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Abstract

The recognition that certain aspects of prefrontal function can be effectively modeled in rats has led to a slow expansion of interest
in rat prefrontal cortex over the past decade. One of the most promising of these model systems is the orbitofrontal cortex of the rat.
Rat orbitofrontal cortex is anatomically similar to the orbital prefrontal region in primates, and this similarity is borne out by behavioral
and neurophysiological findings. Here we will present data on orbitofrontal cortex function from a number of parallel studies from our
laboratories that employed single unit recording techniques to probe neural encoding in rat orbitofrontal cortex and related parts of the
amygdala and the hippocampal memory systems. Together, these reports and associated behavioral studies suggest that the orbitofront:
region, in both rats and primates, is specialized to integrate concrete and abstract sensory constructs with information regarding the incentive
value of associated outcomes to guide or modulate behavior. To the extent that monkey prefrontal function can model certain aspects of
human prefrontal function, we argue that this model can now be extended to the rat orbitofrontal cortex. In addition, we argue that the
function of orbitofrontal cortex needs to be considered in terms of its interactions with other brain systems.
© 2003 Elsevier B.V. All rights reserved.

A common functional identity is determined by the same mediodorsal thalamus in the rat might define prefrontal
type of structure and connections, whatever the mammalareas functionally similar to the orbital prefrontal region
examined. .. stratiographic analogy, grossly appreciated and the ‘frontal convexity’ in primates. These observations
in Nissl or Weigert preparations, constitutes a valuable have generated a slow expansion of interest in rat models of

data point, but it is not completely decisive or infallible.
—Cajal (p. 524, 1922)

Not long ago, the ‘functional identity’ of broad cortical

areas between different species was defined by cytoar-

chitectonic criteria. These criteria largely eliminated rats
as an effective model for the study of prefrontal function

because rats lack the signature granular cell layer that dis-

tinguishes much of prefrontal cortex in both human and
non-human primate species. Yet, as Cajal kij&jy such

features are only markers for function. Rose and Woolsey
[2] recognized this fact in 1948 when they suggested that

