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Abstract
The largest part of the primate prefrontal cortex has no homologue in other mammals. Accordingly,
it probably confers some advantage that other mammals either lack or attain another way. Yet this
advantage remains enigmatic. Not so for other parts of cortex. For example, certain visual areas
encode, represent and store knowledge about objects. By analogy, perhaps the primate prefrontal
cortex encodes, represents and stores knowledge about behaviors, including the consequences of
doing (or not doing) something in complex and challenging situations. The long list of functions
often attributed to prefrontal cortex may all contribute to knowing what to do and what will happen
when rare risks arise or outstanding opportunities knock.
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The earliest experiments on the frontal areas were those of the French neurologist
Flourens (1824), who, on the basis of ablation studies…attributed to the frontal lobes,
acting in harmony with the rest of the brain, the higher perceptual, associative, and
executive functions of the mind [1, p. 447].

Flourens got it right, in a way, yet his experiment and conclusions had no validity whatsoever.
He studied the effect of cerebral ablations on a hen, and she did not have frontal lobes — either
before or after the lesion. Research on the frontal lobes, especially the prefrontal cortex, has
always been thus, and every generation seems to reach conclusions much like those that
Flourens advocated in 1824 (the year of Broca's birth). The doctrine of the day seems intriguing,
and authorities announce the problem solved, or nearly so: for a while, then dissatisfaction
develops and the cycle begins anew. When the puzzle of prefrontal cortex is fairly solved, the
account will inevitably seem familiar, even tired, if only because every possibility has probably
been propounded.

Flourens' misconception underscores an important principle for understanding prefrontal
cortex: combining findings from different species requires a serious consideration of the
relevant homologies. This opinion piece takes up that topic first, and at heart it involves a
fundamental question: What is prefrontal cortex? The second topic concerns the distinction
between cognitive processes and knowledge, and it involves a similarly fundamental question:
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‘Teaser’
The prefrontal cortex remains enigmatic, but two trends in neurosciences will help. First, comparative neuroanatomy indicates that the
frontal areas shared by rodents and primates compose only part of the primate frontal lobe, which should facilitate research on these
areas. Second, investigations of unshared areas have begun to focus on stored knowledge rather than cognitive processes.
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What does prefrontal cortex do? Grafman and his colleagues [2] have noted that most ideas
about prefrontal cortex function involve cognitive processes such as working memory, retrieval
of long-term memories, top-down attention, and so forth, rather than a particular kind of
knowledge stored in long-term memory. This is a strange state of affairs. Other parts of the
cerebral cortex encode, represent and store specialized kinds of knowledge, which can be used
in several cognitive processes. For example, high-order visual areas such as the inferotemporal
and perirhinal cortex store knowledge about objects [3-6]. When we ask — “What knowledge
does the prefrontal cortex store?” — an equally straightforward answer might emerge.

What is the Prefrontal Cortex?
Most knowledge about the prefrontal cortex comes from research on rodents, various kinds of
monkeys (mainly macaques), and the peculiar primate that has spilled so much ink over its
own prefrontal cortex. Synthesis of this knowledge should promote our understanding of the
prefrontal cortex, but an important misconception often hampers this undertaking. Although
rarely expressed as such, common opinion holds that the frontal cortex of rodents is essentially
a replica-in-miniature of the primate frontal cortex. Many experts assume, and some have
forcefully argued [7], that rodents have a homologue of the areas collectively called the
“granular” prefrontal cortex in monkeys, apes and humans. I find an alternative opinion to
be more persuasive. It holds that primates — and primates alone — have evolved certain new
areas, and that these new areas dominate their frontal lobe (Figs. 1 and 2).

In a sense, this idea has been around for a long time, but Todd Preuss first dealt with this issue
convincingly by placing it in a contemporary, comparative perspective [8,9]. In essence, Preuss
concluded that rodents lack a “granular” prefrontal cortex and have no areas that need be called
prefrontal. First published in 1995, his thesis has distressed neuroscientists who sometimes
suppose that Preuss's perspective devalues or demeans rodent research. Although I understand
that sentiment, there is no need to think of his conclusions that way. If rodents lack certain
areas that appeared during primate evolution, they nevertheless share many important frontal
areas that evolved earlier, in ancestors common to both rodents and primates (Fig. 2D); if some
parts of the frontal lobe lie beyond the reach of rodent research, much remains within its grasp
[8,10]; and, finally, labeling the shared areas prefrontal does no harm when authors
acknowledge additional, unshared areas in primates.

