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The orbital frontal cortex (OFC) has been implicated in a number of psychiatric disorders, including depression,
anxiety, phobia, and obsessive-compulsive disorder. Thus, a better understanding of its functions will likely
provide critical information to understand the specific behavioral and cognitive processes affected in these human
disorders. In recent years, a growing number of studies have provided evidence for anatomical and functional
differentiation within the OFC. Here we discuss the effects of selective OFC (areas 11/13) lesions on social behavior,
emotional regulation, and behavioral adaptation. Damage to these specific OFC subfields in adult monkeys resulted
in profound changes in the flexible modulation of responses guided by reward value that could explain the poor
fear regulation and disturbed social interactions observed in the same animals. A similar pattern of results was
found when the OFC lesions were done in infancy. Thus, in monkeys, self-regulation abilities mediated by OFC
areas 11/13 emerge from midinfancy through adolescence.
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Introduction

Since the time of Phineas Gage,! damage to the
ventral portion of the prefrontal cortex, generally
labeled orbital frontal cortex (OFC), has been as-
sociated with profoundly disturbed emotional and
social behavior, as well as poor decision making in
general. In humans, these behavioral and cognitive
changes result from either traumatic injuries, is-
chemic infarcts, or surgical interventions to remove
tumors or alleviate intractable epilepsy (see for re-
view Ref. 2), and similar changes have also been
reported in monkeys with OFC damage (see for re-
view Ref. 3).

The OFC is a heterogeneous cortical area com-
prising several regions (Fig. 1A) that can be dif-
ferentiated by their cytoarchitecture, neurochemi-
cal signature, as well as their intrinsic and extrinsic
connections with other brain regions.*” The re-
cent anatomical maps and connectional networks
of OFC subfields*#1° indicate the presence of two
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distinct regions: an “orbital” region (areas 11/13
and insular area [[A]) and a “medial” region (ar-
eas 14/10). The orbital region is heavily intercon-
nected with all sensory cortical areas as well as tem-
poral lobe structures (amygdala and temporal pole
area), whereas the medial region receives limited
sensory inputs but reciprocates rich connections
with autonomic centers. These different connec-
tional patterns suggest different functions for the
two OFC regions with the orbital region mediat-
ing the ability to determine the emotional value of
events and the medial region controlling autonomic
arousal.®’

All lesion studies investigating OFC functions
in monkeys have used extensive damage to sev-
eral fields, with the exception of an earlier report
by Butter'! and a more recent investigation'? (see
also this issue). Therefore, additional studies are
needed to define the specific contribution of dif-
ferent OFC subfields to behavior. Accordingly, the
first part of this paper summarizes experiments
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Figure 1. Representative cases: ventral view of the macaque brain showing (A) the borders of the orbital frontal subfields on a
normal brain (left) and the labels of the orbital sulci (right), (B) the intended OFC (areas 11/13) lesions shown in grey, (C) the
extent of OFC damage in a representative case with adult-onset aspiration lesions (case O-asp-6), and (D) the extent of OFC damage
in a representative case with neonatal-onset aspiration lesions (case Neo-O-asp-5). Abbreviations: G: gustatory cortex; Ia: insular
cortex (agranular); los: lateral orbital sulcus; mos: medial orbital sulcus; Pir: piriform cortex; PrCo: precentral opercular area.

Cytoarchitectonic fields are as described previously.**!

designed to explore the contribution of the OFC
areas 11/13 (Fig. 1B) to the modulation of social
behavior, reactions to stressful or potentially dan-
gerous situations, as well as behavioral adaptation
in response to changes in the value of positive af-
fective stimuli. These studies included a total of 36
adult male rhesus monkeys (Macaca mulatta) raised
under naturalistic conditions. Animals were divided
into four experimental groups (n = 9 in each) that
were balanced with respect to high or low social
dominance rank as much as possible. One group
received bilateral lesions to areas 11 and 13; three
of which were created with injections of the neuro-
toxin ibotenic acid, whereas the remaining six cases
received aspiration lesions (Fig. 1C). A second group
received bilateral ibotenic acid lesions of the amyg-
dala, including all subnuclei. A third group received
ibotenic acid lesions of the hippocampal formation.
The last group of sham-operated animals served as
controls. Given the focus of this chapter, we will only
summarize the findings from animals with the OFC
lesions compared to those of the sham-operated
controls.

Finally, because profound and persistent behav-
ioral emotional and social changes have also been
described in children and adolescents with ven-

tromedial prefrontal cortex damage!*~'7 (Vargha-
Khadem et al., 2006, personal communication), the
final section of this review will survey more recent
results in monkeys comparing the effects of early-
onset OFCareas 11/13lesions to those of adult-onset
OFC lesions.

