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" Although our picture of the anatomical connections of the orbital prefrontal cortexis
less detailed and precise than that of the dorsolateral areas, it isalready clear that one
or more orbital subareas... has a knowledge base different from that available to the
dorsolateral region, e.g., interoceptive and olfactory stimuli, and likewise has
connections with motor centers, including the autonomic musculature and endocrine
mechanisms. .... A primary defect in accessing the central representations of reward and
punishment... could explain the nonspecific profile of cognitive deficits following orbital
lesons” - Patricia Goldman-Rakic (1987).

SUMMARY

Since Dr Goldman-Rakic wrote these wor ds, ther e has been an explosion of
interest in the orbitofrontal cortex. We now know a great deal not only about the
anatomical connections of the orbitofrontal cortex in ratsand in primates, but also
about the behavioral and neurophysiologic characteristics of this prefrontal
subdivision. Thesefindings point increasingly to arolefor orbitofrontal cortex in
emotional learning within a circuit that includes the amygdala and other limbic
structures. Lessclear, however, isthe unique contribution of this prefrontal region
to processing inside (and outside) thiscircuit. Indeed work hasfocused on the
functional similarities between orbitofrontal cortex and theamygdala. In this
chapter, we will review these findings to establish the involvement of the
or bitofrontal cortex in the associative lear ning mediated by thiscircuit; however we
will also draw important distinctions between the critical role of limbic areasin
associative learning and the pivotal role of orbitofrontal cortex in thecontrol of this
information and of it’s application to govern behavior. Wewill argue that
or bitofrontal cortex allows associative information, particularly infor mation about
thevalue of likely outcomes, to be manipulated in representational memory and
integrated with non-associative variables concer ning subsequent behavior, current
context and internal state. Theresultant “expectancies’ then influence processing
in downstream limbic areas aswell as other prefrontal regions, thereby promoting
voluntary, cognitive, and goal-directed (eg not stimulus-driven) behavior and
facilitating new lear ning.
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As much as any other brain region, the orbitofrontal cortex has been a mystery.
Even within prefrontal cortex, the least understood cortical region, orbitofrontal cortex
was the last to be explored. Indeed, when Patricia Goldman-Rakic elegantly described
the circuitry of the primate prefrontal cortex and itsrole in regulating behavior by
representational memory nearly 20 years ago, so little was known about the orbitofrontal
cortex that it warranted less than a page in her 44-page essay (Goldman-Rakic, 1987).

Y et as we will argue, her much-ignored description of orbitofrontal function remains a
cogent summary.

In this chapter we will describe recent findings that support acritical role for
orbitofrontal cortex in affective processing as part of acircuit that includes the amygdala
and other limbic structures. However like Dr Goldman-Rakic, we will argue that the
pivotal contribution of orbitofrontal cortex to processing within this circuit, and without,
goes beyond simple associative learning about likely outcomes and encompasses the
integration of this information with non-associative variables such as subsequent
behavior, current context and internal state to generate what we will refer to as
“expectancies’ for future events. Such expectancies have been hypothesized by learning
theorists (Dickinson, 1989) to provide an internalized or inner representation of the
consequences that may follow a particular act, which may then be applied by other parts
of the brain to both govern behavior and facilitate new learning. In describing the
findings that support thisidea, we will draw distinctions from neurophysiological and
behavioral data concerning the respective roles of orbitofrontal cortex and limbic areasin
generating and using these expectancies and show that adeficit in this function can
explain the specific profile of cognitive deficits following orbitofrontal versus amygdalar

lesions.

Therat orbitofrontal cortex

Before beginning, it is worth noting that this chapter will discuss findings from
rats and primates. Thusit isimportant to define the particular prefrontal regions within
therat brain that we will refer to as orbitofrontal cortex (OFC) and the likely homologies
that these areas have to the primate orbital prefrontal subdivision. A diagram of the
critical brain regions and important connections that are consistent across speciesis
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presented in Figure 1. This conceptualization begins with the observations of Rose and
Woolsey (1948), who proposed that prefrontal cortex might be defined by the projections
of mediodorsal thalamus (MD) rather than by “ stratiographic analogy” (Cajal, 1988).
This definition, based on the observation that the defining granular layer of primate
prefrontal cortex reflects thalamic input, provides a foundation in which to define
putative prefrontal homologues in non-primate species such as rats, which do not have a
prominent granular cell layer.