Before presenting a picture of prefrontal cortex in a comparative context, let me dispense with
a few red herrings. Traditionally, three arguments have underpinned the view that the rodent
frontal cortex is essentially a replica-in-miniature of the primate frontal cortex: both have inputs
from the mediodorsal (MD) nucleus of the thalamus, both receive especially prominent
dopamine projections, and lesions of both cause comparable deficits in spatial working
memory. The first argument fails, however, because MD's outputs extend far beyond the
“granular” prefrontal cortex in primates [11]. MD inputs are a feature of “granular” prefrontal
cortex, but not a diagnostic feature. The second argument falls short for a similar reason:
dopamine inputs distribute to much of the primate cerebral cortex and are by no means confined
to — or even notably prominent in — the “granular” prefrontal cortex [12-14]. As for lesion-
induced spatial-memory deficits, in my opinion the deficits in rodents and primates resemble
each other only superficially. In the most common task, called the spatial delayed-response
(DR) task, animals must choose a transiently cued location after an imposed delay interval.
Complete removal of a monkey's prefrontal cortex consistently causes performance to persist
at chance level for a protracted period. In a study that used a 5-s delay interval, two of four
monkeys performed at chance level for 1000 trials, when testing stopped [15]. In another, which
used a 4-s interval, three of four monkeys remained at chance levels for 320 trials. This
complete failure persisted in subsequent testing with 2-s intervals [16]. Monkeys trained after
prefrontal lesions failed to learn the DR task at all, even after 500 trials with a brief, 1-s interval
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[17]. In contrast, rats trained after medial frontal lesions reached 90% correct performance at
a median interval of 2 s, and they did so in just 140 trials: a respectable, if subpar, achievement
[18]. In another test of spatial memory, rats returned to normal performance just 60 trials after
medial frontal lesions [19]. Thus, none of the three traditional arguments stand up to scrutiny.

Cytoarchitectonics
Figures 1 and 2 show the basic, architectonic types of cerebral cortex, from Price and Zilles
[20-22]. Architectonics seems a dark art to many, but the distinction between the basic types
of cortex is not so difficult to discern. In the primate frontal lobe, the main types are agranular
cortex, which lacks an internal granular layer (layer 4), homotypical cortex, which has a
conspicuous layer 4, and dysgranular cortex, which has a subtle layer 4. Although
neuroanatomists often refer to certain cortical areas in primates as “granular” prefrontal cortex,
this is a misnomer: these areas have either homotypical or dysgranular architecture. They are
“granular” only in a frontal context because frontal cortex lacks a true granular cortex, also
known as konicortex (e.g., striate visual cortex). Hence the quotation marks around “granular”
throughout this article.

As Figures 1 and 2 illustrate, the rodent frontal cortex lacks any “granular” frontal areas. In
primates, the “granular” areas include dorsolateral prefrontal cortex (area 46), dorsal and
medial prefrontal areas (different parts of area 9), ventral prefrontal cortex (areas 12, 44, 45
and 47), frontal pole cortex (area 10), and rostral orbitofrontal cortex (parts of areas 11, 13 and
14). The agranular parts of frontal cortex are, unlike “granular” ones, shared by mammals
generally. Figures 1 and 2 thus illustrate a parsimonious notion: the agranular frontal cortex
(green) of rodents is homologous to the agranular frontal cortex of primates and not to the
“granular” prefrontal cortex (blue), which appeared some time during primate evolution. At a
finer level, they yield an equally parsimonious view: the infralimbic (IL), prelimbic (PL),
agranular insular (Ia), agranular orbital, and anterior cingulate (AC) areas of rodents each have
a homologue in primates. Beyond architectonics, both topology and connectivity point to the
same conclusions.