Social behavior assessments

To assess the impact of damage to OFC areas 11 and
13 on social behavior, animals were allowed to freely
interact in groups both before and after their surg-
eries.!® These interactions occurred within a large
indoor enclosure (3.1 m long x 1.6 m wide x 1.9-
2.3 m tall) and were video recorded for in-depth
analysis later. We were interested in identifying al-
terations in sociable or agonistic personality traits,
as well as changes in the frequency, duration, or se-
quential exchange of social behaviors. All animals
were unfamiliar when tested before surgery, and
group membership remained constant when the
animals were retested six months after surgery. Af-
ter surgery, each group contained one animal from
each of the four experimental groups. Given that so-
cial dominance status significantly dictates the type
and magnitude of social behaviors initiated and
received by nonhuman primates, especially male
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Figure 2. Effects of OFC lesions on social interactions for adult animals with OFC lesions (Adult-OFC) and sham-operated
controls (Adult-C). In A, personality attributes are listed along the outside of the radial plots, with the shaded area representing
mean scores collected before surgery (pre) and the dashed lines representing scores measured after surgery (post). All ratings were
on a five-point scale, ranging from not at all descriptive (score = 1) to very descriptive (score = 5). In B, frequency of “threat
initiated” and “threat received” pre- and postsurgery (white bars and black bars, respectively) are given separately for subordinate
and dominant animals of each group. *P < 0.05 and **P < 0.01 for differences between pre- and postsurgery assessments.

macaques,'? statistical analyses were conducted on
each behavioral variable using each group either
as a whole or considering social hierarchical sta-
tus (dominant versus subordinate) as a contributing
factor.

Damage to the OFC areas 11/13 yielded only mild
changes in personality ratings, such as decreases in
“affiliative” and increases in “avoidant” personal-
ity qualities, relative to presurgery levels (Fig. 2A,
see Table 1 for personality definitions). The most
interesting aspect of this finding was that the sham-
operated controls demonstrated far more changes
in personality traits across the two testing phases
than those with OFC damage. Specifically, control
animals showed increases in “solitary,” “avoidant,”
“anxious,” “fearful,” and “aggressive” personality
traits (Fig. 2A). These changes in personality by
the control animals may have been reactions to

the lesion-induced behavioral changes displayed by
their social partners. Thus, the OFC may be a criti-
cal neural region for adapting general social interac-
tion patterns, such as those measured by personal-
ity ratings, in response to changes in social context.
Such personality ratings had not been used in pre-
vious studies where larger portions of the orbital
frontal or prefrontal cortex were damaged. However,
our interpretation of these findings was consistent
with a large body of literature that had previously
shown that the OFC is involved in flexibly modu-
lating goal-directed behavior depending on chang-
ing reinforcement contingencies or outcomes (see
for review Refs. 20, 21). Our own follow-up stud-
ies with these same animals also substantiated this
conclusion regarding OFC function (see later).

A second interesting change in social behavior
exhibited by the animals with OFC lesions was an
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Table 1. Personality categories rated for each animal before and after surgery

Adjective Brief definition

Active Ambulates about the cage for the majority of the session

Exploratory Readily investigates the test setting orally or manually

Confident Behaves in a positive, assured manner, not restrained or tentative
in any way

Playful Actively and freely initiates or joins in play behavior with many
partners

Affiliative Sociable; seeks out the companionship of several different partners

Popular The animal’s companionship is actively sought out by several
different partners

Avoidant Refrains from interacting with others by repeatedly exhibiting
evasive behavior or physically repelling others

Solitary Actively chooses to spend time alone

Manipulative Tries to control the behavior of others for individual gain

Aggressive Attempts to or actually causes physical harm to several other group
members

Anxious Tense, extremely vigilant, exhibits stereotypic behaviors

Excitable Extremely reactive or overreacts to events in the group

Fearful Readily fear grimaces and retreats from others; readily shows

submissive postures

Norte: Each adjective listed above was rated on a five-point Likert-type scale, with definitions for each level as follows:
1 = definition not at all descriptive, 2 = definition slightly descriptive, 3 = definition moderately descriptive, 4 = definition
mostly descriptive, and 5 = definition completely descriptive. All ratings were made based solely on the interactions
observed on a given day. Observers were explicitly instructed to not use prior knowledge of the animals to influence

how each was scored.

increase in the frequency of threatening gestures ini-
tiated to their group mates after surgery (Fig. 2B) as-
sociated with higher levels of aggression that they re-
ceived from their social partners after surgery. These
results were consistent with one previous report??
showing that OFC lesions largely confined to areas
11 and 13 resulted in heightened aggression. The
increased aggression initiated and received by ani-
mals with OFC damage only occurred for those an-
imals exhibiting high social dominance before and
after surgery. This pattern came as little surprise
considering that dominant macaque males typi-
cally initiate more threatening gestures and engage
in more physical aggression than their subordinate
counterparts.

Finally, to focus on how the OFC contributes to
the interpretation of social signals and the produc-
tion of species typical responses, a lag sequential
analysis was conducted on the behavioral data col-
lected from the pre- and postsurgical social testing
sessions. More specifically, we calculated the likeli-

hood (in terms of log odds ratio) that an animal
would respond with a particular behavior within
10 sec of receiving a specific social cue. In particu-
lar, we examined how the experimental groups re-
sponded to threatening gestures and affiliative sig-
nals (e.g., a mount solicitation) they received from
other partners both before and after surgery. The
animals with OFC damage were unique in that they
were the only experimental group to show changes
in responses to both threatening and affiliative so-
cial cues. When receiving threatening gestures from
animals with hippocampal lesions, dominant mon-
keys with OFC damage showed decreased aggres-
sive behaviors. Control animals did not show any
changes in aggressive responses to threats across
conditions. In addition, animals with OFC lesions
were less likely to mount when solicited by con-
trol animals, although this change was most evident
for the dominant animals of the group. These re-
sults implied that OFC areas 11 and 13 are critical
for the moment-to-moment interpretation of the
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meaning of positive and negative social cues and the
modulation of adaptive behavioral responses (see
later).