prefrontal cortex be defined by projections from mediodor-

sal thalamus rather than by these cytoarchitectonic markers

Subsequently, Leonar®] suggested that the cortical pro-
jections from the medial and lateral subdivisions of the
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prefrontal function. Importantly, the development of such
models has followed the principle elucidated by Cajal and
coworkers[1,3-5], that functional identity should be based
upon convergent evidence. As a result, there are now useful
rat models of prefrontal function from which conclusions
can be reasonably expected to apply to primates. Indeed,
convergent evidence from anatomical, behavioral, and neu-
rophysiological approaches appears to define a region of
rat prefrontal cortex that is remarkably similar to primate
orbitofrontal cortex[6]. Here we will describe a systems
approach to the analysis of a circuit of structures related to
this orbitofrontal region from which general conclusions re-
garding orbitofrontal function across species may be drawn.
" Orbitofrontal cortex has been described variously as im-
portant for affective learning, response inhibition and rule
acquisition[7]. Yet the orbitofrontal cortex is linked to other
structures also involved in aspects of these functions. In par-
ticular, the orbitofrontal cortex has reciprocal connections
with basolateral amygdalgB—11] and the parahippocam-
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pal region[12,13] In addition, this area of prefrontal cor- in orbitofrontal cortex[29-37] and basolateral amygdala
tex receives processed sensory input from olfactory, taste,[30,36,38—41fire to cues based on their significance or past
and somatosensory areas, and has connections with motoassociation with reward. Animals that have been trained in
systems (see Schoenbaum et[@], for review). Thus, the  a variety of tasks in which associations are made between
orbitofrontal region forms a nexus in which sensory infor- cues and outcomes exhibit such cue-selective firing in both
mation can be integrated with abstract relational processingregions. In order to better define the relative roles of the two
regarding associations between cues and with affective in-populations of neurons, Schoenbaum et[30] examined
formation regarding the incentive value of likely outcomes. encoding in both structures in a single paradigm designed
The orbitofrontal cortex clearly uses this convergence of in- to ask how selective firing developed with learning and was
formation to guide behavioral output. To explore this inte- affected by changes in the associations with outcome in the
grative function, we will first present data to suggest that task. Cells were recorded in the orbitofrontal cortex and
during a simple discrimination task in which odors are as- basolateral amygdala of rats during acquisition and reversal
sociated with appetitive or aversive outcomes, networks in of new odor discrimination problems, and the pattern of
orbitofrontal cortex and basolateral amygdala cooperate tofiring in each cell was characterized across phases related
mediate the process by which the odor cues acquire incen-to learning and reversal.
tive value and guide subsequent behavior. These findings Cells in both the orbitofrontal cortex and basolateral
suggest that orbitofrontal regions apply information regard- amygdala exhibited firing selective for one or the other odor
ing incentive value acquired or cued via input from amyg- cues (i.e. fired more during sampling of one of the cues
dala to guide responding. Thereafter, we will consider data than the other), and the firing during accurate performance
from orbitofrontal cortex and the parahippocampal region in was in approximately similar proportions for the two brain
a more complex discrimination task in which abstract rep- regions. However, a detailed examination across learning
resentations are associated with outcomes. In this task, or-and reversal revealed substantial differences between these
bitofrontal cortex appears to integrate information from the two regions in the encoding properties of this cue-selective
parahippocampal region to form more abstract representa-neuronal firing. Cue-selective firing in orbitofrontal cor-
tions of the cues to guide task performance. Finally, we will tex closely reflected the conjunctions between particular
speculate on how these functions of orbitofrontal cortex are odor cues and the outcome with which they were associ-
employed in normal behavior involving both simple and ab- ated fig. 1). Selectivity emerged with the development of
stract concepts. accurate go/no-go choice behavior, and as a group these
cells became non-selective when the outcomes of the odor
cues were switched after reversal. Moreover, a large pro-
1. Incentive value and neural activity in the portion of the previously non-selective neurons became
orbitofrontal cortex and the basolateral amygdala cue-selective when presented with new odor—outcome com-
binations during reversal training. This encoding, which
The orbitofrontal cortex and amygdala have strong recip- reflected the conjunctions between a particular odor cue
rocal connections. This pattern of connectivity has been in- and outcome, was also closely dependent on whether that
voked to explain the apparent behavioral similarities in the information was used to guide accurate choice performance
effects of lesions of these two structures. These similarities in the discrimination task.
were first evident in initial reports made many years ago By contrast, cells in the basolateral amygdala exhib-
[14-16] which noted that damage to the frontal part of the ited encoding more closely related to outcome than choice
brain or within the temporal lobe appeared to cause deficits performance Kig. 2). Cue-selective neurons in basolat-
in socially appropriate behavior. More recently, Weiskrantz eral amygdala developed responses only a few trials into
[17] proposed that the amygdala was particularly important pre-criterion training. This training phase was characterized
for forming associations between cues and primary rein- by changes in response latency and chance or near-chance
forcers, and this function has since been localized to ba- choice performance. Thus, odor-selectivity in basolateral
solateral amygdala (consisting of the lateral, basal, and ac-amygdala neurons emerged much more quickly than in
cessory basal nuclei). Rats with lesions of the basolateralcomparable cells in orbitofrontal cortex and independently
amygdala are impaired on a variety of appetitively and aver- from the use of that information to guide discriminative
sively motivated taskfl8—-24] and these deficits reflect in  responding. After reversal, the majority of the cue-selective
part a loss of stimulus—outcome associatif®s,26] No- neurons in the amygdala reversed their cue-selectivity (i.e.
tably, basolateral amygdala is the region within amygdala became selective for the opposite cue), highlighting the
that is most strongly connected to the orbitofrontal areas, greater dependence of firing in basolateral amygdala on as-
and recently the orbitofrontal region has also been impli- sociated outcome rather than on the conjunctions between
cated in supporting behavior mediated by representations ofparticular odors and outcomes that are reconfigured after
outcome[27,28] reversal.
These reports are consistent with findings from neu-  Overall, this pattern of findings is entirely consistent with
ronal recording studies across species, showing that cellsthe behavioral findings implicating both the orbitofrontal
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Fig. 1. Cue-selective neurons in orbitofrontal cortex fire in relation to
F1000ms—

conjunctions of cues and outcomes. Neurons in rat orbitofrontal cortex Odor Offset
were recorded during acquisition and reversal of new 2-odor discrimi-

nation pr0b|ems in a go, no-go paradigm_ On each tria|’ a sing|e odor Flg 2. Cue-selective neurons in the basolateral amygdala fire in relation
was presented. Responses after sampling of the positive odor resulted into outcomes. Neurons in rat basolateral amygdala were recorded during
delivery of a sucrose solution; responses after sampling of the negative acquisition and reversal of new 2-odor discrimination problems in a go,
odor resulted in delivery of a quinine solution. Rats were presented with N0-go paradigm identical to that describedFig. 1 (A) Contrast in popu-