In therat, MD can be divided into three segments (Krettek and Price, 1977b;
Groenewegen, 1988). Projections from the medial and central segments of MD define a
region that includes the orbital areas and the ventral and dorsal agranular insular cortices
(Leonard, 1969; Krettek and Price, 1977b; Kolb, 1984; Groenewegen, 1988). These
regions of MD in rat receive direct afferents from amygdala, medial temporal lobe, and
the ventral pallidum/ventral tegmental area, and olfactory input from the piriform cortex
(Krettek and Price, 1977b; Groenewegen, 1988; Ray and Price, 1992). This pattern of
connectivity is similar to that of the medially-located, magnocellular division of primate
MD, which defines the orbital prefrontal subdivision in primates (Kievit and Kuypers,
1977; Goldman-Rakic and Porrino, 1985; Russchen et al., 1987). Thus a defined region
in the orbital area of rat prefrontal cortex islikely to receive input from thalamus very
similar to that reaching primate orbital prefrontal cortex. Based in part on this pattern of
input, the projection fields of medial and central MD in the orbital and agranular insular
areas of rat prefrontal cortex have been proposed as homologous to the primate
orbitofrontal region (Leonard, 1969; Groenewegen, 1988; Preuss, 1995; Ongur and Price,
2000; Schoenbaum and Setlow, 2001). These areas would include the dorsal and ventral
agranular insular cortex, aswell asthe lateral and ventrolateral orbital regions. Notably
this conception of rat OFC does not include the media (ventromedial) orbital cortex,
which does not receive projections from these areas of MD thalamus and thus may be
more properly considered with the medial wall regions.

Other important connections serve to highlight the similarity between the rat
OFC, defined above, and primate OFC. Perhaps most notable are reciprocal connections
with the basolateral complex of the amygdala (ABL), aregion thought to be involved in
affective or motivational aspects of learning (Brown and Schafer, 1888; Kluver and
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Bucy, 1939; Weiskrantz, 1956; Everitt and Robbins, 1992; LeDoux, 1996; Holland and
Gallagher, 1999; Davis, 2000; Gallagher, 2000; Baxter and Murray, 2002). In primate,
these connections have been invoked to explain certain similarities in behavioral
abnormalities resulting from damage to either OFC or amygdala (Jones and Mishkin,
1972; Gaffan and Murray, 1990; Fuster, 1997; Becharaet a., 1999; Baxter et al., 2000).
Reciprocal connections between basolateral amygdalaand areas within rat OFC,
particularly the agranular insular cortex (Krettek and Price, 1977a; Kolb, 1984; Kita and
Kitai, 1990; Shi and Cassell, 1998), suggest that interactions between these structures
may have asimilar importance for regulation of behavioral functionsin ratsaswell. In
addition, in both rats and primates, OFC provides a strong efferent projection to ventral
striatum, overlapping with innervation from limbic structures such as the amygdala and
subiculum (Groenewegen et a., 1987; Groenewegen et a., 1990; McDonald, 1991,
Haber et ., 1995). Asoutlined in Figure 1, the specific circuitry connecting the OFC,
limbic structures and ventral striatum presents astriking parallel across species that
suggests possible similaritiesin functional interactions among these major components of
the forebrain (Groenewegen et al., 1990; McDonald, 1991; O'Donnell, 1999). In
addition, OFC receives direct projections from piriform cortex as well as olfactory-
related regions of MD in both species (Y aritaet al., 1980; Cinelli et a., 1985; Takagi,
1986; Price et al., 1991; Barbas, 1993; Carmichael et al., 1994).