Topology
An examination of the spatial arrangement of cortical areas confirms the homology of agranular
areas in rodents and primates. Note the topological relationship of agranular insular area (Ia)
with the allocortex, a three-layered kind of cortex (yellow in Fig. 1). Ia borders allocortical
areas composed of piriform (olfactory) cortex and the anterior olfactory “nucleus” (another
allocortical area) in both rodents and primates. Figure 2 shows two small, obscure allocortical
areas (yellow), which also adjoin agranular cortex. The agranular frontal cortex can be thus
understood as a group of transition areas adjacent to allocortex [22]. In primates, the “granular”
prefrontal cortex borders these transition areas, but does not adjoin allocortex. Additional
agranular areas include motor areas (e.g., M1 and Fr2 in Figs. 1 and 2).

Corticostriatal projections
Corticostriatal organization provides further support for the idea that the frontal agranular areas
in rodents are homologous to those in primates [23-28]. Homologous areas likely (although
not certainly) project to homologous parts of the striatum. If the “granular” prefrontal cortex
of primates lacks a homologue in rodent cortex, then these areas likely project to parts of the
striatum that rodents also lack. In accord with this idea, neuroanatomists have recognized a
“ventral shift” of corticostriatal projections (from a given area) in primates relative to rodents
[28]. So an area that projects, for example, about midway between the dorsal and ventral limits
of the striatum in rats, as some orbitofrontal areas do, sends its corticostriatal projections
relatively more ventrally in primates. Summary diagrams do not always capture this feature,
so Figure 3 uses primary data to illustrate the projections from infralimbic (IL) and prelimbic
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(PL) cortex to the nucleus accumbens, a major part of the ventral striatum. IL (roughly area
25) and PL (roughly area 32) of both rats and monkeys project to the shell of the nucleus
accumbens. The agranular insular cortex, Ia, also sends a corticostriatal projection to and near
the ventral striatum in both rats and monkeys, as do other agranular frontal areas in monkeys,
such as areas 14c and 13a of the orbital frontal cortex (see Fig. 1B). In contrast, the “granular”
prefrontal areas send little or no projection to the ventral striatum, targeting more dorsal parts
of the striatum instead [23,25,26].

The shared frontal areas
For the rest of the story, see Preuss [8,9], but an argument based on cortical types, topology
and corticostriatal organization should do. These three lines of evidence have high reliability
because they depend on fundamental features of the neocortex, its location relative to other
kinds of cortex, and its topographic projections to a consistent target of cortical projections,
the striatum. Others disagree [7,10], but in my opinion rodents, monkeys, humans and other
mammals share part of their frontal cortex, but only the agranular part (Figs. 1 and 2). Attaching
the name prefrontal to the shared part does not present a problem, as long as authors resist
using ideas about the primate “granular” prefrontal cortex to interpret results from species that
lack such areas. Changing the question from ‘Do rodents have a prefrontal cortex?’ to ‘What
kinds of frontal cortex do rodents and primates share?’ should advance our understanding these
areas, an inheritance from early mammals (Fig. 2D). Although their long, separate evolutionary
history means that the shared areas will have diverged in organization and function, in both
rodents and primates they receive relatively direct olfactory, gustatory and visceral inputs, and
many of their outputs control the autonomic nervous system. These characteristics further
support the homologies outlined here and suggest that the shared frontal areas function in deep-
seated mammalian behaviors. Systems neuroscience can anticipate no greater triumph than a
comprehensive understanding of their contribution to mammalian fitness.

What does the Prefrontal Cortex Do?
So if the “granular” prefrontal cortex appeared some time during the evolution of primates,
what does it do? This question has been asked for a long time, and reviews abound. Two are
especially useful in my opinion: one based mainly on neuroimaging and clinical
neuropsychology, the other on neurophysiology and neuroanatomy [2,29]. The former focuses
on the knowledge that various parts of “granular” prefrontal cortex store, and both reject the
popular idea that the chief function of prefrontal cortex involves a particular cognitive process,
working memory.

Mnemonic monomania
Jacobsen discovered that damage to the prefrontal cortex produces problems with what we now
call working memory. In his experiments, monkeys and chimpanzees with bilateral removals
of the “granular” prefrontal cortex failed to retrieve food from one of two opaque cups if the
food had been hidden for just a few seconds. Normal animals could find the food after delays
of 5 minutes or more. In time, this finding and its many replications [e.g., 15-17] came to
dominate thinking about prefrontal cortex function. During the 1980s and 1990s, most studies
on the prefrontal cortex focused on working memory to the exclusion of its other functions:
short-term mnemonic monomania took hold. Although some experts held more nuanced views,
very few studies tested the working-memory theory of prefrontal cortex critically, and one that
did contradicted it fairly convincingly [30]. Neuroimaging studies at first emphasized working
memory, then other ideas began to intrude [31]. Specifically, neuroimaging experiments pitting
attentional selection against the maintenance of information in working memory showed a
predominance of attentional functions for the dorsolateral prefrontal cortex [32], and other
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studies also stressed attentional functions, such as monitoring items in short-term memory
[33].