The confluence of findings from our social be-
havior assessments is largely in line with the earlier
nonhuman primate study with lesions largely con-
fined to OFC areas 11 and 13 (Ref. 22). However,
the behavioral deficits were less severe than those
reported following larger frontal lobe ablations that
also included the OFC.?*?* In these earlier stud-
ies, monkeys with extensive prefrontal damage dis-
played profound decreases in positive social behav-
iors (grooming, huddling, near-body contact, etc.)
and socially communicative facial, vocal, and postu-
ral behaviors, as well as an increase in inappropriate
social interactions. These animals were ostracized
from their naturalistic social groups and perished
soon thereafter. Our animals with OFC damage were
not ostracized within their small social groups, did
not show any changes in dominance rank (relative
to before surgery), and, in fact, were the most pre-
ferred social partners for control animals. However,
our results provided strong evidence that areas 11
and 13 influence primate social behavior in at least
two ways. First, the OFC may be critical for normal
modulation of aggression, affiliation, and avoidance
when a change in social context occurs or when the
behavior of familiar social partners changes. Second,
the OFC may flexibly represent the current value or
meaning of both positive and negative social signals,
thereby facilitating the selection of the most appro-
priate behavioral response. We followed up on these
hypotheses with additional experiments that were
more focused on the modulation of defensive and
tension-related behaviors across several potentially
dangerous conditions. We also tested how the OFC
contributes to altering appetitive behavior depend-
ing on the current value of primary and secondary
reinforcers. Those results are discussed in the fol-
lowing two sections.

Reponses to potentially dangerous situations

Since our study of OFC areas 11 and 13 functionina
social context revealed changes in how those animals
responded to threatening or agonistic encounters,
two additional experiments were conducted with
these same animals to determine whether or not
these most restricted OFC lesions altered defensive
or tension-related responses to several kinds of po-
tentially dangerous stimuli. In the first study,” we

Orbital frontal lesions alter behavioral adaptation

adapted a well-established paradigm that has been
used extensively to assay emotional reactivity in rhe-
sus monkeys.?*>2 This so-called human intruder
paradigm takes advantage of the rhesus monkey’s
innate aversion to direct eye contact and their nat-
ural apprehension when unfamiliar humans enter
the laboratory. In this paradigm, the animal is con-
fronted by an unfamiliar human who either stands
near the testing cage with their eye gaze averted by
90° (no eye contact or NEC condition) or stares di-
rectly at the animal (stare condition). The animals’
reactions to these conditions, both before and after
surgery, were video recorded and analyzed in-depth
later. The main advantage of this paradigm is that it
includes both low and high threat conditions (NEC
and stare, respectively) that allow to precisely mea-
suring the contribution of OFC areas 11/13 to mod-
ulate defensive or tension-related behaviors given a
change in threat magnitude.

Several important differences between sham-
operated control animals and those with OFC dam-
age were noted. First, regardless of the level of threat
(NEC and stare conditions combined), control an-
imals showed an increase in tension-related behav-
iors between the pre- and postsurgery testing phases.
Tension-related behaviors indicate stress but are
typically low in magnitude and are not necessar-
ily directed at a stress-inducing stimulus (i.e., they
are also observed when rhesus monkeys are alone).
For example, monkeys displaying tension-related
behaviors may yawn, scratch their torso or other
body part, pace around the test cage and/or emit
contact (“coo”) vocalizations. Animals with OFC
damage did not show this same change in tension-
related behaviors. This pattern of results is reminis-
cent of the negligible changes in personality traits
by the same animals with OFC damage between
pre- and postsurgery assessments in the social con-
text (see above), relative to more extensive changes
displayed by control animals. In addition, although
all animals were able to modulate the magnitude
of tension-related behaviors according to the levels
of threat given by the intruder (i.e., higher tension-
related behaviors during the stare condition than the
NEC condition) prior to surgery, this regulation of
emotional reactivity remained present after surgery
for the control animals but not for those with OFC
damage (Fig. 3A ). This pattern of results could not
be due to deficient visual attention in the operated
groups given that the amount of time spent looking
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toward the human intruder did not vary between
groups both pre- and postsurgery. Therefore, these
results again reinforced the idea that damage to areas
11 and 13 results in an inability to adapt behaviors
related to stress or danger depending on the particu-
lar situation, and were not reported in other similar
investigations of monkeys with more extended OFC
damage.’!3?

