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The prefrontal cortex: from monkey to man

Richard Levy'?

The prefrontal cortex is so important to human beings that, if deprived of it, our behaviour is reduced to action-
reactions and automatisms, with no ability to make deliberate decisions. Why does the prefrontal cortex hold
such importance in humans? In answer, this review draws on the proximity between humans and other primates,
which enables us, through comparative anatomical-functional analysis, to understand the cognitive functions we
have in common and specify those that distinguish humans from their closest cousins.

First, a focus on the lateral region of the prefrontal cortex illustrates the existence of a continuum between rhesus
monkeys (the most studied primates in neuroscience) and humans for most of the major cognitive functions in which
this region of the brain plays a central role. This continuum involves the presence of elementary mental operations in
the rhesus monkey (e.g. working memory or response inhibition) that are constitutive of ‘macro-functions’ such as
planning, problem-solving and even language production.

Second, the human prefrontal cortex has developed dramatically compared to that of other primates. This increase
seems to concern the most anterior part (the frontopolar cortex). In humans, the development of the most anterior
prefrontal cortex is associated with three major and interrelated cognitive changes: (i) a greater working memory cap-
acity, allowing for greater integration of past experiences and prospective futures; (ii) a greater capacity to link dis-
continuous or distant data, whether temporal or semantic; and (iii) a greater capacity for abstraction, allowing
humans to classify knowledge in different ways, to engage in analogical reasoning or to acquire abstract values
that give rise to our beliefs and morals. Together, these new skills enable us, among other things, to develop highly
sophisticated social interactions based on language, enabling us to conceive beliefs and moral judgements and to
conceptualize, create and extend our vision of our environment beyond what we can physically grasp. Finally, a mod-
el of the transition of prefrontal functions between humans and non-human primates concludes this review.
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Prefrontal cortex in man and monkey

Introduction

Seven to twelve million years ago, our oldest ancestors gave birth to
two separate branches of Hominidae leading to modern humans
(Homo sapiens) and the great apes, including chimpanzees, our clos-
est cousins with whom we share 98.8% of our genes.?
Behaviourally and cognitively, modern humans and chimpanzees
(along with other great apes) share many common traits such as
the ability to make tools (e.g. they use wooden sticks to catch ter-
mites),? initiate complex social interactions (e.g. going to war clan
against clan)* or demonstrate some form of self-consciousness
(e.g. recognizing themselves in a mirror).” However, it is not only
primates that know how to use tools (e.g. crows know how to do
this)® or have self-awareness (e.g. elephants can also recognize
themselves in a mirror).” In consequence, whatever the cognitive
abilities present in non-human primates (including chimpanzees),
they are clearly different from those of humans (for a review, see
Read et al.®). The level of civilization that humans have achieved
over time tends to demonstrate that humans are far more distant
from other great apes than great apes are from old-world monkeys
such as the rhesus monkey and, more globally, from other mam-
mals. Indeed, while all living species, including non-human pri-
mates, follow the established order of nature, doing their best to
adapt and survive, we as humans seek to distance ourselves from
this natural order through creativity and progress, repelling dis-
ease, improving our comfort and travelling. Why do humans
perceive that another order is possible? Could this be the result of
a considerable expansion of our imaginative -capacities?
Imagination (i.e. the faculty or action of forming new ideas, images
or concepts of external objects not present to our senses) requires
interesting abilities such as maintaining and manipulating mental
representations (i.e. working memory); expending temporal space
to forecast ourselves in the future; linking distant semantic knowl-
edge to think away from pre-established associations (i.e. creativ-
ity); having access to analogical reasoning (e.g. ‘the earth is to the
sun what the electron is to the nucleus’); and abstract thinking
(e.g. ‘in what way are oranges and bananas alike despite their phys-
ical differences?’). All of these cognitive abilities that seem to reside
in the human species extend our imaginative representation of the
future to a degree that far exceeds that of any other animal species.
Interestingly, in humans, all of these cognitive skills require the full
integrity of the prefrontal cortex.”'® Inversely, diseases damaging
large portions of the prefrontal cortex render us apathetic and im-
pulsive, keep us in the present, incapable of abstraction, subjugate
us into automatic thoughts or make us respond immediately to the
flow of our percepts or push us to satisfy our primary needs rather
than control them and develop behaviour based on mental deliber-
ation.”' How do we explain, from these observations, the particu-
larity of human cognition and its relationship to the human frontal
lobes? How do we see, in an evolutionary vision, the role in humans
of the prefrontal cortex in the transition(s) from the state of being
an animal, fully integrated into the order of things, to the condition
of being civilized, presenting consciousness, abstract thinking, lan-
guage, reasoning and other higher cognitive functions? This pushes
forward a subsequent ontological question: is there a gap or a con-
tinuum between human and non-human primates in terms of
higher cognitive functions and underlying brain structures that
serve these functions? This review attempts to provide some an-
swers to these questions.
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The general principles of prefrontal
functions in humans

The anterior part of the human brain received little attention in sci-
ence and medicine until the midst of the 20th century, when it was
observed that frontal lobotomies provided treatment for agitated
psychotic patients in such a way that after this procedure, patients
were calm and peaceful (or should we say ‘apathetic’?).’* Since
then, the understanding of the functional role of the prefrontal cor-
tex has started to emerge.'? The most powerful and influential con-
cept was proposed by Alexandre Romanovich Luria, who
postulated that the prefrontal cortex is the key structure in elabor-
ating and controlling ‘conscious’, ‘voluntary’, ‘willed’, ‘non-
automatic’ and ‘goal-directed’ actions.* To date, this general
concept remains the central underlying idea on which the main
current neuroscience models regarding the functional anatomy of
the prefrontal cortex are based.'*?* Of course, what makes this
concept appealing is the idea that a particular evolution of the an-
terior part of the brain in H. sapiens is associated with humanity’s
ability to escape a repetitive, uncontrolled fate and create its own
history.

In the later decades of the 20th century, scientific discoveries
were made supporting the idea that the prefrontal cortex controls
willed and conscious actions. For example, in non-human pri-
mates, it was found that one important particularity of the pre-
frontal cortex is to maintain and manipulate mental
representations of the past (our past experiences, our values and
beliefs), the present (the ongoing percept) and the future (the
path to follow and that to avoid, the plan of actions to compose or
the perspective of the consequences of our choice)."*?® These re-
presentations exist in a common mental space favouring deliber-
ation and decision-making and allow us to overcome the reflexive
cycle between perception and action. Without this mental space
of representations, behaviour would consist only of automatic re-
sponses to the immediate flow of internal and external percepts
(visceral, emotional, visual, auditory, tactile, etc.). Interestingly,
this general concept is supported by the clinical observations of
the consequence of prefrontal damage. French neurologist
Frangois Lhermitte has described the ‘environmental dependency
phenomena’ in patients with severe prefrontal damage; these pa-
tients could not resist the attraction or pressure their environment
exerted on them.?”"?® For instance, when an examiner satin front of
such a patient, without looking the patient in the eye, and put his
handsin the patient’s hands without giving any instruction, the pa-
tient spontaneously grasped them and could not stop or control
this action. When the patient was asked not to grasp the examiner’s
hands and then questioned about what he/she was supposed to do,
the patient would answer: ‘1 know I should not take your hands, but
I cannot helpit’. It is also possible to observe imitation behaviour (a
patient may imitate different gestures like clapping hands), utiliza-
tion behaviour (manipulation of objects that the examiner puton a
table in front of patients) or collectionism (patients may be unable
to prevent themselves from collecting items, sometimes in a well-
planned manner).?””*?° It can be concluded that without the pre-
frontal cortex, only archaic, impulsive, automatic, overlearned,
non-flexible and invariant responses would be possible. To support
this increased capacity for mental deliberation in humans, struc-
tural and functional differences may be observed between human
and non-human primate prefrontal cortices.