The limbic-prefrontal gateway

Connectivity often offers important clues to the critical function of abrain region.
Just as ventral striatum is critically positioned to serve as an interface between limbic and
motor systems (Mogenson et al., 1980), the OFC is uniquely located to serve as the
gateway between these limbic areas, which are concerned with passively encoding
associations between cues and likely outcomes or consequences, and the active,
representational memory systems of prefrontal cortex. Aswe have just outlined, OFC
receives robust input from sensory cortices and associative information about predicted
outcomes from amygdala. These inputs allow OFC to capture the significance of
environmental stimuli. The OFC also has reciprocal connections to other areas within
prefrontal cortex thought to be involved in the regulation of behavior through
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representational memory, and it sends output to ventral striatum. OFC istherefore well
positioned to integrate information regarding planned actions, context and internal state
with associative input concerning likely outcomes or consequencesto generate
expectations regarding the value of future events.

Thisroleisevident in the firing activity of OFC neurons, which appears to reflect
the value of predicted outcomes, events or consequences. Encoding of predicted
outcomes is most obviously present during sampling of cuesthat are fully predictive of
reward or punishment. Thiswasfirst appreciated in primate orbitofrontal cortex.
Although activity of some neuronsin OFC was first noted to reflect the sensory
properties of olfactory cues(Tanabe et al., 1975; Onoda et a., 1984), it was quickly
apparent that these selective firing patterns could be heavily influenced by the associative
significance of the cues. In one of the first reports on neural activity in this areain awake
behaving animals, Thorpe et al (1983) showed that activity was strongly dependent on the
meaning of the stimulus, rather than its physical characteristics. For example, some
neurons in OFC responded to the sight of a syringe when it was used to deliver saline to
the monkey, but failed to respond when glucose was made available in the same syringe.
This was true even though the syringe was unchanged in appearance. Moreover, it was
only after the monkey had discovered the new contents of the syringe that the firing
patterns changed.

Subsequent findings in rats have confirmed that cue-selective firing in OFC
reflects predicted outcomes. For example, in rats trained to perform an 8-odor
discrimination task, in which 4 odors were associated with reward and 4 odors were
associated with non-reward, we found that OFC neurons were more strongly influenced
by the associative significance of the odor cues than by the actual odor identities
(Schoenbaum and Eichenbaum, 1995a). Thiswas evident in the firing properties of odor
responsive neurons, of which 77% discriminated between differently-valenced odors but
only 38% discriminated between similarly-valenced, rewarded odors (Figure 2). The
predominant influence of valence was also clear in the encoding properties of the
ensembles, which often failed to identify the precise odor that had been presented on a
trial but rarely (< 1% with > 100 cells) failed to identify the valence of that odor (Figure
3B). Put another way, an analysis of the average bits of unique information provided by
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each neuron indicated that an ensemble of 5364 neurons was necessary to correctly
encode odor identity on 90% of thetrials, whereas only 40 neurons were required to
encode odor valence at that level (Schoenbaum and Eichenbaum, 1995b). Indeed in
comparison with encoding in piriform cortex in the same rats, ensembles in OFC had
slightly less information about the identity of the odor cues, but they were far better at
decoding the valence of the odor that was presented on each trial. Rolls and colleagues
have reported similar results from monkeys trained to discriminate 8 different reward-
associated odors from two odors associated with delivery of an aversive fluid, showing
that in monkeys asin rats the identity of the odor cuesis lessimportant than their
associative significance (Critchley and Rolls, 1996b).