a novel odor pair in each session. Neural activity was recorded as the lation activity during the odor sampling window (200 ms before to 150 ms
rats learned to withhold responses to the negative cue to avoid the qui- after odor offset) for the 60 of 229 basolateral amygdala neurons that ex-
nine so|uti0n’ during accurate performance (post_criterion)’ and during hibited selective flrlng to odor cues during accurate performance. ACtIVIty
reversal training in which the reinforcers paired with the odor cues were contrast was calculated as describedrig. 1 Selectivity in this popula-
switched. (A) Contrast in population activity during the odor sampling tion of neurons differed significantly from baseline during both the late
window (200 ms before to 150 ms after odor offset) for the 96 of 328 pre-criterion and post-criterion phases, indicating that differential activity
orbitofrontal neurons that exhibited selective firing to odor cues during in these cells (illustrated in B) developed within the pre-criterion phase
accurate performance. Activity contrast was calculated as the difference Of pre-reversal training. Notably choice performance was at near-chance
in firing to positive and negative odors, referenced to the polarity of this levels during this phase, thus selectivity in these cells developed indepen-
difference during post-criterion trials, and normalized by the sum of those dent of changes in behavior. In addition, these cells reversed selectivity
rates in each training phase. The dotted line represents a baseline valugluring reversal training. (B) An example of a neuron with differential
from shuffled trials. Selectivity in this population of neurons differed sig- fifing during odor sampling for the positive odor cue, which developed
nificantly from baseline only during the post-criterion phase, indicating rapidly during initial acquisition and again after reversal. Neural activity
that differential activity in these cells (illustrated in B) only developed is shown for representative trials in raster format. Trials are shown se-
in the post-criterion phase of pre-reversal training and disappeared af- quentially for each odor. Activity on each trial begins with odor onset, is
ter reversal. (B) An example of a neuron with differential firing during ~Synchronized to odor offset, and ends with a response or after 1500 ms
odor sampling that developed during accurate performance of the dis- for no-go trials (faded). This cell develops selective firing to odor 1 in
crimination and disappeared following reversal. Neural activity is shown the late pre-criterion trial block (after the dotted line). This selective re-
for representative trials in raster format. Trials are shown sequentially for Sponse reverses rapidly after reversal of the outcomes associated with the
each odor. Act|v|ty on each trial begins with odor onset, is Synchronized two odors and well before the criterion is met on the reversal (rasters
to odor offset, and ends with a response or after 1500 ms for no-go trials following break in reversal section) and thus does not simply reflect the
(faded). This cell develops selective firing to odor 1 in the post-criterion discriminative motor response. Adapted from Schoenbaum ¢8Gjl.

trial block, during accurate performance on the discrimination. This se-

lective response diminishes rapidly after reversal and, in fact, dlsappears.cortex and basolateral amygdala in behaviors based on the

Note that selectivity does not reemerge when the criterion is met on the .
reversal (rasters following break in reversal section) and thus does not acqwred value of cue[éZl,23,24,27,28,42]However, these

simply reflect the discriminative motor response or reinforcer identity. findings also suggest that these two brain regions perform
Adapted from Schoenbaum et §80]. subtly different roles within a system of structures involved
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in this function. In this system, the basolateral amygdala

may be proportionately more involved in mediating the ac- Odor 8 . Ll n=23

quisition of incentive value by the cues, and the orbitofrontal -19
. Odor 7 A n=

cortex may access or use these representations subsequently et

to guide responses. Odor 6 L o~ =20

A recent study tested this hypothesis—again applying pre-

cisely the same behavioral paradigm as described g48ye Odor 5 WM n=14

Recordings were made in the orbitofrontal cortex of rats Odor 4 n=20
with bilateral neurotoxic lesions of the basolateral amyg- ——

dala. In this study, neuronal representations in orbitofrontal odor3 | . . a | |n=I8
cortex during odor sampling were compared between le- =19
sioned and intact control rats during learning and reversal Odor 2 - e "
training. The results of this study indicate that without in- Odor 1 n=19
put from basolateral amygdala, representations related to Shui s i ™