Beyond generalized tension-related behaviors,
animals with OFC areas 11/13 damage also demon-
strated diminished defensive behaviors in the hu-
man intruder paradigm. Defensive behaviors are
more overt and higher in magnitude than tension-
related behaviors, and are typically only displayed
when the stress-inducing stimulus (i.e., the unfa-
miliar human) is physically present. Regardless of
condition (NEC and stare combined), OFC dam-
age resulted in significant decreases in three defen-
sive behaviors after surgery, namely cage-shaking
(Fig. 3B), tooth-grinding, and freezing (Fig. 3C),
which were not observed in the control animals.
Diminished freezing following OFC damage (also
largely confined to areas 11 and 13) has been re-
ported in a separate study by Kalin et al.,>? but not
when lesions also included area 14).3! A pattern
of diminished defensive behaviors following lesions
more restricted to areas 11 and 13 has not been re-
ported previously. On the contrary, when the OFC
lesions included also area 14, an increase in mild
aggression has been reported.®!

In our second study of threat-induced behavioral
reactivity,”® we again adapted a well-established
paradigm that focused on the monkeys’ willingness
to approach neutral or potentially dangerous ob-
jects, 27:28:31.32.3438 Although previous renditions of
this paradigm typically used a very limited number
of aversive stimuli (typically real or fake snakes and
size-matched neutral objects), we greatly expanded
the number and type of aversive objects to investi-
gate the role of the OFC areas 11/13 in approach-
avoidance conflict for stimuli representing potential

Figure 3. The total frequency of tension-related behaviors (A),
cage aggression (B), and freezing (C) during the no eye contact
(NEC) or stare conditions of the human intruder paradigm for
sham-operated controls (Adult-C) or animals with OFC lesions
(Adult-OFC). Data are shown for both groups both before (pre)
and after (post) surgery. * P < 0.05, difference between NEC and
stare conditions in each testing phase.
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predators (e.g., coiled rubber snake), and also those
that the monkeys had learned to fear before surgery
by living in a laboratory environment (e.g., capture
net, leather handling gloves, a hypodermic syringe,
etc.). Each of these aversive objects had a size- and
shape-matched “neutral” object that served asa con-
trol stimulus. This particular experiment was only
conducted after surgery, since experience with these
inanimate objects during a presurgery phase would
have greatly diminished their aversive nature in any
subsequent postsurgery testing sessions. Each neu-
tral or aversive object was only shown once and was
placed adjacent to a highly preferred food (a green
grape) on a testing tray. The animal was allowed
60 sec to visually or manually explore the object and
retrieve the food. All behavior was video recorded
for in-depth analysis later.

In contrast to the human intruder paradigm, we
found no differences between monkeys with OFC
damage and controls in the occurrence of defensive
or tension-related behaviors, as well as the latency to
retrieve the preferred food reward for any of the neu-
tral or aversive inanimate objects. Therefore, initial
reactivity and avoidance of potentially dangerous
items was not altered by selective lesions of areas 11
and 13. This would appear to be in contrast to several
previous reports of diminished avoidance following
OFC lesions using this paradigm.’'*> However, in
those previous studies, animals were exposed to the
aversive objects (primarily a rubber snake) on mul-
tiple test days. The differences in avoidance between
control and experimental groups did not emerge un-
til after several exposures; initial avoidance was not
different from control animals. Therefore, the core
deficit for the animals with OFC lesions could be an
inability to extinguish or maintain an adaptive be-
havioral pattern in a given context (e.g., presence of
a predator or loss of reinforcement where it was pre-
viously experienced). Support for this idea already
exists since impairment in extinction of instrumen-
tal responses emerges after extended damage to areas
11, 13, and 14 or damage restricted to area 14, but
not after damage restricted to areas 11/13 (Refs. 12,
31).

The picture that is emerging from these more
focused experiments of how the OFC influences
behavior when animals are exposed to potentially
dangerous stimuli is quite complex and certainly
warrants more attention. One interpretation of our
findings, as well as those of others that have recently

Orbital frontal lesions alter behavioral adaptation

studied the effects of circumscribed OFC lesions®®4

is that this cortical region is not necessarily required
for normal avoidance or wariness of potentially dan-
gerous stimuli. That seems to be one function of
the amygdala. However, areas 11 and 13 do appear
to be necessary for normal flexible modulation of
tension-related behaviors depending on the magni-
tude of threat.

Changing behavior according to reinforcement
contingencies

Asmentioned above, our investigation of OFC func-
tions in the social context revealed that damage to
areas 11 and 13 altered how these animals reacted
to positive social signals. To follow-up on this result
in more controlled experiments, we chose to study
these same animals in three experiments that were
based on the selection of foods, as well as the mod-
ulation of these choices depending on changes on
the reward value of the stimuli*' or on changes in
the internal motivational state of the animal.*?