Petrides [34] did an especially crucial experiment in macaque monkeys. He manipulated two
variables, the duration of a memory period and the number of items in working memory. After
bilateral removal of the dorsal prefrontal cortex, the monkeys showed large impairments in
remembering a list of items (Fig. 4B, blue), but showed no deficit when a prolonged memory
period increased working-memory demands (Fig. 4A, blue). After bilateral removals of the
anterior inferotemporal cortex, Petrides obtained the opposite result (Fig. 4A, B, pink). The
latter finding shows, sensibly enough, that a sensory area known to represent and store object
information in long-term memory — high-order visual cortex [3-6] — plays a crucial role in
maintaining information about objects in short-term memory. The “granular” prefrontal cortex
performs a very different function. Petrides [34, p. 7496] concluded that its role “does not lie
in the maintenance of information per se” and that sensory areas, not prefrontal ones, make the
most important contribution to working memory.

Petrides' findings for dorsal parts of “granular” prefrontal cortex, along with the results of
Rushworth and Passingham for ventral parts [30], intensified doubts about interpretations of
neurophysiological results from the “granular” prefrontal cortex in terms of working memory.
Neurophysiological results that had been interpreted as memory signals [35] allowed other
interpretations, usually because crucial variables remained uncontrolled and often
unmonitored. No one doubted that prefrontal cortex cells show sustained activity changes
during memory periods, a finding that dates from the beginning of behavioral neurophysiology.
Many cognitive processes, however, operate simultaneously during such memory periods, and
these tasks typically call upon many kinds of knowledge. Cues to remember a given location,
for example, also capture attention and call up stored knowledge. Figure 5 shows our
experimental approach to this problem. On each trial, monkeys looked at a fixation point on a
video screen, and later a circle appeared either at the top, bottom, left or right of the screen.
The monkeys had to maintain continuous central fixation even after the circle began to move
and came to rest elsewhere (Fig. 5A). This task required that the monkeys remember the circle's
initial location on each trial because a later cue could require a saccadic eye movement there.
Simultaneously, the monkey had to attend to the circle's current location because a change in
its brightness triggered a saccade. By independently controlling attention and memory in this
way, we found that attentional signals predominate over memory signals in the dorsolateral
prefrontal cortex (Fig. 5B,C) [36]. Neuroimaging [33,37-39] and other [40] research in humans
yield the same conclusion.

Instead of pointing to a single function such as working memory, neurophysiological studies
indicate that the “granular” prefrontal areas, when considered collectively, perform many
functions. They contribute to prospective coding [41,42], sensory working memory [43,44],
attention to objects, places, actions and intentions [36,45,46], response inhibition [47], the
categorization of objects, sounds and event sequences [48-50], the selection, generation and
sequencing of multiple actions [51-53], problem-solving strategies [54], and the selection of
behavior-guiding rules or task sets [55-57]. These concepts include preparatory set, processing
events across time gaps [58-60], decision making [61], and goal selection [62], as well as the
ideas emphasized in contemporary neuroeconomics [63] such as reward expectation, the
valuation and revaluation of actions and predicted outcomes, and the effect of reinforcement
history on decisions, choices, and actions.

Although that list — by no means exhaustive — comes from behavioral neurophysiology in
monkeys, research on humans leads to a similar view. Dorsal and rostral prefrontal areas are
thought to guide behavior based on rule and strategy representations, including rule-based task
management and action selection [64]. Orbital areas seem to function more in value- and object-
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based action selection [65,66]. Ventral areas (often termed ventrolateral) have been linked to
retrieval of semantic knowledge, speech and language. Research on the “granular” prefrontal
cortex of humans emphasizes such processes as updating, manipulating and strategic control
of information stored in short-term memory [33,67], establishing task sets and rules [68], and
mediating hierarchies of behavioral control, behavioral inhibition, cognitive control in social
situations [69], and other processes too numerous to mention. Thus, the prefrontal cortex seems
to contribute to a bewildering array of functions, some closely related to each other, others less
so. Yet this formulation lacks parsimony, popularity, and, worst of all, any real usefulness.