the identities of the odor cues become less associative and Delay interval

more closely bound to the sensory features of the odor cues.
In addition, neurons with outcome-related firing early in Fig. 3. Example of a parahippocmapal cortex neuron with a persistent
training failed to become activated by the associated Odorrepresgntation of an odor stimuIL_Js. This cell Was recorded from Fhe
cues aftr learing. These findings indicate that representa-/i"™ C1eX (Ll e araiorocaivevegon) o o perrning,
tions that reflect associations between the cues and OULCOMERing during the delay interval after the presentation of odor 5, but not
in orbitofrontal cortex depend on input from basolateral following the presentation of any of the other seven odors. This sustained
amygdala for their formation during learning. After learn- odor-specific firing seems to represent an active maintenance of the sample
ing, the role of basolateral amygdala may be more limited, odor, a representation that is critical to building the match/non-match
in that in some circumstances, it is not needed for expres- "ePresentations. Adapted from Young et{8i]
sion/retention of this information once it is already learned
[44,45] cortex or the parahippocampal region impair performance
in this task[49], and cells in both regions appear to en-
code the critical “match” or “non-match” judgment during
2. Interactions between orbitofrontal cortex and the odor sampling[32,51] These data show that processing
medial temporal lobe in both the parahippocampal region and the orbitofrontal
cortex are equally critical to the task and suggest that, like
If contributions from basolateral amygdala are important orbitofrontal cortex and basolateral amygdala, these regions
for molding sensory representations in orbitofrontal cortex may form a system for integrating a particular kind of
to reflect associations between cues and outcomes, then coninformation—in this case declarative representations—with
nections with the parahippocampal region may be crucial for other information to guide behavior.
supporting more complex representations of the cues them- A direct comparison of these two repof82,51]indicates
selves. In particular, the parahippocampal region (including that, in addition to the similarities noted above, there are also
the perirhinal and entorhinal cortices) is crucial to so-called key differences between the firing of neurons in orbitofrontal
declarative, or episodic memory, in which representations cortex and the parahippocampal region in this paradigm.
of relationships between items (episodes) are maintained byFirst, more cells in the parahippocampal region than in or-

other structures (see Ramus and Eichenb@éh for re- bitofrontal cortex demonstrated sustained cue-selective fir-
view). Such representations are not critical in a simple odor ing during the delay intervalFigs. 3 and 5B This sus-
discrimination task like that described abd4&,48] how- tained firing seems to represent an active maintenance of

ever, they are crucial to tasks that require the rat to rapidly the sample odor, a representation that is critical to building
create flexible abstractions of the cues, as is required in thethe match/non-match representations. Second, more cells in
delayed non-matching to sample t44R,50] orbitofrontal cortex fired differently to the odor cues de-
In one version of the delayed non-matching to sample pending on whether the odor was a match or non-match to
task, rats must use odor cues to make responses as in théhe previous odorKigs. 4 and 5A. Such activity appears
simple discrimination paradigm. Unlike in the odor discrim-  to reflect the significance of this abstract sensory construct
ination task described above, however, reward is predictedand its association with reward. Third, there was a correla-
not by the identity of the odor but rather by whether or not tion between the performance of rats in a given session and
the odor on the present trial matches the one on the previoughe proportion of cells recorded in orbitofrontal cortex that
trial. A reward is only given for a response if the odor is a fired differently to a given odor on match and non-match
“non-match.” Thus, rats must form abstract representationstrials (Fig. 8A). In other words, orbitofrontal neurons code
indicating whether an odor is a “match” or “non-match” the critical match/non-match judgment. These data suggest
in order to perform the task. Lesions of either orbitofrontal that orbitofrontal cortex may play a key role in the abstrac-
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Fig. 4. Examples of two orbitofrontal cortex neurons with cue-selective increases in firing on match trials (match enhancement: bottom row panels) or
non-match trials (match suppression: top row panels). These cells were recorded during high levels of performance of the odor version of the delayed
non-matching to sample task. Left panel indicates firing for the preferred odor for the cell, and right panels the non-preferred odor. Note, tthat for bo

of these cells the match suppression or enhancement effect was cue-sel@ath/éines indicate average firing rates for non-match trials (number of
recorded neurons indicated in dark numbers in upper right corner of péigat)Jines indicate average firing rates for match triatsifdicated in light

numbers). Firing rate is in spikes per second. Adapted from Ramus and Eichef@2jum