Object reversal learning. In earlier studies, the ob-
ject reversal task has been instrumental for the
demonstration of an important contribution of
the OFC in behavioral adaptation in response to
changes in reward contingency of positive stim-
uli. Damage to the OFC results in reversal learn-
ing deficits in several species,!!*>® such that this
task has become one benchmark for assessing func-
tionality of the OFC. For monkeys, the reversal
deficit usually follows damage that encompasses
several OFC subregions, including the middle ar-
eas 11/13, rostral area 10, ventromedial areas 14/25,
and, in some instances, lateral areas 12/47 (Refs. 44,
48, 57, 59). However, Butter!! already demon-
strated that not all OFC subfields are critical
for object reversal performance (see also Refs. 60
and 61). Thus, following testing of social behav-
ior and emotional reactivity, we tested the animals
in the object reversal task (i.e., approximately eight
months after surgery). In the reversal task, the an-
imals first learned which of the two objects in a
pair was consistently rewarded from trial to trial.
After mastering the task, the reward contingency
of the two objects was reversed, such that the re-
warded object became unrewarded and vice versa.
Six such reversals were given in succession. Ani-
mals with selective lesions to OFC areas 11/13 per-
formed as well as controls (see Fig. 4B, groups Adult-
C and Adult-OFC), although the total number
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Figure 4. Effects of neonatal OFC lesions on emotional reactivity toward the human intruder (A), reversal learning (B), and
reinforcer devaluation (C). For each task, white bars represent animals with neonatal sham-operations (Neo-C), black bars represent
animals with neonatal OFC lesions (Neo-OFC), bars with thin stripes represent animals with adult sham-operations (Adult-C), and
bars with thick stripes represent animals with adult OFC lesions (Adult-OFC). *P < 0.05 indicates significant differences between
the NEC and stare conditions in A, significant age differences for both groups in B, and significant differences from chance in C.
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of reversal errors committed by animals with OFC
lesions correlated with additional damage to area
14. Although these results suggested that OFC area
14 may be more critical than areas 11/13 for re-
versal learning, selective lesions to area 14 has re-
cently been shown to have no effects on rever-
sal learning.!” Together with the severe deficits
in reversal learning after large OFC lesions,*>’
the newer findings suggest that these deficits were
the result of either combined damage to both the
orbital and medial OFC regions (areas 11, 13, and
14) or damage to fibers connecting the OFC regions
with lateral prefrontal area 12 (see also Ref. 11).

Food preference and devaluation of primary rein-
forcers. In the second experiment, simple prefer-
ences for foods (raisins, peanuts, candies, etc.) and
nonfoods (paper balls, pieces of cork, etc.) were ex-
amined both before and after surgery. On each trial,
two different foods, two different nonfoods, or one
food and one nonfood were presented to the animal
onatesting tray. The animal was allowed 15 sec to se-
lect one, both or neither item, and selection priority
was recorded. In contrast to several earlier accounts
of larger OFC damage,*®%®* damage restricted to
areas 11 and 13 did not alter any presurgical prefer-
ences for the food or nonfoods used in this study.
We then measured how a change in physiologi-
cal or motivational state would affect their prefer-
ence for a favorite food versus other less-preferred
foods.®* We reduced the animal’s motivation for
their favorite food by satiating the animals on that
food prior to food preference testing, as had been
done by others.*®-¢>7% Following satiation, animals
were presented with 30 pairs of food and nonfood
items. Each pair contained the devalued (sated) food
along with one other food or nonfood. The differ-
ence in preference for their favorite food between the
postsurgery testing phase (see above) and follow-
ing devaluation by satiation (i.e., difference score =
preference when not sated—preference when sated)
was used to measure the ability to flexibly change
food selection. Control animals showed a robust,
positive difference score (62%) since their pref-
erence for their favorite food was greatly dimin-
ished following satiation. By contrast, animals with
ibotenic acid OFC lesions (including areas 11 and
13, as well as portions of areas 12, 14, and the agran-
ular IA) showed a significantly lower difference score
(25%), indicating that they did not switch their pref-
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erence for the devalued food as much as controls af-
ter satiation. Animals with aspiration lesions of the
OFC that were more restricted to areas 11 and 13
showed an intermediate difference score (40%) that
was not different from controls or those animals
with the larger ibotenic acid OFC lesions.

Devaluation of conditioned reinforcer. In a third
study, we examined the role of the OFC in interpret-
ing the meaning of conditioned reinforcers. Social
signals are conditioned reinforcers; their meaning
must be learned through experience and meaning
must also be updated by new experiences or changes
in emotional or motivational state. To study this as-
pect of OFC function, we again used a reinforcer
devaluation strategy’! to test whether monkeys with
selective damage to OFC areas 11/13, which demon-
strated striking sparing in adapting their responses
to changes in reward contingency (see above), would
also be able to adapt their responses to changes in
the reward value of stimuli. In this case, the animals
were first required to learn the reinforcement con-
tingencies and values of 60 pairs of objects. In each
pair, one of the two objects covered one of two food
rewards, either a raisin (30 objects) or a peanut (30
objects). The 60 pairs were presented one at a time,
with the raisin pairs and the peanut pairs intermixed
within a daily session, and occurred in the same or-
der from one day to the next. The animals needed to
learn to displace the items covering rewards on 90%
or more trials to complete this acquisition phase.
There was no difference between controls and an-
imals with lesions of areas 11 and 13 in the total
number of errors or the total number of testing days
to reach the learning criterion.