Prior to discussing the anatomical and functional similarities
and differences between human and non-human primates, itis ne-
cessary to define the prefrontal cortex structurally in non-human
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Figure 1 The two canonical prefrontal regions and syndromes in humans. PFC = prefrontal cortex.

primates. What is the prefrontal cortex? This seemingly
easy-to-answer question is, in fact, quite difficult to resolve.

What is the prefrontal cortex in humans?
—a more complex issue than it appears

Contrary to what may seem obvious, the human prefrontal cortex
cannot be defined solely by the fact that it is located at the front
of the brain. Indeed, while the most anterior part of the brain, the
Regio frontalis,* is relatively well circumscribed macroscopically
on its lateral surface—it lies in front of the primary motor and pre-
motor cortices—its caudal boundaries in the ventral and medial re-
gions are less clear. Alternatively, one might prefer to define the
prefrontal cortex on the basis of a cytoarchitectonic criterion (i.e.
the qualitative and quantitative distribution of cells in cortical
layers). According to this criterion, Brodmann defines the prefront-
al cortex as an isocortex (six-layer cortex) in which the fourth layer,
composed of granular cells, is particularly developed.*® This region
is therefore called the ‘granular’ cortex. However, a definition using
only this cytoarchitectonic criterion would not describe the pre-
frontal cortex in its entirety. It would exclude the posterior portions
of the orbital cortex and the ventromedial regions, which are agra-
nular.?* Alternatively, a hodological criterion (i.e. its specific ana-
tomical connectivity with other brain structures), based on
retrograde degeneration following cortical lesions, defines the pre-
frontal cortex according to its inputs from the mediodorsal thalam-
ic nuclei.* The hodological criterion allows the extension of the
prefrontal cortex to the posterior ‘agranular’ orbital and ventro-
medial regions. However, mediodorsal thalamic nuclei also project
to the premotor, parietal and temporal cortices and the posterior
insula, or the parahippocampal gyrus, although these inputs are
smaller than in the frontal regions.>**° Therefore, taken in isola-
tion, this criterion is too inclusive. Finally, the most acceptable ana-
tomical definition is based on the combination of cytoarchitecture
and connectivity, allowing us to consider the human prefrontal

cortex as being formed mostly of a granular isocortex in the dorso-
lateral, ventrolateral, anterior orbital and ventromedial areas of the
frontal cortex, excluding premotor, temporal, parietal and insular
cortices. However, because none of these anatomical criteria alone
provides a non-disputable definition of the prefrontal cortex and
the fact that pure anatomical criteria are blind to brain functions,
it is likely that in humans a better definition would be based on
functional neuroanatomy.**3

Subdivisions of the human prefrontal
cortex based on functional
neuroanatomy

In terms of anatomical and functional architecture, the prefrontal
cortex cannot be considered homogeneous. Although the precise
nature of the subdivisions within the prefrontal cortex is still de-
bated, there is no doubt that it can be subdivided into many subre-
gions according to its functional and connectivity properties.**4+4’
One very simple, meaningful subdivision in terms of functions,
phylogeny and anatomical properties, as well as being clinically ef-
ficient, is the separation of the prefrontal cortex into two canonical
regions (Fig. 1): (i) the orbital and ventromedial; and (ii) the lateral
(dorso- and ventrolateral) and dorsomedian, prefrontal cortex.

The orbital and ventromedial prefrontal cortex is connected
mainly to vegetative systems such as the hypothalamus, to ana-
tomical emotion-processing systems such as the amygdalar nuclei
and to structures involved in reward or punishment processing
such as the ventral striatum.?"*# It is involved in the control of
vegetative functions, emotions and affects, valuation processing,
and decoding contexts for decision-making or social cognition, not-
ably through the affective component of empathy®’®® (see Box 1 for
additional information).

In contrast, the lateral and dorsomedian prefrontal cortex,
which is entirely granular, has recently emerged as a primate appa-
ratum.?>?! It is connected mainly to multimodal associative regions
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Box 1 Relevant subject areas that are not included in this review

Regions of the prefrontal cortex not discussed in this review:

(i) The orbitofrontal cortex, which has a role in social cognition, the regulation of emotions, affectations and vegetative states.
(ii) The ventromedial prefrontal cortex, which has a role in reward processing and valuation.
(iii) The anterior cingulate cortex, which has a role in conflict/error monitoring, awareness and reward-based learning.

Why are these regions not discussed in this review?

69-72
66,70,73

68,71,74

There is no doubt that these three other large regions of the prefrontal cortex play crucial roles in goal-directed cognition. The choice
has been made to illustrate the similarities and differences between the prefrontal cortex of humans and that of non-human primates
using the example of the lateral prefrontal cortex because it best characterizes the primate prefrontal cortex. The other three prefrontal
regions contain a mixture of old (not specific to primates) and recent (specific to primates) subregions.

Itis important to note that these three other prefrontal areas exhibit major differences from the lateral prefrontal cortex in terms of
functional specialization and anatomical structures (connectivity and/or cytoarchitecture and/or phylogeny and/or ontogeny).
Therefore, the different models of organization of the lateral prefrontal cortex presented in this review do not describe the prefrontal
cortex globally, although an attempt to do so has been published by Kouneiher et al.”

Additional functions that involve the prefrontal cortex:
(i) Attention.”®

(ii) Arousal and awareness/consciousness.

Why are these functions not discussed in this review?

77-79

Attention, although not a single brain function, overlaps strongly with working memory at all levels of approach: conceptual,
behavioural, psychological or cognitive mechanistic, neural network and cellular levels (for a recent review, see Bahmani et al.”®).
Therefore, the discussion about the role of the lateral prefrontal cortex in working memory could to a large extent be applied to

attention.

Whatever the most recent theories underlying the concept of consciousness/awareness (e.g. the Higher Order or Global Workspace

theories), they all rely on a largely distributed network of brain regions in which the lateral prefrontal cortex plays an important role.

80,81

The way the involvement of the lateral prefrontal cortex in consciousness/awareness is usually described fully overlaps with what is

required to achieve a goal-directed behaviour’”-’®

as discussed in this review.

Recently, besides the large body of studies focused on the quality of conscious experience, emerging evidence also pleads for a role of

the prefrontal cortex in regulating of the level of arousal.”

cortex remain to be established.