tion and representation of the non-matching rule and/or in They also suggest that orbitofrontal cortex participates in
applying that representation to guide responding. both the memory representations for specific stimuli and
Further supporting this idea, cells in orbitofrontal cor- the acquisition and application of task rules. By this view,
tex typically fired in relation to more task events (i.e. the the parahippocampal region helps the orbitofrontal cortex to
responses were more complex) than cells recorded in themaintain representations of specific odor cues or episodes,
parahippocampal regiof82]. In fact, 88.4% of the neu-  while the orbitofrontal cortex uses this mnemonic informa-
rons (244 of 276 cells) recorded in orbitofrontal cortex tion to abstract and apply task-specific rules. Similar findings
during performance of the delayed non-matching to sample have been reported in the monkey lateral prefrontal cortex
task fired in relation to more than one task event. Indeed, [53] and perirhinal cortex54]. Although task and species
neurons in orbitofrontal cortex are responsive to a variety differences make direct comparison to the rodent work diffi-
of task events in other paradigni32,35,37,52] Together, cult, Miller has come to similar conclusions about the role of
these findings from orbitofrontal neurons recorded in differ- prefrontal cortex in recognition memory performargs].
ent behavioral paradigms are consistent with the idea that
orbitofrontal cortex is a nexus for the integration of sensory
signals, originating from piriform cortex and elsewhere, 3. |ntegration across systems
and memory signals, arising in the parahippocampal region.
If the orbitofrontal cortex cooperates with the basolateral
amygdala in some tasks to represent the value of cues, and

Match/Nonmatch Delay
50 10 with the parahippocampal region in other tasks to represent
abstract properties such as the match/non-match character-
@ istics of cues, the question remains as to how these two sys-
3 tems can be merged within a single model of orbitofrontal
5 cortex function. Neurophysiological evidence from the stud-
§ ies reviewed here and in other reports suggests that in each
& case, representations in orbitofrontal cortex are driven by
what is important for task performance. In other words, the
cue-selective activity of orbitofrontal neurons discriminates
0 0 attributes or features of the cues according to their associ-
(A) OF PHR (B) OF PHR

ations with outcomes, and does so when these associations
Fig. 5. Differences between the neural coding of cells in orbitofrontal  are reflected in accurate task performance. In this way, input
cortex (OF; Ramus and EichenbayB2]) and the parahippocampal re-  from the two systems we have highlighted, as well as from
gion (PHR; Young et al[51]) of rats performing the same odor-guided  gther sources, is integrated in orbitofrontal cortex.
non-matching to sample task. A greater proportion of cells in the or- Indeed, initial recordings in rat orbitofrontal cortex

bitofrontal cortex demonstrated cue-selective changes in firing on match h d that task iables i 8-odor discrimination task
vs. non-match trials (match enhancement or suppressiofiged, while showe al task variables in an s-odor discrimination tas

a greater proportion of cells in the parahippocampal region demonstrated WETe represented by the firing of the population according
sustained stimulus-selective firing during the delay interval @Ege?3). to their importance in the tagid7,56] In this study, neu-
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6 nation task as well as elements of the delayed non-matching
4l Cell 1 to sample task we have just discussed. For example, each
odor was directly associated with reward or non-reward
2r (valence), but there were also odor pairs embedded in the
0 sequence, such that the odor on one trial could often be used
1 3 5 7 2 4 6 8 to predict reward on the next trial. Such an arrangement
15 likely recruited information from both basolateral amygdala
Cell 2 and the medial temporal lobe.
10 I I I . . o o .
Consistent with this idea, activity in some orbitofrontal
5 1 cells reflected the associations between particular odors or
> O sets of odors and the reward, but activity in other cells re-
= 1 3 5 7 2 4 6 8 flected the fixed sequence of odors across multiple trials.
g— 20 c These latter correlates were particularly interesting because
t.cod 15 b € such fixed and predictable sequences were used by the rats to
_ facilitate their performance on the task. Subsequent ensem-
8 r ble analysesHig. 7A) confirmed that activity in orbitofrontal
O s neurons represented odor identity and valekig. (/B), fea-
= 1 3 5 7 2 4 6 8 tures that were useful in performance in the task. Reoccur-
5 40 Cell 2 ring sequences of specific odors were also well represented
O 30 r (Fig. 7D), but random features of the odor sequence, such as
w 20| the valence or identity of the odor on the previous trial, were
L 10 not (Fig. 7Q. Moreover, information regarding the repeated
2 o sequences was well encoded by the ensengotepectively
LEL 13 5 7 2 4 6 8 (Fig. 7D, left panel) when it could be used to guide behavior
28 Cell5 but notretrospectively when it would not have been useful
23 r (Fig. 7D, right panel). In other words, information conveyed
18 by the odors was represented in orbitofrontal cortex accord-
B ing to its utility in the tas55].
8 Similarly, in the two sets of studies reviewed here, encod-
1 3 5 7 2 4 6 8 — : :
ing in orbitofrontal cortex appeared to be particularly sen-
2 I Cell6 sitive to task requirements and choice performance. In the
22 odor discrimination experiments in which rats learned new
17 odor problems in each recording sessjg@], cue-selective
12 firing in orbitofrontal neurons represented the associations