After thislearning, a reinforcer devaluation phase,
which included four sessions, was introduced. In
this phase, the unrewarded objects of the 60 pairs
were discarded and a “raisin” object was paired with
a “peanut” object to form 30 pairs of discrimination.
In two control sessions, the 30 pairs were presented
and animals selected one of the two rewarded ob-
jects. In two other critical sessions, the animals were
satiated with either raisins or peanuts before be-
ing presented with the 30 pairs. The difference be-
tween preference for “raisin-associated objects” and
“peanut-associated objects” when the animals were
not satiated and when they were satiated was calcu-
lated. Control animals again showed robust, positive
difference scores, indicating that they were able to
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update the value of each object following satiation
(see Fig. 4C, group Adult-C). By contrast, animals
with aspiration OFC lesions confined to areas 11
and 13 showed significantly lower difference scores,
indicating that they continued to select items associ-
ated with the sated food (see Fig. 4C, group Adult-
OFC). These results are similar to other previous
studies of monkeys with OFC damage including ar-
eas 11, 13, and 14,% as well as those with crossed
disconnection of the OFC and amygdala.®” The ex-
periments thus far converge on the idea that OFC
areas 11 and 13 are critical for guiding goal-directed
behavior (both social and nonsocial) with regard to
changes in emotional or motivational state (see also
Ref. 12).

Together, the present findings suggest that OFC
areas 11/13 are necessary to adjust choices based on
reward value but less so for choices based on reward
contingency. This latter function could perhaps in-
volve other OFC fields, including the most medial
subgenual fields, area 25, and the most lateral, area
12.772 Future studies are clearly required to better
identify the specific interactive processes by which
different OFC fields support reversal learning.

Conclusions concerning the role of OFC
areas 11/13 in behavioral adaptation

Selective damage to OFC areas 11/13 yielded (1) sig-
nificant changes in social behavior, characterized by
an inability to interpret the meaning of positive and
negative social cues, and to modulate adaptive be-
havioral responses during active social interactions;
(2) deficits in normal modulation of tension-related
behaviors relative to the magnitude of threat and
in maintaining a pattern of avoidance or fear over
time or across separate exposures to a threat; and
(3) inability to flexibly adjust choice selection based
on reward value, while sparing the ability to adjust
choice selection based on reward contingency. One
of the main goals of our study was to assess whether
the profound deficit in behavioral adaptation found
after selective OFC area 11/13 lesions correlated with
their inability to regulate emotional reactivity and
behavioral responses to social cues.

It is interesting to note that the reinforcer de-
valuation deficit after damage to OFC areas 11/13
was associated with difficulty in modulating emo-
tional reactivity when animals with OFC lesions
were challenged with social stimuli differing in the
magnitude of threat as assessed by the human in-
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truder task.”> Before surgery, all animals showed
higher frequency of tension-related behaviors in the
stare condition than in the NEC condition, indi-
cating that they could modulate their emotional
responses according to the intensity of threat pro-
vided by the intruder. After surgery, however, only
sham-operated controls continued to demonstrate
this ability. Thus, as for the reinforcer devaluation
tasks, OFC areas 11/13 seem critical to flexibly ad-
just emotional reactivity based on the magnitude
of negative signals, such as threat. Similarly, the
impairment in monitoring the positive and nega-
tive value of stimuli after OFC areas 11/13 lesions
could also be the source of the striking behavioral
changes found in animals with OFC lesions when
interacting in small familiar social groups.”* In this
latter study, we reported that animals with OFC ar-
eas 11/13 lesions were involved in more aggressive
interactions and responded abnormally to both af-
filiative and threatening signals. All together the data
demonstrate that flexible decision-making mecha-
nisms mediated by OFC areas 11/13 are critical to
support normal social behavior. Further studies will
be required to similarly assess the role of other OFC
subfields in behavioral adaption that mediates emo-
tional regulation and social behavior.

Developmental outcomes of early-onset
damage to OFC areas 11/13

Although a majority of the developmental litera-
ture has focused on executive functioning (prob-
lem solving, abstract reasoning, etc.) mediated by
the dorsolateral prefrontal cortex, research on the
development of OFC functions has lagged behind.
Yet, the OFC has been implicated in several develop-
mental neuropsychiatric disorders associated with
emotional and social abnormalities, such as Autism
and William’s syndrome.”>”° Therefore, a better un-
derstanding of how OFC maturation is linked to
socioemotional development is urgently needed to
facilitate development of novel treatments for these
disorders.

Infants are born into complex social groups and
are faced with the developmental task of coming
to respond differentially and appropriately to many
categories of social partners as well as to individu-
als within those categories. Thus, during develop-
ment, individuals progressively learn complex rules
for self-regulation of emotion and behavioral adap-
tation that assure successful social relationships.
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Hence, the OFC is likely to be a critical player in
the normal development of these cognitive skills.
The OFC is known to have a protracted develop-
ment.3%-82 Age-related changes in both humans and
monkeys have also been reported on tasks measur-
ing behavioral adaptation (e.g., object discrimina-
tion reversal, extinction, and Iowa gambling tasks)
that have been associated with OFC damage in
adulthood (see for review Refs. 83 and 84).