(i.e. areas that manage information from multiple sense modalities)
related to the most integrated sensory processing within the tem-
poral and parietal cortices.?®®? It represents a critical structure in
the brain circuits of attention, the manipulation and updating of in-
formation in working memory and executive cognitive functions
such as abstraction, reasoning or planning’**7:1826:46.8391 (gee Box
1 for additional information).

According to this subdivision, two main frontal syndromes,
‘orbital/ventromedial’ and ‘lateral’ prefrontal syndromes can be
distinguished. Orbital/ventromedial prefrontal syndrome is repre-
sentative of pathologies such as the behavioural variant of fronto-
temporal dementia, cerebral haemorrhage due to the rupture of
an aneurysm of the posterior communicant, or meningiomas de-
veloped at the expense of the greater wing of the sphenoid bone.
Itis characterized by vegetative disorders (e.g. disturbances in urin-
ary control or gluttony), disorders in affect and emotion regulation
(e.g. emotional blunting or lability), motivational processes (e.g. ap-
athy or inability to evaluate the future consequences of our actions)
and disturbances in social interactions (e.g. social disinhibition or
loss of empathy with egocentric withdrawal).”'*?2% Lateral pre-
frontal syndrome has many neurological and psychiatric causes
(from gliomas to ischaemic strokes as well as depression or schizo-
phrenia). It is characterized by classical ‘cognitive dysexecutive
syndrome’, including working memory impairments, attention dis-
orders, difficulties in cognitive flexibility, cognitive inhibition, ab-
straction or planning. *+87:99-108

We must next ask, to what extent is the anatomical-functional
organization of the human prefrontal cortex found in the non-
human primate?

However, the specific subregions associated with the primate prefrontal

Anatomical similarities and differences
between the prefrontal cortex of human
and non-human primates

Which primate(s) is/are compared to humans? The vast majority of
studies on the comparative human/non-human anatomy and func-
tions of the prefrontal cortex have focused on macaques, in particu-
lar, the rhesus monkey (Macaca mulatta), and to a lesser extent, the
chimpanzee (Pan troglotydes). These species belong to the Catarrhini
branch from which the Hominidae (humans and great apes) and
Cercopithecinae (baboons, macaques and vervets) emerged>®"'®®
(Fig. 2A). It is therefore important to preface that this focus on
two species of primates—the rhesus monkey and the chimpanzee
—which are certainly quite close to humans on the phylogenetic
tree, should prevent us from over-generalizing.

The first important similarity between the prefrontal cortex of hu-
mans and non-human primates, particularly within the Catarrhini
(including humans and the rhesus monkey), is its cytoarchitecture.
The dorsolateral, ventrolateral, anterior mesial, anterior ventral
and orbital regions as well as the rostral surface of the prefrontal
cortex are considered a ‘granular isocortex’.*! In humans, the lat-
eral (dorsolateral, ventrolateral and lateral rostral) prefrontal cor-
tex) is represented by Brodmann areas (BA) 8, 9, 46, 44/45, 47 and
lateral 10. In the rhesus monkey, it is represented by Walker’s areas
8,9, 10, 12/45, 46,47 and 10. This isocortex seems to differentiate the
primate prefrontal cortex from the anterior portion of the brain of
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Figure 2 Phylogeny and comparative anatomy in primates. (A) Phylogeny of the order of the primates. (B) Comparative macroscopic anatomy of the
lateral prefrontal cortex in humans and the rhesus monkey. Numbers refer to the cytoarchitectonic maps compiled by Brodmann for humans and

Walker for the rhesus monkey.

other mammal species in which the cortical surface is agranular.
Nevertheless, it is important to note that the posterior ventro-
medial (BA 22, 25, 32) and posterior part of the orbital (BA 13) pre-
frontal cortex are agranular cortices.?>*®

A second similarity between the prefrontal cortices of humans
and non-human primates (including great apes and rhesus mon-
keys) is the presence in layer Vb of von Economo neurons (and
fork cells). These neurons are located in mesial BA9 and BA10 in
the insula and in the anterior cingulate cortex. They are thought
to be the prefrontal nodes of the salience network, and they are par-
ticularly vulnerable to the degenerative process that occurs in fron-
totemporal lobar degeneration, particularly in cases associated
with C9orf72 hexanucleotide gene expansion. However, one should
note that von Economo neurons are not specific to the primate
brain and have also been found in the brains of cetaceans, ele-
phants and manatees.'***?!

Third, in primates, the prefrontal cortex and basal ganglia are
organized into several relatively parallel loops connecting different
regions of the frontal lobes to specific portions of the striatum, the
internal pallidum/pars reticulata of the substantia nigra (the non-
dopaminergic part of the substantia nigra), and certain nuclei of
the thalamus, and then back to the cortex from where the fibres ori-
ginated.”? These connections follow the same general pattern of
organization (cortex-striatum-pallidum or substantia nigra pars
reticulata-thalamus-cortex) but differ from others in their cortical
and subcortical territories.’?*>**° Therefore, the dorsolateral pre-
frontal cortex projects to the dorsolateral part of the basal ganglia.
The more ventral prefrontal cortex (ventromedial) projects to the
more ventral portion of the basal ganglia. These prefrontal basal
ganglia loops form relatively separate functional systems, although
recent studies show that some degrees of convergence occurs
through basal ganglia funnelling, allowing for the integration of di-
verse cortical areas.’****! Such a model of organization is also

observed in humans, thanks to in vivo connectivity studies using
3D-MRI diffusion tensor axonal tracking.*3*34

As a consequence, in both humans and the rhesus monkey, le-
sions in any part of these loops can induce cognitive or behavioural
changes that resemble those of direct lesions in the prefrontal re-
gions to which these nodes are connected, and these changes are
expressed sometimes more severely than direct lesions of the pre-
frontal cortex.'>-*> Therefore, lesions to the dorsal head of the
caudate nucleus (connected to the dorsolateral prefrontal cortex)
produce impairments in working memory, cognitive dysexecutive
syndrome and apathy, whereas lesions of the ventral striatum
(connected to the ventromedial prefrontal cortex) result in im-
paired valuation processing.

Lastly, the rostral and lateral part of the prefrontal cortex (BA10,
also called the frontopolar cortex) is particularly developed in non-
human primates. As we will see later, this region of the prefrontal
cortex plays a central role in our ability to abstract, reason and be
creative. It is therefore not surprising that the frontopolar cortex
is much more developed in humans than in all other mammalian
species, including the great apes*¢*® (Fig. 2B).