1 3 58 7 2 4 6 8 between particular odors and outcomes during periods of ac-
curate choice performanc€i. 1). By contrast, selectivity
Odors in basolateral amygdala neurons that essentially represented

the same information developed independent of choice per-

Fig. 6. Neurons in orbitofrontal cortex that exhibited differential firing formance Fig. 2). Similarly, in the study examining encod-
during odor sampling. Neurons in rat orbitofrontal cortex were recorded C :

during performance of an 8-odor go, no-go odor discrimination task. On ing in orbitofrontal cortex in an odor-guided non-matching
each trial, one odor was presented. After odor sampling, a response couldt® Sample task32], match/non-match correlates were most
be made at a nearby fluid well for a water reward. Four odors were prevalent in sessions characterized by accurate performance
positive, indicating that a response would be rewarded, and four odors (Fig. 8A). During sessions when the rats performed poorly,
were negative, indicating that no reward would be given for responding. ey neurons exhibited firing that reflected this comparison
Rats were well-trained on the discrimination prior to recording, always duri d l Notablv. th | f selecti
responding to positive odors and rarely to negative odors. Activity is ,“,””9 0 Or_ sampling. Notably, the preva enlce O. selective
shown in spikes/second during odor sampling for six different neurons fifing in orbitofrontal neurons related to the identity of the
recorded in orbitofrontal cortex. Each panel shows activity for a different odor cues showed no relationship to the rats’ performance
neuron to each of the eight different odors presented in each session.in this task Fig. 8B). Thus, neurons in orbitofrontal cortex
iti + . .
Positive odors 1, 3%, 57, and 7" are on the left of each panel, and appear to parse or manipulate afferent input from the two
negative odors 2, 4=, 67, and 8 are on the right of each panel. Adapted t h highlighted—b lat | dal dth
from Schoenbaum and Eichenbad&6]. Sys ems we have hig . 9 e —vasolateral amygdala an e
parahippocampal region—in a manner that extracts the rep-
resentations that are most useful to guiding responses in a
rons in orbitofrontal cortex of well-trained rats exhibited particular circumstance.
differential activity during odor sampling in a go, no-go This function is particularly evident in a direct compatri-
discrimination taskKig. 6). The odor sequence across trials son of firing activity in orbitofrontal cortex during accurate
in this experiment included elements of a simple discrimi- performance on the non-matching to sample &3 and
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Fig. 7. Encoding in orbitofrontal cortex during odor sampling in an 8-odor go, no-go discrimination task (describegd B). A modified linear
discriminant analysi§77] was performed to determine how well activity in populations of odor responsive orbitofrontal neurons in each rat could
identify attributes of the odor cue on each trial and of the sequence of odor cues on preceding or subsequent trials. (A) lllustration of enseisble analy
This analysis creates a space using the activity of each neuron as endim&nsions. The population response on each trial is plotted in this space,

and then the average population vector (1, 2, 3 or positive vs. negative, etc.) for each item in a discrimination (odor, valence, predictedsess, etc.)
determined. The population vector for the response on each trial is then classified as belonging to the nearest cluster in this space by calculating the
distance to each average vectdi (d2, d3). The discriminant score is calculated by comparing the classification of each trial to the actual identity. (B)
Discriminant score for ensembles of orbitofrontal neurons during discrimination performance. Populations were composed of odor responsive neuro
Individual neurons responded to both odor identity and valence, and ensembles performed well at correctly classifying odors according ifoutesse attr

(C) Other neurons fired differentially depending on the odor presented on the preceding trial or on whether the prior trial had been rewarded or not.
Such incidental information was irrelevant to task performance, and ensembles performed at chance at identifying these attributes. (D) iNBredns als
differently according to fixed pairs of odors that were always presented in sequence. This information was reflected in the latency to initiate the next
(predicted) trial, and the ensembles performed well at discriminating between predictive and non-predictive odors (prospective encodued),ineft pa