The earlier work of Goldman-Rakic et al. has
demonstrated that extensive early-onset damage to
the frontal cortex, which included the OFC, yielded
progressive impairment in reversal learning, as well
as reduced level of play behavior and increased ag-
gressive gestures (see for review Ref. 80). Few re-
ports in humans'>~1¢ (Vargha-Khadem et al., 2006,
personal communication) also indicate that ven-
tromedial prefrontal damage acquired in childhood
places individuals at risk for failure to develop nor-
mal social or occupational competencies in adoles-
cence and adulthood. These behavioral and social
changes reflect chronic emotional disruption and
impairments of decision making, planning, and be-
havioral regulation. The long-term impairments as-
sociated with childhood-onset lesions are at least as
severe as those resulting from adult-onset damage.
In addition, these impairments, which persist for
decades following childhood ventromedial injuries,
stand in sharp contrast to the relatively good func-
tional recovery found after childhood damage to
other brain regions, such as the relatively normal
development of language following early damage to
the left perisylvian region.

Thus, a growing interest in the anatomical and
functional heterogeneity of the OFC incited a con-
sideration of its role in emotional and social devel-
opment throughoutlife. Given the functions of OFC
areas 11/13 in adult monkeys described in the first
part of this paper, we began investigating the devel-
opmental outcomes of damage to OFC areas 11/13
on emotional reactivity and behavioral adaptation
in infant monkeys. As for the adult-onset lesions, we
prepared infant rhesus monkeys with either selective
lesions of OFC areas 11/13 (n = 6; Fig. 1D) or sham
operations (n = 6), which were performed when
the animals were 8—10 days of age. The two groups
included three males and three females. Using the
same tasks as those used for the adult monkeys, we
measured the behavioral effects of neonatal OFC le-
sions on emotional regulation and flexible response
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selection at different time points during maturation.
A summary of the results that are currently being
published is provided below.

Reponses to potentially dangerous situations
Between four and six months of age, monkeys can
adaptively modulate their defensive reactions to
meet changing environmental demands.3>-8¢ At the
same age, infant monkeys respond with different
emotions to specific facial expressions, and display
fear of strangers,®” suggesting that the brain cir-
cuits needed to discriminate threatening cues are
mature. Thus, we investigated the role of the OFC
areas 11/13 in the development of defensive behav-
iors toward an unfamiliar human (human intruder
paradigm, see previous task details) both before and
after this developmental critical period (i.e., at two
and six months of age) and retested the animals
in adulthood to assess whether any deficit will be
transitory or permanent. Two-month-old monkeys,
operated and control alike, showed increased fre-
quency of defensive reactions to the presence of the
intruder, but none modified their level of defensive
reactions according to the magnitude of threat pre-
sented by the Intruder (e.g., “NEC” vs. “stare” con-
ditions, see Fig. 4A). At six months of age, however,
sham-operated animals did modulate the amount
of emotional reactivity between the two conditions,
showing greater amount of freezing in the NEC rel-
ative to the stare conditions and also more aggres-
sive gestures in the stare than in the NEC conditions
(Fig. 4A). Therefore, by the age of six months, infant
monkeys can modulate their emotional responses
to different threat intensities, like adult animals (see
Fig. 3 for comparison), a finding similar to that
reported by Kalin et al% By contrast, such mod-
ulation was not apparent in the neonatally OFC-
operated monkeys (Fig. 4A). However, the neo-OFC
infants were not totally hypoemotional since they
showed an overall increase in their emotional re-
activity in both conditions compared to when they
were alone. The same pattern of changes in emo-
tional reactivity was still present when these same
animals were retested in the intruder paradigm (us-
ing a new human intruder) when they reached seven
years of age, indicating no recovery over time.%-8
These data indicated that OFC areas 11/13 are crit-
ical for the development of fear modulation to-
ward threatening social stimuli after the age of
two months.
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We hypothesized that, as for the adult-onset
OFC lesions, the lack of fear modulation following
neonatal OFC lesions could have resulted from an
inability to use the valence of stimuli (less or more
threatening) to modulate behavioral responses. To
examine this possibility, we tested the ability of the
same animals to flexibly modify their choice selec-
tion when the reward contingency (reversal learn-
ing) or the valence (reinforcer devaluation) of stim-
uli was changed.

Changing behavior according to reinforcement
contingencies
Objectreversallearning. Earlier studies (see for re-
view Ref. 80) have reported a significant sex differ-
ence in the development of reversal learning follow-
ing neonatal OFC lesions. Male and female infant
rhesus monkeys received either extensive OFC le-
sions, which encompassed several OFC subfields, at
2.5 months of age or remained as unoperated con-
trols. They were tested on reversal learning at dif-
ferent ages beginning at 2.5 months. Normal males
outperformed normal females at 2.5 months but
not at 15 months, indicating that this ability ma-
tured earlier in males than in females. In addition,
whereas male infants with OFC lesions showed clear
deficits in reversal learning as early as 2.5 months,
the females with the same lesions did not show
deficits until after their first year. Thus, the fail-
ure to observe a deficit in the OFC-operated in-
fant females prior to 15 months of age suggests that
the OFC of female monkeys does not mature until
that age. By contrast, the presence of impairment
in males as early as 2.5 months indicates that the
OFC of male monkeys matures very early. Given
that damage to OFC areas 11/13 in adult monkeys
does not affect reversal learning,'>*° we investigated
whether a similar outcome will follow neonatal OFC
lesions restricted to areas 11/13. Given the earlier
timing of our lesions (8-10 days old vs. 2.5 months
for the studies of Goldman-Rakic et al.??), we also
investigated whether earlier damage to OFC areas
11/13 might yield more pervasive deficits in rever-
sal learning. Thus, animals with neonatal OFC area
11/13lesions and their sham-operated controls were
tested in discrimination reversal learning (see previ-
ous task details) at three months of age and retested
at three years of age.”