The most striking difference between human and non-human pri-
mates regarding the prefrontal cortex is its size. Indeed, of all mam-
mal species, it is in humans that the prefrontal cortex is the most
developed in proportion to the rest of the brain. According to
Brodmann, the prefrontal cortex represents up to 29% of the surface
of the human cerebral cortex, while it represents 17% and 11.5% of
that in the chimpanzee and the rhesus monkey, respectively.’® A
more recent analysis indicates that the proportions of grey and
white matter in the human prefrontal cortex are 1.9-2.4-fold that
of a rhesus monkey and about 1.2-1.7-fold that of a chimpanzee.'*
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In humans, this increase in size is hyper-allometric and spectacular
(in biology, allometry is the fact that organs, tissues or processes
grow at different rates). Indeed, Smaers et al.*° have shown that
when comparing the size of the prefrontal cortex to that of the
frontal motor areas or the primary visual cortex across various spe-
cies of primates from the smallest Lemurians to the great apes, the
increase in the surface of the prefrontal cortex parallels that of the
other cortices, except in great apes, where it increases much more
than the other cortices; and in H. sapiens the increase is outstand-
ing. This increase concerns both the white and grey matter.****?
However, within the grey matter, the proportion of prefrontal neu-
rons (8% of cortical neurons) remains lower than the expected
number of neurons, given the relative size of the prefrontal cor-
tex.'®? What increases the most is the neuropil (i.e. the number of
dendrites and axons)'>* and the glial density (i.e. the number of
layer I astrocytes).'** Therefore, the increase in size seen in humans
is likely to be due to the increased intrinsic (i.e. local) and extrinsic
(i.e. with other brain structures/cortices) connectivity of the pre-
frontal cortex. Following this line of reasoning, using functional
MRI (fMRI) resting state sequences to assess functional connectivity
in the rhesus monkey and in humans, Mantini et al.*>® provided evi-
dence for two novel lateralized frontoparietal networks in humans
that are not found in monkeys.

This increase in prefrontal cortex size is translated into an in-
crease in gyration in humans. For instance, on the lateral surface
of the human prefrontal cortex, three gyri (the superior, middle
and inferior frontal gyri) are observed, along with several sulci ac-
cording to the most recent proposed nomenclature (the superior,
middle, posterior middle, horizontal rami of the intermediate and
dorsal para-intermediate frontal sulci),"*® while in the rhesus mon-
key, there is only one sulcus—the sulcus principalis—dividing the
lateral surface into the dorsolateral and ventrolateral regions.
However, in the rhesus monkey, the region encompassing the sul-
cus principalis and its banks (called the mid-dorsolateral region) is
quite large and may represent up to 50% of the lateral prefrontal
cortex, because most of the cortex of this region develops in the
depths of the fold of the sulcus principalis® (Fig. 2B).
Nevertheless, despite these major differences, it is possible to es-
tablish anatomical analogies at the macroscopic and network le-
vels between the prefrontal cortex of humans and that of rhesus
monkeys as demonstrated in recent years using modern neuroana-
tomical methods.*3148:155-157

Taken together, the anatomical data show that non-human pri-
mates and humans have in common: (i) the development of a
granular prefrontal cortex that differentiates them from other
mammals that have an agranular forebrain cortex (which in pri-
mates may correspond to the posterior ventromedial and orbital
cortices); (ii) the presence of von Economo neurons (although this
is not completely specific to primates); and (iii) similar
prefronto-subcortico-prefrontal connectivity. In contrast, the hu-
man prefrontal cortex has developed dramatically compared with
that of other primates, including the great apes. This development
seems macroscopically to concern the most anterior part, the fron-
topolar cortex (whereas cross-species similarities can be estab-
lished for the rest of the prefrontal cortex), and has allowed for a
significant increase in the number of neurons, an extraordinary de-
velopment in connectivity. This leads us to the following question:
how can a quantitative increase in size (and connectivity) lead to a
qualitative functional difference in behaviour?

BRAIN 2024: 147; 794-815 | 799

The lateral prefrontal cortex: a
continuum rather than a gap between
humans and non-human primates

Because the granular lateral prefrontal cortex in its entirety seems
to be specific to primates (as opposed to the orbital and ventro-
medial prefrontal cortex, which is in part granular but also agranu-
lar in its most posterior aspect), we will take this as a model for
describing the anatomical-functional similarities and differences
between humans and non-human primates.

From an anatomical and functional point of view, the lateral
prefrontal cortex can be divided into two subregions, the dorsolat-
eral (corresponding to BA 9/46 in humans and Walker areas 9/46 in
the rhesus monkey) and the ventrolateral (corresponding mostly to
BA 44/45/47 in humans and Walker areas 12/47 in the rhesus mon-
key). Despite apparent differences in terms of gyri and sulci, there is
relative homology between the lateral prefrontal cortex of the rhe-
sus monkey and that of humans, allowing a ‘gyrus-to-gyrus’ func-
tional comparison in cognition and behaviour, with the notable
exception of the lateral frontopolar regions of humans, which
have no true equivalent in the rhesus monkey.**® How can this rela-
tive anatomical homology between humans and the rhesus mon-
key, at least for most of the lateral prefrontal cortex, be translated
into similarities and differences in terms of function?

Let us consider planning abilities, the proper functioning of which
is generally associated with the structural and functional integrity
of the dorsolateral prefrontal cortex. Indeed, planning tasks
activate the dorsolateral prefrontal cortex constantly (PET/fMRI),
and damage to the dorsolateral prefrontal cortex affects
planning,*8489,90,100,103,158-161 A typica] task used to study planning
is the ‘Tower of London’ task (Fig. 3)."° This is a problem-solving
task in which one must find the path from an initial position to a fi-
nal position in a given number of moves. This planning/
problem-solving task can be considered a macro-function, as it re-
quires the performance of more elementary operations. Many of
these operations are parts of the working memory system, i.e. a
set of operations allowing for the maintenance and manipulation
of mental representations to guide future actions by ‘representation
of stimuli rather than by the stimuli themselves’.?®**> Many human
activities involving higher cognitive functions, including focused
attention, language comprehension and production, reasoning, ab-
stract thinking or planning rely on the full integrity of working
memory processes.’®> Working memory can therefore be consid-
ered as a set of elementary operations required for higher cognitive
functions. It is possible to break planning tasks down into more
elementary operations and then study each of these in isolation
(e.g. maintenance, manipulation of mental representations, inhib-
ition of prepotent responses, preparation of forthcomingresponses)
in monkeys by observing their behaviours in dedicated tasks com-
bined with pre- and post-ablation/inactivation of discrete prefront-
al regions or single cell recordings. It is then possible to determine
what elementary operation(s) is/are present in planning tasks and
critically involve the dorsolateral prefrontal cortex.

‘Delayed Response’ tasks have been a primary instrument for as-
sessing working memory capacity in the non-human primate.*®*1%*
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Dorsolateral PFC

Critical for planning task

The Tower of London

Initial position

Final (5 moves)

representations

1. Maintaining and manipulating mental representations of intermediate steps

2. Programming and executing a sequence of actions based on these mental

= Elementary cognitive operations required for planning

Figure 3 The ‘Tower of London’, a prototypical planning task. Left: The lateral prefrontal cortex (PFC) is central to planning tasks. Right: An example of
the Tower of London (ToL) task. The ToL task consists of transferring three coloured disks between three vertical rods, from an initial position to a pre-
specified goal arrangement. Here, the solution comes in five moves. Solving the ToL problem within a limited number of moves requires planning the
sequence of actions before starting to move the discs. It relies on more elementary cognitive operations such as those proposed at the bottom.