D). However, ensembles performed poorly at classifying whether an odor had been predicted (retrospective encoding, right panel in D). Adapted from
Gochin et al.[77] and Schoenbaum and Eichenba(B8].

another odor discrimination study that was conducted ear- In the non-matching to sample task, in which a given odor
lier [37]. Both studies used a go, no-go paradigm and a could be rewarded on one trial but not on the next, selec-
set of eight odor cues in each session. The same set ofive firing to any of the eight different odors was observed
odor cues was presented with the same contingencies inin only about 16% of the orbitofrontal neurons (43 of 276
each session, and thus the studies differed only in the waycells). By contrast, many more (64%) of the orbitofrontal
in which the rats had to use the odor cues to guide per- neurons recorded during accurate performance in this task
formance. Both reports found high levels of task-relevant (175 of 276 cells) fired differently on match and non-match
activity in orbitofrontal neurons associated with events trials with the same group of odors. Further analysis of
throughout the trials, particularly during sampling of the the odor-selective neurons revealed that about half (21 of
odor cues. However, a comparison of cue-selective firing 43) also fired differentially to a particular odor based on
obtained during recording sessions in which rats performed whether the odor was similar to (match) or different from
accurately on the each task indicates that encoding in thesgnon-match) the previously sampled odor, and that only 13
cells differed according to task requirements in the two of 43 odor-selective neurons were selective strictly based on
studies. the identity of the odor cues during odor sampling.
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@ 1q . e o 4. Critical contributionsto behavior
£ < y =0.0076x +0.0016
T R2=0235 ° . . . . .
; % 0.8 1 The neurophysiological studies we have reviewed suggest
B S o6l that the orbitofrontal region, in both rats and primates, is
5L specialized to integrate concrete and abstract sensory con-
S E 041 structs with information regarding the incentive value of as-
58 sociated outcomes to guide or modulate behavior. Can this
§ﬁ 02 7 function account for the diversity of deficits and symptoms
at are reported to result from orbitofrontal damage~
“E that ted t It f bitofrontal d ?
0 5'0 1(')0 We can begin by considering the classic syndrome result-
) % Correct Performan ing from orbitofrontal damage, composed of behaviors that
o Lorrect Ferformance are not appropriate to current circumstances. These behav-
N iors are variously described as perseverative, disinhibited,
8 - and impulsive, and have often been attributed to an
S 1 d I 57] and h ften b ttributed t
; y = 0.0009x + 0.1138 inability to withhold responding, thus assigning a role of
s ogf R=000 response inhibition to the orbitofrontal cortex. Yet in some
g:‘f o . . ways, this is a symptom rather than a function. Another inter-
% % 0.6 1 . * e pretation of this deficit is that the subjects are unable to use
S < 04 . incentive or motivational information to modify respond-
2 @ . S L. ing [58-60] Such goal-neglecf61] might be manifested
g o2 _,_.—-———-3——"":'5 as perseverative, disinhibited, or impulsive responding,
2 M L) depending on the circumstances and whether the existing
g 0 ’ ; response tendency could be effectively modified using other
0 50 100 associative mechanisms (e.g. “habit” or stimulus—response
(B) % Correct Performance