The remarkable promiscuity of encoding in OFC was confirmed by Ramus and
Eichenbaum (2000), who recorded from OFC neurons in a paradigm in which the identity
was made irrelevant. They trained rats in an 8-odor continuous del ayed-non-match-to-
sample task. Inthistask, therat isrewarded not according to the identity of the odor cue,
asin adiscrimination task, but rather based on whether the odor presented on the trial
differs from the odor presented on the prior trial. Asaresult, the same odor will be
rewarded on onetrial, when it is different from the odor just presented, and non-rewarded
on the next trial, when it is presented a second time. Under these conditions, the relevant
construct associated with reward is not odor identity but rather the “match” or *non-
match” attribute of the cue. They found that 64% of the odor responsive neurons
discriminated the match/non-match attribute of the odor cues, while only 16% fired
selectively to one of the particular odors. Further analysis of this 16% revealed that about
half of these neurons (21 of 43) also fired differentially to their preferred odor based on
whether the odor was similar to (match) or different from (nonmatch) the previously
sampled odor, while only 13 neurons were selective strictly based on the identity of the
odor cue. Thus under these conditions, OFC neurons show essentially no cue selectivity
at all and instead encode the retrospective comparison to the odor on the preceding trial.
Interestingly such retrospective encoding, comparing the valence or identity of the
current odor to that on the preceding trial, was not present in OFC during discrimination
performance when such a comparison is meaningless (Figure 3c) (Schoenbaum and
Eichenbaum, 1995b).
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Neural correlates such asthese, and further reports of switchesin cue-selectivity
by neuronsin OFC during reversal learning (Thorpe et al., 1983; Rolls et al., 1996;
Schoenbaum et al., 1999), led to the suggestion that networks in OFC might function as a
sort of association look-up table (Rolls, 1996, 1997), implying that this prefrontal areais
arepository in which the amygdala or other brain areas can store current associations
between particular cues and outcomes. Although this proposal describes the cue-
selective activity and the way that this activity appears to track outcomes, it failsto
reflect the complex connectivity of this area or the neural activity observed in other trial
periods not directly linked with the reward. Most importantly it does not capture the
complex behavioral effects of damage to this area on behavior.

Instead we would suggest that the neuronal activity observed in OFC represents
an expectancy of the value of the likely outcome. Thus the selective firing of these
neurons does not simply reflect the fact that a particular cue has been reliably associated
with a particular outcomein the past, but instead reflects the judgment of the animal
given current circumstances that acting on that associative information will lead to that
outcomein the future. Moreover thisjudgment is represented as the value of that
particular outcome relative to internal goals or desires, and these expectancies are
updated constantly, so that the firing in OFC reflects in essence the expected value of the
subsequent state that will be generated given a particular response, whether that stateisa
primary reinforcer or ssmply a step towards that ultimate goal.

The resultant expectancies differ from simple associative encoding in two
important ways. First they provide an internalized model of future reality that can be
used to guide behavior, which does not require external cues for its maintenance, and
second they provide an expectation of likely outcomes that can be compared to actual
outcomes to facilitate learning in other brain regions. Aswe shall see, these attributes are
reflected in the characteristics of neural correlates OFC and inthe critical role of OFC in
behavior.

Neuronal activity in OFC reflects expectationsfor likely outcomes
Evidence for the existence of outcome expectanciesis readily apparent in animal
behavior. For example, in 1928, Tinklepaugh illustrated that monkeys exhibit certain
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expectations when promised their favorite piece of fruit (Tinklepaugh, 1928). In that
study, monkeys performed a delayed-response task for different kinds of food reward.
On sometrials, the monkey was shown his favorite food, a banana, in one of two cups
placed in front of him. During the delay period in which the monkey had to retain the
gpatial information regarding where the food was located, the preferred reward was
secretly switched for aless preferred reward, such as a piece of lettuce. Upon
discovering the lettuce in place of the banana, the monkey typically became angry,
sometimes shrieking at the experimenter. Notably, the monkey did not become angry if it
was given the lettuce so long as he had been shown the lettuce during the cue period. He
became angry only when the reward was different than the one that was expected. This
experiment shows that within the context of agiven trial, the monkey was expecting the
delivery of the specific reward, in this case a banana, besides remembering where it was
presented and the behavioral response required to obtain it.