Their key feature is that they require monkeys to maintain a mental
representation during a delay period and then use this representa-
tion to guide the response choice at the end of the delay.'®® In
Delayed Response tasks, the monkey must find a hidden reward.
During the first phase, a monkey sees a tray with two wells (left
and right). In one of the wells, the experimenter places a reward
and then covers the two wells with two identical plates.
Immediately afterwards, an opaque screen is placed between the
animal and the tray for a period of a few seconds (usually 5-10 s),
the ‘delay’. After the delay, the screen is raised, and the monkey
must move the plate to reveal the reward-containing well. From
one trial to the next, the position of the reward is distributed in a
pseudo-random order. During the delay, the monkey has no access
to visual information that might indicate the correct response. This
forces the animal to maintain a ‘trace’ (or internal representation)
of the relevant information. It is precisely this active maintenance
of an internal representation and the use of this ‘mental image’ of
the environment that is at the heart of the behaviour in this task.

Monkeys with dorsolateral prefrontal lesions cannot perform
the delayed response tasks correctly.’®* The deficit is so severe
that the response choices correspond to the level of performance
dictated by chance. If the delay is removed, frontal lesions no longer
produce a deficit. These data suggest that the observed deficit is re-
lated to a difficulty in maintaining and/or manipulating and/or
using mental representations, introducing the idea that the dorso-
lateral prefrontal cortex plays a critical role in the storage of mental
representations. 6> 168

One of the most illuminating discoveries in behavioural neuro-
science was the identification of a significant proportion of neurons
in the lateral prefrontal cortex that, during Delayed Response tasks,
maintain their activity during the delay and up until the ‘re-
sponse’.’*>'7° This observation was made possible by placing an
electrode in close proximity to a targeted neuron within the area
of interest (this is an extracellular single cell recording) and record-
ingits activity while a monkey performed Delayed Response tasks.
This was the first evidence of a neuronal correlate of working mem-
ory. Using these tasks, and many variations of them such as the
‘Oculomotor Delayed Response’ or the ‘Oculomotor Anti-saccade
Delayed’ paradigms (Fig. 4A), it was shown that this sustained ac-
tivity during the delay could be related to different aspects of the
task performance. These include: the maintenance of internal

representations of external stimuli in the. short-term mem-
ory"’"'72 the response preparation’’?; the inhibition of immediate-
prepotent impulsive responses'’?; the sequential order*7%
decision-making®’?; the implementation of the context and the
rule format*’®”7; and the reward value of the context.’”® Some pre-
frontal neurons can respond to multiple relevant aspects of the task
such as sensory cues, the task rule and the motor response.’’®7?
This mixed selectivity may be central to the flexibility that charac-
terizes prefrontal functions.*8%*8?

The latest research shows that by focusing too much on the sus-
tained activity of neurons in the prefrontal cortex during working
memory tasks, the involvement of these neurons in working mem-
ory is not fully understood.*®?"*®” First, the absence of continuous
maintenance of activity during the delay period does not prevent
excellent performance in working memory.'®* Second, it has been
shown recently that neuronal activities linked to working memory
circulate and oscillate spatially in a network composed of a large
number of prefrontal neurons, which favours the division of activ-
ities linked to working memory.*®” Third, prefrontal neurons in-
volved in the short-term maintenance of information in working
memory show rapid changes in stimulus selectivity.*®® This could
be considered a putative mechanism for rapid set-shifting abilities,
a classical prefrontal function. Therefore, stable active mainten-
ance of the mnemonic trace in working memory in one single pre-
frontal neuron may not be as critical as one may expect.''*81.18
Using approaches such as computational modelling, it has been
proposed that the working memory trace can be maintained by ‘dy-
namic coding’ processing, i.e. a temporal variability in neuronal ac-
tivity, particularly in a discontinuous but effective manner. For
example, this could be achieved by means of an oscillatory flow, en-
abling numerous neurons to share, at different times during task
execution, functional activities related to working memory
tasks.’® Some data indicate that this is made possible through
short-term changes in the synaptic plasticity and efficacy, suggest-
ing that the mnemonic trace can easily be reactivated at a lower en-
ergetic cost than active maintenance.’®>'8318 Taken together,
these data indicate that the efficacy of working memory processing
does not necessarily rely on sustained activity at the level of a single
neuron but rather on dynamic and executive types of processing in
which prefrontal neurons interact with each other within a large
network.
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Figure 4 Examples of working memory and planning tasks performed by the rhesus monkey. (A) The oculomotor delayed response paradigms and
their neuronal correlates. In this task, the monkey stares at a central point on a screen. A bright spot then appears in the periphery (at 13°, laterally).
The animal must keep its gaze on the central fixation point. The lateral point of light disappears for a few seconds (this is the ‘delay’). At a sound signal,
the monkey must make an ocular saccade towards the position where the light point was (it is not present at the time of the ‘response’). At the time
of the response, the eye saccade is directed towards the presumed position of the visuo-spatial stimulation, but this stimulus is no longer present.
Therefore, action is guided upon the mental trace of the stimulus. (B) The spatial Self-Ordering task. In the Self-Ordering task, the monkey sees a
tray with nine wells, three of which contain rewards. The overall objective of the task is to find the three rewards in succession, without ever returning
to a well already visited. The monkey starts by making a first choice after one, then a second and a third, each choice being separated by a 10-s ‘delay’,
during which the visited well is again covered by a plate. If the animal returns to a visited well or goes to an unrewarded well, the trial stops and the
animal does not get the maximum possible reward. The task consists of 30 trials. In each trial, the position of the rewards is reconfigured. The task is
considered complete when the monkey is able to perform more than 90% of the trials correctly for five consecutive days. All monkeys were able to

achieve this goal, demonstrating planning ability.

Overall, these combined neural activities can be interpreted as
local neural tools serving as prerequisites for task planning and
other higher-order cognitive functions.

What is the added value of the lateral prefrontal
cortex in the working memory network?

The working memory network depends on a large set of cortical and
subcortical nodes. ‘Delay neurons’ in the monkey, as well as activa-
tion in functional neuroimaging studies in both monkeys and hu-
mans, can be found in the lateral prefrontal cortex but also in the
premotor, posterior parietal or inferior temporal cortices, as well
as in different nuclei of the basal ganglia."***#1% [t has been sug-
gested that the parietal-premotor network is sufficient to maintain
visuospatial information in working memory.***"*** However, as we
have seen, activities related to the maintenance of the memory
trace have been reported in a proportion of neurons in the lateral
prefrontal cortex.'”* In human neuroimaging studies, a classic find-
ingis the step-like activation of the dorsolateral prefrontal cortex as
a function of the amount of information contained in the working
memory (‘the memory load’).**>**>* However, this may reflect the
involvement of executive processes such as those required for up-
dating and monitoring information in the working memory and for
managing proactive interferences as suggested by different studies
in both humans and rhesus monkeys.'%¢2%°

In the rhesus monkey, several electrophysiological studies
showed that during the delay period, a significant proportion of

prefrontal neurons, rather than being involved in maintaining the
sensory stimulus, are oriented towards preparing future
actions.”’1174201295 gimjilarly in humans, several functional neu-
roimaging and lesion studies indicate an essential role of the dorso-
lateral prefrontal cortex in selecting and preparing the response
that is to be implemented rather than
processing, 104194206212 Taken together, these data suggest that,
while the lateral prefrontal cortex can temporarily maintain a
past experience, its activity responds primarily to the need to im-
plement strategies to perform a goal-directed action.

in maintenance

Can a rhesus monkey plan a series of actions?