learning[62]). If this were possible in a particular situation,
Fig. 8. The proportion of cells in orbitofrontal cortex that demonstrate then no deficit would be observed. If not, then one would
cue-selective match enhancement or suppression varies with performanceexpect orbitofrontal damage to result in impairments in
on the delayed non-matching to sample task. (A) This figure represents the ability to modulate previously learned responses and to
proportion _of cue-selective match/non-match cells recorded in each sess_ionaccwire new responses based on information about the out-
as a function of the percent correct performance on the same session. . . . . ..
The number of match/non-match cells recorded in orbitofrontal cortex -comes-assouated. with cues. This Varlajble pattern o_f deficits
during a given session increased as the rats’ performance increased. (BJS Precisely what is observed after orbitofrontal lesions. In
By contrast, there was no similar relationship between the proportion humans, non-human primates, and rats, orbitofrontal lesions
of cells with cue-selective responses and the performance of the rats.commonly result in reversal impairmerj&9,63—-68] when
Adapted from Ramus and Eichenbay8z]. an existing learned response tendency must be modified
because the motivational value of the associated outcome
has changed. These impairments result, in some cases, from
By comparison, in the odor discrimination task, odor- perseverative errors and, in other cases, from errors in new
selectivity was observed in 77% or 311 of 404 orbitofrontal learning after the reversal. These deficits are often observed
neurons in the odor discrimination task (in which a despite an apparently normal ability to inhibit the same re-
given odor was always associated with reward), as com- sponse when learning the original discriminatjs8,64,65]
pared with 16% in the delayed non-matching task, and We have found in such a setting (the go, no-go odor dis-
only a small proportion £17%) of cells fired differ- crimination task used in the recording experiments) that in
ently during odor sampling based on random sequencesanimals with orbitofrontal lesions, apparently “normal” go,
of odors across trials. Indeedetrospective encoding of no-go learning can take place in the apparent absence of
odor sequence—a correlate that would be conceptuallyinformation about the outcomes associated with the odors
similar to the match/non-match correlate—was essentially [65]. Evidence for the absence of such information in le-
not represented in ensembles composed of orbitofrontalsioned animals is provided by the abolishment of normally
cells recorded during discrimination performané&ég( 7C observed differences in latency to respond at the fluid well
and D, right panel), whereas odor identity was well rep- following sampling of the positive and negative od{#5].
resented Fig. 7B). Thus, representations in orbitofrontal A similar function can account for the deficits observed
cortex during odor sampling in the discrimination and after orbitofrontal lesions in Pavlovian and instrumental
non-matching tasks encoded the attributes or features ofdevaluation paradigms, which are explicitly designed to
the odor cues (odor identity or the match/non-match prop- test this hypothesis. For example, orbitofrontal-lesioned
erty) according to their associations with outcomes when monkeys trained to discriminate visual objects show ap-
this information was reflected in accurate task perfor- parently normal performance on the discriminations but
mance. then fail to modify their choice behavior when the value of
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one of the outcomes is decreased by overfeef@7g69]. animal must be able to associate cues with rewards, maintain
Similarly, orbitofrontal-lesioned rats trained in a Pavlovian those reward values in working memory, and integrate them
conditioning task acquire apparently normal responses toacross time. Rats with orbitofrontal damage perform abnor-
a conditioned stimulus paired with food, but fail to modu- mally in these tasks and variants of th¢#@8,74] Impor-
late their responses to the cue after the value of the foodtantly, there seems to be little or no effect of lesions at zero
outcome is decreased by pairing it with illng28]. Note delay or when the probabilities are similar, but an increasing
that original performance in both paradigms could be ac- effect as the delay increases or the probability decreases for
quired using stimulus—response mechanisms, but to modifyobtaining the larger reward. Such delay-dependent effects
behavior after devaluation of the outcomes requires the indicate that orbitofrontal lesions disrupted the rats’ ability
ability to form and use associations between the cues andto integrate information about incentive value over time. In
outcomes. contrast, lesions of connected regions amygfiéBhand ac-
Even some of the more complex impairments now re- cumbend76] appear to cause non-delay-dependent deficits
ported to occur after orbitofrontal damage may be under- in such tasks, possibly suggesting a deficit in discriminating
stood in this fashion. In addition to representing the value reward value even in the absence of a delay.
of an associated outcome during cue sampling, many neu- In conclusion, the studies reviewed in this paper are con-
rons in orbitofrontal cortex maintain representations of the sistent with the idea that the orbitofrontal regions integrate
value of the pending outcome across delays imposed be-concrete and abstract sensory constructs with information
tween cue sampling and outcome delivery. Such working regarding the incentive value of associated outcomes to
memory representations of value have been observed bottguide or modulate behavior. Importantly, our work suggests
in our experiment$30] and in primateg33,70] These re- strongly that this aspect of orbitofrontal function can be
sults suggest that like other prefrontal areas, the orbitofrontal effectively studied in rats as well as primates. Our work fur-
regions have the ability to maintain representations acrossther points out the importance of considering the function
delays in the absence of sensory input. Orbitofrontal cor- of the orbitofrontal cortex in relation to other brain systems,
tex may be particularly crucial when incentive information since the orbitofrontal cortex forms a nexus in which sen-
must be summed or integrated over time to appreciate thesory, mnemonic and affective information are integrated to
value of outcomes or consequences. Such is the case irmodulate behavioral outcomes.
the so-called gambling task employed to test human pa-
tients with orbital lesiong71]. In this task, a subject must
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