It is clear from this example that animals use cues (e.g. place) and the current
context (e.g. the task) to generate expectancies about what is likely to happen next and in
particular about the value of the expected event. Thisis evident when expectations are
violated in either direction. For example, animals that receive alarge or more preferred
reward unexpectedly show surprise and increased attention (Holland and Gallagher,
1993). Simply encoding the associations between cues and rewards cannot provide the
necessary information to generate these responses; rather they require the active
maintenance in representational memory of the expected outcome — and of the value of
that expected outcome relative to internal goals.

A growing number of studies suggest that the neural correlate of such an
expectation is present and perhaps generated in OFC. Thisisevident in human
neuroimaging studies in which OFC and associated brain regions show increased blood
flow in anticipation of different outcomes (Breiter et al., 2001; O'Doherty et a., 2002).
These studies demonstrate the involvement of OFC in expectancy-related signaling and
indicate that this signal is distributed to influence a network of brain regions. Moreover
Mesulam and colleagues have reported that BOLD signal increases significantly in OFC
when expectancies for reward are violated as in the Tinklepaugh study described above
(Nobreet al., 1999). Single unit recording studiesin both rats and primates have
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extended these reports by showing that neural activity during a period of reward
expectation reflects different outcome expectations and that this selective activity appears
to encode the value of the expected outcome (Schoenbaum and Eichenbaum, 1995a;
Schoenbaum et al., 1998; Tremblay and Schultz, 1999; Hikosaka and Watanabe, 2000;
Schoenbaum et al., 2003a; Wallis and Miller, 2003; Hikosaka and Watanabe, 2004;
Roesch and Olson, 2004). For example, during odor discrimination performance,
neuronsin rat OFC fire after responding but before the reward delivery. Inan early
study, these activations differed between rewarded and non-rewarded responses
(Schoenbaum and Eichenbaum, 1995a). In this study, rats responded to reward-
predicting stimuli by nose poking into afluid well for liquid reward. During entry into
the fluid well, neurons in OFC increased their responding, particularly on rewarded trials.
Thisdifferential firing was observed during the response, which preceded reward
delivery.

Subsequent work, which incorporated an explicit delay between responding and
reward delivery, demonstrated a number of critical properties of selective firing during
this period of thetrial (Schoenbaum et al., 1998; Schoenbaum et al., 2003a; Schoenbaum
eta., 2004). First neura activity was maintained during this delay period. Second
activity during the delay did not simply reflect prolonged firing to the odor cue, but
rather, in rats that had learned the discriminations, this activity typically differed for
different value outcomes. Third the selective response was acquired, emerging early
during learning at the same time that other subtle performance changes were observed
related to the animals speed of responding and often reversing to track the outcomeif the
animals were presented with areversal of the discrimination. In other words, this
selective activity appeared to represent the expectation that the animal had, based on
learning in the session, for the likely outcome of the response. Importantly this
“outcome-expectant” activity occurred in the absence of any external signaling cues and
thus, by definition, reflected a representational memory trace. Many of these
characteristics are evident in the examplesin Figure 4.

Similar activations have been observed in primates performing instrumental arm
or eye movements for reward and in extremely simple experiments where free liquid
reward is delivered at regular intervals outside any task parameters (Tremblay and
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Schultz, 1999; Hikosaka and Watanabe, 2000; Tremblay and Schultz, 2000a, b; Wallis
and Miller, 2003; Roesch and Olson, 2004). Asin rats, outcome-expectant activity in
primatesis directly related to the anticipated occurrence of reward and not other task
factors. For example, this activity is uncorrelated with spatial location or behavioral
responses, and it is observed in the absence of other events that may signal the end of the
trial. In addition, the time course of outcome-expectant activity is shortened or prolonged
when reward is delivered earlier or later than expected, respectively. Finaly, like
behavioral expectations that only emerge through experience, outcome-expectant activity
observed in primate OFC develops during learning. In other words, selectivity only
emerges after the monkey learns to anticipate which conditions result in reward delivery.
In fact, when learning to discriminate rewarded from unrewarded conditions, monkeys
initially expect to receive reward on all trials. This optimistic expectation is reflected in
outcome-expectant OFC activity, which is often observed on every trial in OFC neurons
early in learning (Tremblay and Schultz, 2000b).