Is a rhesus monkey capable of combining all these elementary op-
erations to perform complex planning tasks similar to those that a
human can perform? First, planning capacities are clearly limited
by the fact that, in non-human primates, the working memory
span is much lower than in humans. Although great apes can
plan future possible events,?'® a recent review of the literature on
chimpanzee cognition underlines that the visual working memory
span is 2 + 1 items—no more than that of a 5-year-old human child
—and it is associated with a low-level of performance in cognitive
tasks relying on working memory, while in normal human adults,
the span is 7 + 1 items.® Second, in accordance with this idea, rhe-
sus monkeys can learn the ‘Self-Ordered’ task,?**?'* similar to the
human Self-Ordered task. This is a planning task that activates
the lateral prefrontal cortex and is sensitive to lateral prefrontal
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damage in humans (Fig. 4B).'%® However, it takes a particularly long
time for rhesus monkeys to learn and stabilize the rule of a three-
move plan of action (simpler than a five-move trial in the Tower
of London task), with more than 3 months of daily learning required
to achieve a 90% trial success rate in trials. A long learning phase
was also observed in a single-cell recording study using a spatial se-
quencing task with three fixed targets, very similar to the
Self-Ordered tasks.'’® Taken together, these findings indicate that
non-human primates can learn planning tasks close to those of a
human but at the cost of considerable effort and with limited
capacity.

In contrast, instead of studying the neural basis of macro-
functions such as planning or problem-solving in humans, using
tasks directly inspired by those designed for rhesus monkeys, on-
going neuroimaging and lesion studies in humans have demon-
strated the critical role of lateral prefrontal subregions
homologous to those of the rhesus monkey in working
memory.5*104191.216-22% Thjig jndicates that the human lateral pre-
frontal cortex processes the elementary functions (encompassed
in working memory) required for planning or problem-solving.

The lateral prefrontal cortex also includes the ventrolateral region,
which corresponds mainly, but not only, to the inferior frontal
gyrus in humans (BA 44/45 and 47) and which, in the dominant
hemisphere, includes Broca’s area. Anatomically, most of the
ventrolateral human prefrontal cortex has a counterpart in the rhe-
sus monkey. *#2252%6 | jke the dorsolateral region, the ventrolateral
prefrontal cortex also contributes to cognitive control (e.g. decision-
making, rule-learning and set-shifting).??”-*?® What is/are the basic,
crucial elementary function(s) that depend(s) on the integrity of the
ventrolateral prefrontal cortex and are common to human and
non-human primates?

Several findings argue that a crucial role of the right posterior
ventrolateral cortex (BA 44 in humans) is in response inhibition si-
tuations such as in the ‘Go/No-Go’ task [i.e. ‘wWhen I tap once, tap
once’ (go signal) ‘but if I tap twice, don't respond’ (no-go signal)];
the interference condition of the ‘Stroop’ task (i.e. naming the col-
our of the ink instead of the incongruent colour words; saying
‘red’ when the word ‘blue’ is printed in red); the ‘Anti-saccade’
task (i.e. making a saccade in the direction away from a stimulus);
and the ‘Stop Signals’ task (i.e. responding as quickly as possible
to a go cue but aborting any response when a stop cue is presented
after the go cue). For instance, in humans, damage to the posterior
right ventrolateral prefrontal cortex disrupts one’s ability to inhibit
actions related to a relevant implicit or explicit stop signal through
prefrontal-basal ganglia loops.??**** Neuroimaging studies have
implicated a consistent network of mainly right-lateralized brain
regions encompassing frontal structures such as the dorsolateral
and posterior ventrolateral prefrontal cortices, the anterior cingu-
late cortex and the pre-supplementary motor area, as well as bilat-
eral parietal regions.?*>*® Response inhibition can be fractionated
into distinct subprocesses (i.e. interference control, action with-
holding and action cancellation) supported by distinct brain re-
gions.?*>?% Interference control involves processing information
that is relevant to the task, while ignoring irrelevant information,
and is mainly assessed by the Stroop task. Action withholding
and action cancellation (the suppression of programmed but not
yetinitiated actions or already initiated actions)?** are tested main-
ly by the Go/No-Go and Stop Signal tasks, respectively. Although
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these processes appear to share common neural correlates, within
the frontal lobes, action withholding and action cancellation might
rely more specifically on the right posterior ventrolateral prefrontal
cortex,?3+23823% which has been conceived as a brake on behaviour-
al response.”®! Finally, in the rhesus monkey, the involvement of
the posterior ventrolateral prefrontal cortex is supported only by
a single electrophysiological study,?*° although the specific role of
this area for this fundamental function has been little tested.?**

Conditional motor learning or arbitrary visuomotor mapping
(i.e. the arbitrary association between stimuli and actions such as
ared light on the road indicating the driver to stop) is a fundamen-
tal function required for rule learning, decision-making, mental
flexibility and, more generally, for cognitive control and goal-
directed behaviour, depending on the context.?** It relies on a large
distributed network in which the critical nodes are the lateral pre-
motor cortex, the medial temporal lobes, the basal ganglia and the
ventrolateral prefrontal cortex.??”?*%242 Each node in this network
may play a particular role at any given step of the mapping pro-
cess.”*>?*? Based on lesion and electrophysiology studies in the
rhesus monkey and on neuroimaging studies in humans, the
ventrolateral prefrontal cortex seems to be essential to learning
and consolidating the rule of association between the stimulus
and the contextual actions, regardless of any working memory
demand.??7-?*3

The ventrolateral prefrontal cortex, thanks to its multimodal
sensory integration capabilities,?”” can combine object characteris-
tics to find similarities between concrete objects in the external
world, leading to their categorization.’®”*** Categorization, the
mental operation by which the brain classifies objects and events,
is important in many domains of cognition and behaviour, from
learning (e.g. children learn new concepts by categorizing items
that look similar or have similar properties) to survival (e.g. to rec-
ognize an animal as dangerous, primates need to categorize it as
similar to a previously encountered dangerous animal). When
asked ‘In what way are an orange and a banana alike?’, normal sub-
jects point to similarities and categorize them in the taxonomic cat-
egory of the two objects. At least two complementary processes
intervene: first, the ability to detect similarities between objects,
and second, abstraction.'®”-?4%24> Both in humans and the rhesus
monkey, the ventrolateral prefrontal cortex, in coordination with
the inferior temporal cortex, seems to play a central role in the pro-
cess of visual categorization. This has been demonstrated by sev-
eral functional neuroimaging studies in healthy subjects as well
as electrophysiological studies both in humans and non-human
primates.?**?>° A fundamental function that seems to be common
inboth non-human primates and humans is the ability to find simi-
larities between objects based on their concrete sensory (visual)
features. First, in the rhesus monkey, when recording neurons be-
low the lower bank of the principal sulcus (which corresponds, by
homology, to the human ventrolateral prefrontal cortex) in visual
categorization tasks such as, for example, those in which the mon-
key has to decide which category (‘dog’ or ‘cat’) to classify a hybrid
animal containing varying amounts of dog and cat traits, one can
observe neuronal activities related to taxonomic categorization
based on visual features.?*°2°® This ability to categorize visual ob-
jects can be understood as being conveyed by essential connectivity
routes in non-spatial cognition. The ventrolateral prefrontal cortex
receives direct inputs via the uncinate fasciculus from the inferior
temporal cortex, a central brain region for visual discrimin-
ation.??6?27264265 gecond, in humans, neuroimaging data, both in
healthy subjects and in patients with diseases such as the behav-
ioural variant of frontotemporal lobar degeneration, highlight the



