-1 object 
and a food-2 object were presented together for choice; each object covered a 
well baited with the appropriate food. With the constraint that a food-1 object 
was always paired with a food-2 object, the object pairs were generated randomly 
for each session.

Before two of the test sessions, a selective satiation procedure, intended to 
diminish the value of one of the foods, was conducted. For the other two test 
sessions, which provided baseline scores, monkeys were not sated on either food 
before being tested. The order in which the test sessions occurred was the same 
for all monkeys and was as follows: (i) baseline test 1; (ii) food 1 devalued by 
selective satiation before test session; (iii) baseline test 2; (iv) food 2 devalued by 
selective satiation before test session.

For the selective satiation procedure, a food box filled with a preweighed quan-
tity of either food 1 or food 2 was attached to the front of the monkey’s home cage. 
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The monkey was given a total of 30 min to consume as much of the food as it 
wanted, at which point the experimenter started to observe the monkey’s behav-
ior. More food was provided if necessary. The selective satiation procedure was 
deemed to be complete when the monkey refrained from retrieving food from the 
box for 5 min. The amount of time taken in the selective satiation procedure and 
the total amount of food consumed by each monkey was noted. The monkey was 
then taken to the WGTA within 10 min and the test session conducted.

Reinforcer devaluation test 2. A second devaluation test, identical to the first, was 
conducted between 26 and 77 d after reinforcer devaluation test 1. Monkeys were 
retrained on the same 60 pairs to the same criterion as before. After relearning, the 
reinforcer devaluation test was conducted in the same manner as before.

Food choices after selective satiation. Shortly after reinforcer devaluation test 2, we 
assessed the effect of selective satiation on the monkey’s choices of foods alone. 
This test was conducted to evaluate whether satiety transferred from the home 
cage to the WGTA and whether behavioral effects of the lesion (if any) were due 
to an inability to link objects with food value, as opposed to an inability to dis-
criminate the foods. This test was identical to both reinforcer devaluation tests 1 
and 2, but with the difference that no objects were presented over the two wells 
where foods were placed. On each trial of the 30-trial sessions, monkeys could 
see the two foods and were allowed to choose between them. As was the case for 
reinforcer devaluation tests 1 and 2, there were four critical test sessions; two were 
preceded by selective satiation and two were not.

Emotional responsiveness test. Monkeys were pretrained until they readily 
retrieved a food reward from the top back edge of the Plexiglas box. Two emo-
tional response tests were conducted. In the first test, eight neutral objects and two 
fear-inducing objects (static rubber spider and snake), all novel, were presented 
inside the Plexiglas box, one object per trial. Each test session comprised ten 30-s 
trials, each separated by 20 s. In the second test, ten novel objects, including eight 
neutral objects and two fear-inducing objects (moving spider and snake), were 
presented. As in test 1, the objects were presented for a total of five consecutive 

sessions. For both tests, sessions were run once every other day. The two tests 
were combined for analysis, as monkeys showed consistent food-retrieval laten-
cies on trials with neutral objects (neutral objects, effect of test, F1,17 = 3.84,  
P = 0.067). The food-retrieval latencies (that is, time that monkeys took to retrieve 
the food reward) were determined offline using frame-by-frame video analysis. 
Latencies for each trial were calculated by determining the difference between 
the trial start and retrieval times.

Object reversal learning. A single pair of objects, novel at the start of testing, 
was used throughout object reversal learning. To prevent object preferences from 
biasing learning scores, both objects were either baited (for half the monkeys 
in each group) or unbaited on the first trial of the first session of acquisition of 
the object discrimination. If the object chosen on the first trial was rewarded, it 
was designated the S+; if not, it was designated the S−. Through trial and error, 
monkeys learned which object was associated with a food reward. Monkeys were 
tested for 30 trials per daily session for 5 or 6 d per week. Criterion was set at 
93% (that is, 28 correct responses in 30 trials) for 1 d followed by at least 80% 
(that is, 24/30) 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.

Data analysis. The data were analyzed in SPSS statistical software using one-
way or repeated-measures ANOVA (two-tailed) with Hynh-Feldt correction 
and, where appropriate, with tests (emotional response test (neutral object 
comparison), 2 levels), object type (emotional response test, 6 levels), session 
(emotional response test, 5 levels), reversal (object reversal learning, 9 levels) as 
within-subject factors and group (2/4 levels) as a between-subjects factor. Further  
post hoc analyses with Bonferroni correction were used, unless otherwise stated, 
to explore any significant main effects or interactions (P < 0.05).

51.	Izquierdo, A. & Murray, E.A. Selective bilateral amygdala lesions in rhesus monkeys 
fail to disrupt object reversal learning. J. Neurosci. 27, 1054–1062 (2007).
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