Such explicit outcome-expectant firing patterns in OFC have a so been linked
closely to the value of the predicted reward and in particular to the value of areward
relative to the internal state of the animal. Thiswas evident in a study done by Schultz
and colleagues in monkeys (Tremblay and Schultz, 1999). These authors demonstrated
that monkeys had different relative preferences between different rewards (cabbage,
raisins, grapes) and that these preferences were reflected in their choices between visual
cues paired with the different rewards. Neuronsin OFC were then recorded as the
monkeys responded to these visual cuesto get reward. The cues were presented
individually on each trial but in ablock design such that each block assessed responding
to two visual cues associated with two differently preferred rewards. They reported that
OFC neurons fired selectively after responding in anticipation of the different rewards
and that this selective activity was influenced by the relative preference that the monkey
had shown previously for the two rewards in agiven block. 1n other words, activity in
anticipation of a particular reward differed according to whether it was the preferred or
non-preferred reward in the block. Hikosaka and Watanabe have reported similar results
(Hikosaka and Watanabe, 2000), as have Wallis and Miller (Wallis and Miller, 2003). In
each case, activity in OFC reflected judgments regarding the relative value of the

10
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expected outcome. Such judgments require simple associative information to be
integrated with information regarding internal state, an operation which presumably
requires representational memory.

Of course OFC is not the only brain region in which such correlates have been
demonstrated. Many brain areas exhibit anticipatory firing activity (Watanabe, 1996;
Schoenbaum et al., 1998; Tremblay et al., 1998; Cromwell and Schultz, 2003; Roesch
and Olson, 2003; Setlow et a., 2003; Wallis and Miller, 2003; Roesch and Olson, 2004).
However it islikely that not all anticipatory activity reflects the value judgment we are
assigning to thissignal in OFC. For example, Roesch and Olson (2003) have observed
outcome-expectant activity in premotor areas, where it reflects the motivational
modulation of motor signals. By contrast, outcome-expectant activity in OFC ismore
closely rdated to value judgments in the same task (Roesch and Olson, 2004).

When value-related anticipatory activity has been identified elsewhere, such asin
ABL (Schoenbaum et al., 1998), ventral striatum (Setlow et al., 2003) or other prefrontal
regions (Wallis and Miller, 2003), there is evidence that it appears in these areas only
after it appearsin OFC. For example, in areanalysis of data on outcome-expectant firing
activity in OFC and downstream limbic areas published in several reports (Schoenbaum
et a., 2003a; Setlow et al., 2003; Saddoris et al., 2004a), we examined when such firing
appeared in OFC versus other areas (Schoenbaum et al., 2004). Comparing firing activity
in anticipation of a neuron’ s preferred outcome with activity on trials of the oppositely-
valenced outcome, using a z-test to find thefirst trial on which firing differed, we found
that outcome-expectant activity appeared first in OFC and later in ABL and ventral
striatum, particularly for the aversive outcome that had to be avoided in the task (Figure
5). These outcome-expectant neurons in OFC became selective more quickly, exhibiting
asignificant increase in activity on trial 20 in OFC compared to trial 25 for outcome-
expectant neurons in the downstream limbic areas. Examination of the distribution of the
first significant trial in the populations revealed that while OFC neurons had a unimodal
distribution, with apeak fewer than 10 trials, neurons in the limbic regions exhibited a
bimodal distribution with apeak at 11-20 trials and another at 40-50 trials during
learning. In addition outcome-expectant neuronsin OFC were significantly more likely
to track the outcome across reversal than outcome-expectant neuronsin ABL and ventral

11
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striatum, which were more likely to become non-selective after reversal.  Thus outcome-
expectant encoding in limbic areas during this period maintains aricher, more specific
representation as if these areas are adding information to the signal. These results
suggest that this representation is generated first in OFC networks and then transferred to
these associated brain regions. Consistent with this suggestion, we have recently found
that outcome-expectant firing in ABL is dependent on input from OFC (Saddoriset al.,
2004a). These findings will be discussed in more detail later in the chapter.