Prefrontal cortex in man and monkey

critical role of right anterior ventrolateral regions (BA 47) in identi-
fying similarities between concrete visual objects (while the same
region in the left hemisphere performs the same type of processing
for verbal material).'”?** Overall, these results indicate that the
ventrolateral prefrontal cortex of humans and rhesus monkeys is
therefore a central region for a fundamental pillar of categorization,
i.e. the ability to detect physical similarities between concrete ob-
jects. The fact that important categorization capacities exist in rhe-
sus monkeys paves the way for more abstract categorization rules
in humans, in line with what non-human primates can do (see dis-
cussion on abstraction later).

An important question concerns the specificity of Broca’s area
and the surrounding regions in human language production. Can
we find functions in the posterior ventrolateral prefrontal cortex
of the rhesus monkey that could be the bases for language produc-
tion in humans? First, there is a strong anatomical homology be-
tween humans, great apes and the rhesus monkey in the region
that encompasses Broca’s area (BA 44/45 in the inferior frontal
gyrus in humans).?*?® Second, as emphasized by Neubert
et al.,?* Broca’s area does not only and specifically deal with lan-
guage functions but also with processes that might represent pre-
existing mechanisms for the emergence of human language such
as arbitrary visuomotor mapping, multimodal integration, motor
sequencing or imitation.**??>?%72%8 However, although the whole
explanation has not emerged fully, there are important differences
regarding the posterior ventrolateral prefrontal cortex that may ex-
plain the absence of human-like language production in non-
human primates: (i) a recent study has shown that a major struc-
tural difference lies in the lower volume of the neuropil in Broca’s
area in non-human primates, indicating a lower connectivity that
limits cognitive abilities®*®; (ii) consistent with lower connectivity,
although in the rhesus monkey the posterior ventrolateral pre-
frontal cortex receives information from the auditory cortices,?®®
human posterior auditory association areas are more strongly con-
nected with the ventrolateral prefrontal cortex than in other pri-
mates,”” which may explain why rhesus monkeys perform
poorer on cognitive tasks based on auditory information than on
visual ones?’%; and (iii) genetic differences such as the molecular
structure of the gene coding for the FOXP2 transcription factor,
which is involved in vocal learning, and mutations in which can
lead to disorders in the coordination of the orofacial movements re-
quired for speech, may be at the root of the limited development of
the physiological factors required for language production.?”*

Finally, we must be careful not to create an artificial dichotomy
between the elementary functions of the ventrolateral and dorso-
lateral regions. Numerous studies in rhesus monkeys and neuroi-
maging findings in humans have shown that the anterior
ventrolateral prefrontal cortex (BA 47 in humans and Walker’s 12/
47 in rhesus monkey) is involved in working memory
functions,196:216:221,222,272:277 Hawever, its specific contribution re-
mains a matter of debate. Inversely, during the delay period of
Delayed Response tasks, activation related to response inhibition
can be found in the dorsolateral prefrontal cortex.”’* Furthermore,
a recent meta-analysis based on 68 functional neuroimaging
studies (and 1684 participants) in humans showed that, in classic-
al response inhibition tasks (Go/No-Go and Stop-Signal tasks), ac-
tivation of the dorsolateral prefrontal cortex was constant and
even higher than in the ventrolateral cortex for the greater effort
to inhibit action.?”®

Overall, these data suggest that, for at least some of the func-
tions performed by the lateral prefrontal cortex, there is a con-
tinuum rather than a gap between non-human primates and

BRAIN 2024: 147; 794-815 | 803

humans. This continuum encompasses several elementary critical
functions such as working memory or response inhibition, al-
though the functional and anatomical organization of the human
lateral prefrontal cortex may differ from that of other primates.

However, it is obvious that despite this ‘cognitive’ continuity be-
tween non-human primates and humans, our societies and civili-
zations are quite different. Is it only a quantitative difference that
turns into a qualitative leap in humans, or are there human func-
tions that are absent or very poorly developed in non-human
primates?

Functions that are barely present or
totally absent in non-human primates

The most documented model of the anatomical and functional or-
ganization of the lateral prefrontal cortex in primates is the
domain-specific model, which postulates that the lateral prefrontal
cortex is divided into different subregions according to the domain
of information being processed in the working memory.?® The pro-
cessing of the spatial position of a visual stimulus, whatever its
physical characteristics, is associated with the dorsolateral region
(Walker’s areas 9 and 46), whereas the processing in working mem-
ory of the physical characteristics of objects and faces independ-
ently of their spatial location is associated with the ventrolateral
region (Walker’s areas 12 and 45).26272%7%27% However, the domain-
specific model has been challenged by two other models (Fig. 5A).
The first of these also segregates the lateral prefrontal cortex but
based on the nature of the operations performed in working mem-
ory (the dorsolateral region is involved in the manipulation and se-
quential management of information held in working memory,
while the ventrolateral region is thought to be involved in main-
taining working memory and performing behaviours that require
little or no mental manipulation).**#%2!* The second of these, a hol-
istic model, argues in favour of a relative equipotency of neuron
functions, given that the prefrontal cortex is at the heart of fluid in-
telligence and mental flexibility and that, consequently, the lateral
prefrontal cortex is not divisible into several subregions that differ-
ently process information stored in working memory. Instead, this
mental resource management function requires the integration of
multimodal sensory information,” and neuronal tuning may
change according to the context of any given task.'’®:?7%275280
Such a debate has also been transferred to the human lateral pre-
frontal COrteX.M’87'180’220’221’277’281