At three months of age, male and female infants
of both groups made significantly more errors than
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adult monkeys (five to six years, see Fig. 4B). How-
ever, animals of both groups improved their perfor-
mance to an adult level of proficiency when retested
at three years. Thus, the ability to flexibly alter re-
sponse selections guided by reward contingency is
not fully functional at three months of age in both
male and female monkeys. Our data did not replicate
the sex difference reported in the earlier studies,*
even when males and females of both groups were
combined (Total reversal errors: 383.50 &= 25.97 and
416.67 £ 34.47 for males and females, respectively;
t(10) = 0.768, not significant). However, this is not
too surprising given the small number of animals
used in our study and given that the OFC lesions
were small and restricted to areas 11/13. The data
indicate (1) that the neural structures mediating re-
versal learning abilities have a protracted develop-
ment, but (2) that OFC areas 11/13 are not critical
for the development of these abilities and this is true
both during development and in adulthood.

Reinforcer devaluation. Given that adult-onset le-
sions of OFC areas 11/13 spared reversal learn-
ing but severely impaired the ability to switch re-
sponse selection when the reward value of stimuli
changes,'2% we assessed whether the same pattern
of results will follow early-onset lesion of OFC ar-
eas 11/13. Thus, animals with the neonatal OFC
lesions and their controls were tested in the rein-
forcer devaluation task (see previous task descrip-
tion) when they were 3.5 years of age and retested
on the same task at six to seven years using the same
60 pairs of stimuli. First, the ability to concurrently
learn large stimulus sets (60 pairs) was mildly af-
fected by neonatal OFC damage when animals were
tested at 3.5 years old. Neonatal-operated OFC ani-
mals required more days to reach learning criterion
(21 days) than their controls (13 days), but this mild
deficit in stimulus—-reward association did not per-
sist when they were retested at six to seven years.
Second, when the objects were devalued via the re-
inforcer devaluation paradigm, sham-operated con-
trols obtained difference scores that were signifi-
cantly different from chance at both ages (Fig. 4C).
These results suggest that the ability to flexibly mod-
ulate response selection when the reward value of
stimuli has been modified is already present in late
adolescence (3.5 years) in monkeys. By contrast,
at both ages, animals with neonatal OFC damage
failed to use internal satiety signals to flexibly shift
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their response selection away from the devalued ob-
jects and obtained difference scores that were not
significantly different from chance. Although at 3.5
years the group effect did not reach significance, at
six to seven years of age the group effect was nearly
significant for the neonatal lesions, #(7) = 1.975,
P = 0.09. Thus, the failure to regulate response se-
lection after lesions to OFC areas 11/13 is present
whether the damage occurs in infancy or adulthood
and is associated with a dysregulation of emotional
reactivity (see above).

Summary of developmental outcomes of
neonatal damage to OFC areas 11/13

The data on the sham-operated controls are inter-
esting because they suggest that the ability to self-
regulate behavioral responses progressively emerges
from midinfancy through adolescence. The ability
to regulate fear-related responses toward threaten-
ing signals of different intensity emerges between
two and four months of age. The ability to modu-
late response strategy to positive stimuli when the
reward contingency changes is also not present by
three months of age but reaches an adult level of pro-
ficiency by three years. Finally, the ability to mod-
ulate response strategy to positive stimuli when the
reward value has changed is present at 3.5 years.
However, future studies are needed to more specifi-
cally assess the exact age at which the regulation of
choices guided by both reward contingency (object
reversal) and reward value (reinforce devaluation)
emerges.

Similar to adult-onset OFC lesions, selective
neonatal lesions of OFC areas 11/13 yielded a failure
to modulate fear-related responses and behavioral
responses guided by reward value. Thus, overall our
data demonstrate little sparing of OFC functions,
if any, after neonatal damage to these cortical ar-
eas. We suggest that OFC areas 11/13 play a critical
role in the development of behavioral adaptation;
an ability essential for the self-regulation of emo-
tion and behavior that assures the maintenance of
successful social relationships.

We realize that our developmental studies rep-
resent only a first step toward an understanding
of the development of orbital frontal functions in
primates. Further research is required to assess the
precise time point in development at which these
OFC functions emerge. It will also be important to
determine if the development of behavioral regula-
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tion in response to negative affective cues is similar
to that of positive affective cues, and which OFC
subfields mediate such abilities.
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