E pluribus unum
In Douglas Adams' four-part “trilogy”, The Hitchhiker's Guide to the Galaxy, people asked a
computer named Deep Thought the Great Question of Life, the Universe and Everything. After
it churned for 7.5 million years, the answer turned out to be 1010102, and — as Deep Thought
itself foresaw — the people did not like the answer. Our question is simpler, although it might
actually have something to do with the Great Question after all: What does the “granular”
prefrontal cortex do? The answer is often a long list like the ones compiled here, and, like
1010102, the people do not like that answer. The obverse of American coins states the goal
clearly enough: E pluribus unum, From many, one.

In the spirit of E pluribus unum, the strategy task (Fig. 6A) that we devised might help us
understand how several kinds of knowledge combine to produce a sophisticated behavior
[54,62,70]. Our task required several kinds of long-term knowledge and short-term memory,
including which cue had occurred on the previous trial and which goal had been selected, rule
knowledge about what to do if the cue on the current trial matched that on the previous one,
and, depending on that, which of two strategies to use in selecting the next (future) goal. This
task thus required the processes invoked by several theories of the “granular” prefrontal cortex:
the maintenance of information in working memory [71], adaptive coding, which confers the
ability to guide behavior whenever problems exceed routine levels of difficulty [72,73], and
attentional selection [74,75], including the selection of items in working memory [32,33,75].
In addition to these processes, our task required many kinds of knowledge, including
knowledge about the most salient input, the goal given a context and rule, and the outcomes
that should follow, perhaps along with alternative goals and outcomes — suspended for the
moment, but not forever. We showed that neurons in the prefrontal cortex encoded these
abstract behavioral strategies [54,70], along with both previous and future goals [62,70] (Fig.
6B, C). It seems likely that the “granular” prefrontal cortex stores much of the knowledge
needed for this task and participates in the many cognitive processes underlying its
performance. It therefore stands to reason that studies focused on any of these kinds of
knowledge or processes, in isolation or in small combinations, would find evidence for all of
them.

The idea presented here, then, is that the “granular” prefrontal cortex confers a subtle but
important adaptive advantage on the primates that have one. Its various areas accumulate
different kinds of knowledge about nonroutine behaviors, as well as their contexts and
outcomes. In a phrase, the prefrontal cortex learns about what to do, and it does so mainly in
unusual or complicated situations, when the usually dominant behavior will not do. This
knowledge enables better, more sophisticated choices and decisions, strategies, and
hierarchically nested rules, along with a remarkable ability to defer goals, often to pursue
different ones. The idea that the knowledge stored by the “granular” prefrontal cortex concerns
aspects of behavior agrees with previous proposals about its role in behavioral flexibility and
the diversity of its cognitive contributions, as propounded for example by Duncan and his
colleagues [72,73,76] and by Shallice and Norman as part of their supervisory attention system,
which encompasses a role in behavioral strategies [77,78].
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This idea could bring thinking about the “granular” prefrontal cortex into line with that for
other parts of the cerebral cortex. For example, the inferotemporal and perirhinal areas of cortex
encode, represent and store knowledge about objects [3-6]. Likewise, the “granular” prefrontal
areas may encode, represent and store knowledge about behaviors, with the proviso that this
knowledge includes the likely consequences of these behaviors and that these are not run-of-
the-mill behaviors, but nonroutine ones, including high-order rules and rarely deployed
behavioral strategies, along with complex event sequences played out over a particularly long
time-horizon [2]. Consider, for example, using a subway or underground in a foreign land.
Even without the ability to read the signs or converse with anyone, we can still deploy
considerable knowledge about what to do. Enter a hole in the ground, get a token or ticket, go
through a gate, avoid standing on the tracks, wait for a train, and get on it when the doors open
(not before). Strategies for reaching a goal could draw on the knowledge that colors often label
commuter lines, that termini could indicate directions, and that system maps often disregard
scale, but usually indicate compass directions fairly accurately. Such prefrontal knowledge
contributes to a multitude of cognitive processes, such as attention, working memory, goal
selection, outcome prediction, and so forth. These notions could also encompass the knowledge
underlying our social behavior, including speech.