Interestingly these results are precisely the opposite of what we have reported
from these data during the cue-sampling period. During cue-sampling, we have found
that selective activity appearsfirst in limbic areas, particularly ABL, during learning and
ismore likely to reverse there than in OFC (Schoenbaum et al., 1999; Schoenbaum et al.,
2003a; Saddoris et al., 2004a). Moreover cue-selective firing in OFC is dependent on
input from ABL, aswe will discusslater in the chapter (Schoenbaum et al., 2003a). Thus
when external cues are available to evoke associative representations, ABL takes the lead
in driving activation in the network, whereas in the absence of external cues, as during
the delay period prior to outcome delivery in our task, signals from OFC predominate.
This difference reflects an asymmetrical flow of information between OFC and these
limbic areas during these two trial periods, which are distinguished primarily by their
representational memory demands.

Indeed if OFC is generating outcome-expectancies during these explicit delay
periods, then the significance of neural activity in other trial periods within OFC must be
reevaluated. For example, why must activity to the cues reflect cue significance or
simply the most recent associated outcome? Another interpretation would be that such
cue-selective firing in OFC reflects the expectancy for reward that is generated by the
associative history of the particular odor cue, given the current internal state, context and
plan of action. Consistent with this proposal, cue-selective firing in OFC has been shown
to be strongly dependent on these non-associative variables.

Evidence comes from studies we and others have done looking at how neural
activity in OFC develops during discrimination learning and in subsequent reversals.
These studies show clearly that selective firing to predictive cuesin OFC is strongly
dependent on subsequent behavior. For example, Rolls et a have reported that when

12
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primates acquire discrimination reversals, neurons will switch their odor preferences and
that this activity reversal occursin parallel with a shift in discrimination performance
(Rolls, 1996). Similarly intheir continuous delayed-non-match-to-sample task, Ramus
and Eichenbaum (2000) report that the proportion of OFC neurons that were selective for
the match/non-match comparison during cue sampling increased as performance
increased. Importantly, this parallel is observed even when there is clear evidence of
associative learning preceding accurate choice performance, confirming that encoding in
OFC can be dissociated from simple associative learning. For example, we have found
that as rats acquire new 2-odor discrimination problems, in which one odor predicts
sucrose and the other odor predicts quinine, the vast majority of cue-selective OFC
neurons devel op selective responses to the odor cues only during accurate choice
performance even though we observe significant changesin response latency very early
in training (Schoenbaum et al., 1999; Schoenbaum et al., 2003a). Thus cue-selective
firing in OFC clearly does not simply reflect the cue-outcome associations but rather
exhibits a strong dependence on the use of that information in controlling purposeful,
directed behavior.

Moreover the same studies demonstrate that the particular context is often critical
to cue-selective firing in OFC neurons. For example, we have found that although many
cue-selective OFC neurons switch their cue preference during reversal learning, a much
larger proportion becomes non-selective (Schoenbaum et al., 1999; Schoenbaum et al.,
2003a). Thisisalso the casein primate reversal studies (Thorpeet a., 1983; Rollset al.,
1996). Meanwhile during reversal learning, many previously non-selective OFC neurons
become selective to the cues as the rats acquire the new cue-outcome associations
(Schoenbaum et al., 1999; Schoenbaum et a., 2003a). This pattern of encoding is
somewhat specific to OFC, aswe will discuss below, and suggests that the particular
context - pre or post-reversal - plays arolein the selective response of these neuronsas a
population. Analogous features were evident in well-trained rats performing the same
discrimination day after day. In thisstudy, Alvarez and Eichenbaum (2002) reported that
there were ongoing changes in the population of neurons that were selective for the cues

across days, even though the cue-outcome associations had not changed. These data
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show that networksin OFC exhibit some specificity for the particular circumstances
under which associative information about cuesis recalled.