According to this view of the “granular” prefrontal cortex, its areas contribute collectively to
behaviors particularly important to our lives as primates, an order noted for our braininess and
longevity. The “granular” prefrontal areas provide an adaptive advantage by storing knowledge
[2] — knowledge about how to behave under a wide range of nonroutine and complicated
circumstances, all of which require attention to our actions and the diverse behavioral contexts
encountered over an extended lifetime. The use of this knowledge in various cognitive
processes gives rise to the long list of functions usually attributed to the prefrontal cortex. In
routine and relatively simple situations, the behavioral knowledge stored by the “granular”
prefrontal cortex is more-or-less dispensable, which explains why other mammals — and even
some unfortunate people [79] — get along so well without one. Most mammals get along
splendidly without a “granular” prefrontal cortex, not because they engage exclusively in
simple or routine behaviors, but because the additional behavioral flexibility gained through
prefrontal knowledge confers only a subtle advantage, albeit one with enormous consequences.
Rodents, among the other mammals, show substantial flexibility in their behavior, and the
frontal areas they share with primates — which have many similarities to and connections with
the unshared ones — may be responsible for this capacity. But when we primates recognize a
rare risk in a complex pattern of events or an outstanding opportunity knocks, we have an
advantage over other mammals: We are especially good at knowing what to do and what is
likely to happen in the event.
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Figure 1.
Top: Architectonic maps of the orbitofrontal cortex in humans (A) and macaque monkeys
(B), and lateral frontal cortex in rats (C). Bottom: ventral views of a human (A) and monkey
(B) brain; lateral view of a rat brain (C). The “granular” areas appear in blue; agranular areas
in green; allocortical areas in yellow. Note that the “granular” prefrontal cortex dominates the
frontal lobe of primates. Abbreviations: AON, anterior olfactory “nucleus”; Fr2, second frontal
area; I, insula; LO, lateral orbital area; M1, primary motor area; Par, parietal cortex; Pir,
Piriform cortex; l, lateral; m, medial; o, orbital; r, rostral; c, caudal; i, inferior; p, posterior; s,
sulcal; v, ventral. a has two meanings: in Ia, it means agranular; in 13a, it distinguishes that
area from area 13b. Architectonics from Öngür et al. [20] (A), Carmichael and Price [21] (B),
and Palomero-Gallagher and Zilles [22] (C). All parts of the figure were adapted from their
source.
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Figure 2.
A–C: Architectonic maps of the medial frontal cortex, corresponding to Figure 1A–C.
Abbreviations and color code as in Fig. 1, plus: AC, anterior cingulate area; cc, corpus
callosum; IL, infralimbic cortex; MO, medial orbital area; PL, prelimbic cortex; VO, ventral
orbital area; numbers indicate cortical fields, except that after certain areas, such as Fr2 and
AC1, they indicate subdivisions of cortical fields. D: Simplified cladogram of mammals,
indicating the divergence times of selected groups. The letters (A-C) after the groups in red
refer to the corresponding parts of Figures 1 and 2. Time scale in millions of years before the
present. Architectonics from Öngür et al. [20] (A), Carmichael and Price [21] (B), and
Palomero-Gallagher and Zilles [22] (C). A-C were adapted from their source.
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Figure 3.
Primary data on certain corticostriatal projections. The infralimbic cortex (roughly area 25 in
primates) sends projections to the shell of the nucleus accumbens and nearby striatum in both
rats (A, C) and macaque monkeys (B, D), as demonstrated by both anterograde (A, B) and
retrograde (C, D) axonal tracing methods. A, B. Stippling indicates the termination zones of
corticostriatal projections. C. Red ovals surround infralimbic corticostriatal cells (filled black
circles) that project to the shell of the nucleus accumbens, with the arrow pointing to the
injection site for the tracer. Prelimbic cortex (green ovals), roughly subgenual area 32 in
primates, and agranular insular cortex (orange ovals) also send a corticostriatal projection to
the shell of nucleus accumbens. D. Red circles show the locations of corticostriatal cells
projecting to the nucleus accumbens, with the injection site shown by the red spot in the inset.
The numbers indicate cortical areas as in Figures 1 and 2. All parts of the figure were adapted
from their source. A from Berendse, H.W. et al., Journal of Comparative Neurology, Vol. 316,
No. 3, 1992, pp. 314-347, Copyright 1992, reprinted with permission of Wiley-Liss, Inc., a
subsidiary of John Wiley & Sons, Inc. [27]. B from Haber, S.N. et al., Journal of
Neuroscience, Vol. 26, 2006, pp. 8368-8376, reprinted with permission of the Journal of
Neuroscience [26]; C from Brog, J.S. et al., Journal of Comparative Neurology, Vol. 338, No.
2, 1993, pp. 255-278, Copyright 1993, reprinted with permission of Wiley-Liss, Inc., a
subsidiary of John Wiley & Sons, Inc. [24]. D from Haber, S.N. et al, Journal of
Neuroscience, Vol. 15, 1995, pp. 4851-4867, reprinted with permission of the Journal of
Neuroscience [25].
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Figure 4.
A. Percent correct choices in a memory task with three delay intervals. Monkeys with lesions
of the dorsal prefrontal cortex (blue) perform like intact monkeys (green) when they must
remember a sample object for 2 minutes. Monkeys with lesions of the anterior inferotemporal
cortex (pink), a high-order visual area, show profound deficits in working memory, declining
to chance levels of performance (dashed line) on this memory test at 120 s delays. B. Monkeys
with lesions of the anterior inferotemporal cortex perform like intact monkeys when required
to remember 2–5 objects. Monkey with dorsal prefrontal lesions, in contrast, show profound
deficits, declining to chance performance when required to remember 4 or 5 objects. Adapted
from Petrides [34].
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Figure 5.
Predominance of attention coding over working-memory coding in the dorsolateral prefrontal
cortex. A. Task use to distinguish attention signals from memory signals. The monkey began
each trial by fixating a central spot on a video screen (dashed lines). Next, a circle appeared in
one of four places: right (R), up (U), left (L), or down (D) from the fixation spot. As the monkey
maintained central fixation, the circle revolved around the central spot (green arrow), coming
to rest at one of those same four locations. The original location of the circle needed to be
remembered because it could be the target of a future eye movement. Later, the circle either
brightened or dimmed as a “go” cue, which triggered a saccadic eye movement. If it brightened
(top fork), then the monkeys had to make a saccadic eye movement to fixate the remembered
location (yellow arrow). In this example, the monkey had to remember the “up” location. If
the circle dimmed as the “go” cue (bottom fork), then the saccade had to be made to the current
location of the circle (blue arrow). The circle's current location had to be attended because its
change in brightness not only instructed the monkey about which place to look next, but also
when to do so. B. The activity of two neurons during the measured period, an 800-ms interval
before the “go” cue. In each 4 × 4 display, the diameter of each filled circle is proportional to
a neuron's firing rate for one combination of attended and remembered locations. The neuron
in blue showed its greatest activity when the monkey attended to the “up” location (second
column), regardless of the location stored in working memory (rows). The neuron in red
showed its highest activity when the monkey remembered the R location (top row), regardless
of where the monkey attended (columns). C. Most cells in the dorsolateral prefrontal cortex
are like the blue one in B. Adapted from Lebedev et al. [36].

Wise Page 16

Trends Neurosci. Author manuscript; available in PMC 2009 December 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
A. The strategy task of Genovesio et al. [54]. Each trial began when the monkey fixated a spot
at the center of a video screen (dashed lines). Later, a cue appeared, and when it disappeared,
the monkey had to make a saccadic eye movement to one of three potential goals (unfilled
squares). The monkey needed to remember the cue and goal from the previous trial because if
the cue repeated from that trial (called a repeat trial, top fork), then the same goal (the rightward
one in this example) had to be fixated by a saccadic eye movement. If the cue changed (called
a change trial, bottom fork), then the monkey had to select one of the other two goals (the
leftward or upward goals in this example, with the left one illustrated). B. Neural signals
reflecting the previous goal (red), the future goal (blue) and the strategy (green), when the
monkeys chose the correct strategy (solid line) or the wrong one (dashed line). Note that the
previous-goal signal decreased after cue onset, as the signals for the correct strategy and future
goal increased. When the monkey chose the wrong strategy (dashed line), a weak or absent
strategy signal occurred during the time of goal selection. B adapted from Genovesio et al.
[70].
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