In addition, cue-selective firing in OFC is particularly sensitive to internal state or
the relative value that a particular outcome has according to the particular goals of the
animal. Thiswasinitially suggested by reports that firing in OFC to the odor or sight of
food objects was affected by satiety (Critchley and Rolls, 1996a). Subsequently Schultz
and colleagues have shown that, as was true for explicit outcome-expectant firing in
OFC, selective firing to cues that predict different rewardsis aso influenced by the
relative preference of amonkey between the rewards that are available (Tremblay and
Schultz, 1999). Thus a particular neuron might fire more or less for a cue paired with a
particular reward, depending upon whether it was preferred more or less than competing
rewards. Similarly Roesch and Olson (2004) have recently demonstrated that cue-
selective firing in OFC tracks a number of metrics of outcome value,

Finally, expectations not explicitly cued, but inherent within the experimental
design, are also represented in the firing rates of OFC neurons. In both rats and
primates, OFC neurons fire to multiple events within a behavioral trial in avariety of
tasks (Schoenbaum and Eichenbaum, 1995g; Lipton et al., 1999; Ramus and
Eichenbaum, 2000; Y onemori et al., 2000; Alvarez and Eichenbaum, 2002). For
example, we have described a variety of task-related activations defined by certain events
during performance of an eight-odor discrimination task (Schoenbaum and Eichenbaum,
1995a). Here we have focused thus far on activity to the odor cues and after responding.
However OFC neurons are also responsive in other trial periods, such aslight onset,
approach to the odor port, reward consumption or the start of the inter-trial interval.
Although these task events are not designed to be discriminative cues, they do have
predictive value because they reflect a sequence of behaviors that can be reliably
expected to lead to reward. Thisrelationship to reward may explain why OFC neurons
are activated by these events. Two further features of firing to these events are consistent
with this hypothesis. First, these neurons typically respond not only to the particul ar
events (light onset, odor poke) but also exhibit a ramping response in anticipation of
these events (Figure 6). Second, a post-hoc analysis indicates that although the task
design did not intentionally endow these events with any predictive value for reward,
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there were incidental relationships within the odor sequence that caused some of these
eventsto be more or less predictive. For example, the probability for reward on the
current trial changed depending on how many positive or negative trials had occurred in a
row. Thisinformation was reflected in the animals' performance and in the firing
activity of these neurons. For example, ratsinitiated trials more rapidly (or more slowly)
when the trial sequence indicated that a positive (or negative) odor would be predicted on
the upcoming trial, and the neurons that fired in anticipation of light onset or nosepoke
often fired differently (more or less) on such trials.

Such anticipatory or expectant firing has been observed in other studies of OFC
neurons. For example Lipton et a. (Lipton et al., 1999) cued rats to the delivery of
reward based on the presence or absence of a highly recognizable odor. These odors
were always presented in one of four locations within a square testing apparatus. Thus, at
the beginning of atrial, when rats were cued to respond at specific spatial location, they
could reliable expect delivery of aparticular odor, which in turn would predict reward.

In this context, OFC neurons that responded selectively to odors showed increased firing
not only when these odors were presented but also during a period immediately preceding
odor delivery.

These neurophysiologic data suggest that a general feature of neural activity in
OFC isto generate expectancies that provide an internalized or inner representation of
impending events. These expectancies are strongly influenced but not synonymous with
associative encoding about the value of those impending events. They differ in that they
allow such associative information, presumably from limbic regions, access to
representational memory, where that information can be integrated with the current
context, the particular desires or goals at hand, and with alternate plans of action to meet
those goals. These properties are reflected in the ability of OFC neurons to maintain
information about expected outcomes in the absence of external cues. They are also
evident in the influence of outcome preference and behavior — particularly purposeful
behavior, directed at obtaining or avoiding particular outcomes— on the firing of OFC
neurons. Importantly, thisfunction is not restricted to cues that are explicitly paired with
rewards but rather reflects an ongoing evaluation of the predictive value of the current
state in light of current goals. Asaresult, we observe expectant activity in OFC in
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