So far, none of the models proposed in rhesus monkeys has been
fully replicated in humans. On the contrary, a very different picture
seems to emerge. First, Volle et al.¥” used a multimodal approach,
combining cognitive tasks that addressed the different models in
the monkey. The study used the classical ‘n-back’ working memory
tasks, in which one should tell whether the current stimulus
matches that from one, two or three steps earlier (the 1-, 2- or
3-back tasks). It is possible to cross-reference the level of updating
(1-, 2- or 3-back) in working memory with the domain of informa-
tion (e.g. spatial locations, faces or letters) using fMRI in healthy
subjects and patients with post-stroke focal brain lesions, as well
as using voxel-based lesion-symptom mapping, enabling detection
of the voxel clusters most critical for a given behaviour in patients
with focal brain lesions.?®2?%* With this multimodal approach, it
has been shown that none of the available anatomical and
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Figure 5 Models of anatomical and functional organization of the prefrontal cortex in the rhesus monkey and humans. (A) Anatomical and functional
organization (AFO) models of the rhesus monkey. The blue-shaded area indicates the involvement of a given region in spatial cognition; the red-shaded
area, an involvement in non-spatial (i.e. object) cognition; the purple-shaded area, a cross- or supra-model involvement; the green-shaded area, an
involvement of the area under low working memory demand (e.g. simple maintenance); and the orange-shaded area, under higher working memory
demand (e.g. updating information in working memory). (B) The current conception of prefrontal cortex AFO in humans, which comprises two orthog-
onal dimensions (or gradients). In the posterior lateral prefrontal cortex, one can observe a dorsal-ventral dimension (1) based on the domain of the
information being processed (a verbal region in the inferior frontal gyrus, at least in the dominant hemisphere, and a spatial region in the superior
frontal gyrus). According to Volle et al.,*” the intermediate region (the middle frontal gyrus) is cross- or supra-modal. The second dimension (2) is a
caudal-rostral gradient. Two different but interrelated ideas coexist: this gradient is either based on the level of abstraction*” or on a combination
of the load of information and the time/distance between the stimulus and the response.™

functional organization models in monkey can account for what appropriate decoding of the current context will trigger the accur-
was found in humans. First, only the highest demand in executive ate action (you are at your friend’s home and someone rings at
control (3-back tasks) seems to involve the lateral prefrontal cortex. the door; you won’t open the door and will let your friend do so);
Second, only the most posterior part of the lateral prefrontal cortex and (iii) the dorsolateral regions (BA 9/46), involved in ‘episodic con-
seems to participate critically in the performance of these tasks. trol’—a specific past experience or information will provide the es-
Third, within the posterior lateral prefrontal cortex, one can find sential clue for triggering the expected action (you are at your
both domain-dependent subregions (spatial and verbal) as well as friend’s home; your friend is not there, but before leaving, your
subregions that are either cross- or supra-modal.*'°® In many re- friend tells you that if someone rings you should open the door).
spects, these data are consistent with those obtained by other stud- Itis interesting to note that this model joins other models by taking
ies.19%196:277,285,286 pyrthermore, based on functional imaging and into account fundamental operations previously attributed to each
tractography data, Thiebaut de Schotten et al.*° showed that the lat- of the regions described in this model. For example, sensorimotor
eral surface of the prefrontal cortex can be subdivided into many control, involving lateral premotor regions (BA 6/8), corresponds
subregions from a combined network connectivity and functional to arbitrary visuomotor mapping, associated with the lateral pre-

approach. motor cortex in both monkey and human studies.?*"2%2292:293

Contextual control, related to areas BA 44/45, requires slowing
down, ‘braking’ immediate action as well as learning a new
stimulus-response association, thereby matching the findings of
studies regarding the role of the ventrolateral prefrontal cortex in
both inhibition and arbitrary visuomotor mapping. Eventually, epi-
sodic control, involving areas BA 9/46, triggers executive aspects of
working memory and inhibition and may explain the mid-
dorsolateral prefrontal focus. This model is very similar to a second
one based on the same division of the lateral regions of the pre-
frontal cortex but differing in the nature of the operations imple-
mented, this time based on the increasing level of abstraction
from the caudal to the rostral prefrontal cortex,?047287:289

Consistent data from different teams have shown that the model
that seems to prevail in humans is based on a caudo-rostral func-
tional gradient, relying on an increase in the quantity of informa-
tion to be processed, an increase in the temporal distance
between the information and the response to be made, and an in-
crease in the level of abstraction.'®20:46:47,285,287-291 ) gther words,
‘the more rostral, the more complex’ (Fig. 5B).

More precisely, two different but overlapping models can be dis-
cussed. Koechlin et al.**¢?®8 proposed a model of cognitive control
organized along the caudo-rostral axis, according to which, the
more anterior in the prefrontal cortex, the greater the amount of in-
formation processed and the longer the interval between stimulus

and response. Three different regions along the caudo-rostral axis Comparative anatomy between humans and non-human primates
emerged: (i) the posterior frontal cortex (BA 6/8), involved in what (rhesus monkeys and chimpanzees) shows that few prefrontal re-
was named ‘sensorimotor control’—an expected event leads to an gions are non-homologous in humans. Those that do not seem to
immediate response (someone rings at your door; you open it); (ii) have a counterpart in humans are the rostral prefrontal regions,

the lateral regions (BA 44/45), involved in ‘contextual control'— which could be one of the central elements distinguishing human
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cognition from that of other primates.*>'*® The question is then,
what could be the functions of these partially new brain regions
in humans?

On one hand, the model developed by Koechlin et a can be
supplemented by an additional component, ‘branching’, activating
the most anterior regions of the prefrontal cortex (lateral rostral pre-
frontal cortex/BA10).?** In this case, the additional function consists of
the ability to interrupt a complex task (such as updating information
in working memory) in the middle of said task, switch to an interfering
task, and then resume the first task at the point where it was left off. It
can therefore be suggested that one of the essential roles of the lateral
rostral prefrontal cortex is to merge temporally distant knowledge to ex-
pand executive control. On the other hand, in the model of abstraction
developed by Badre and colleagues,?>*"?%”2% the more anterior, the less
concrete the information, the more rules are processed and the more
temporally distant the information, allowing for long-term goals. This
led Badre and Nee? to propose that this model of anatomical and func-
tional organization manages ‘temporal abstraction’. Therefore, both
models agree that one of the functions of the most anterior regions is
to temporally link information that is distant from each other.

In addition, the particular development of the rostral lateral
prefrontal cortex in humans seems to be associated with our abilities
for analogical reasoning and creative thinking>#¢2°>?% Reasoning
by analogy depends on the ability to consider, integrate and
compare multiple relationships between components of mental
representations.?””?* Along the same lines, among the processes in-
volved in creativity (defined as the ability to produce work that is
both novel/original and appropriate or useful®**2%?) and within the
large distributed brain network that contributes to creative think-
ing,*>3% the ability to link distant semantic knowledge and think
away from pre-established associations seems to be associated with
the rostral lateral prefrontal cortex.??>*°*3% For instance, selective ros-
tral prefrontal activation is found in divergent thinking tasks such as
the ‘Alternate Use’ task, in which one should find the alternative use
of a given object (e.g. ‘pen’), or in associative combination tasks such
as the ‘Remote Associates Test’, in which a target word (e.g. ‘memory’)
should be guessed when three other words are proposed (‘elephant’,
‘lapse’, ‘vivid’). In both cases, participants should move away from
the most obvious association and create/activate links between more
distant semantic knowledge. Together, this set of data suggests that
one essential role of the rostral lateral prefrontal cortex is to link distant
semantic information. Combined with the two above-described rostro-
caudal models of the anatomical and functional organization of the
prefrontal cortex, these data support the general idea that one of the
essential roles of the lateral rostral prefrontal cortex is to merge tem-
porally or semantically distant knowledge to expand executive control.
The idea that the frontopolar region is essential for linking distant
knowledge can also explain the involvement of this area in implement-
ing task rule, which requires assembling various elements, often arbi-
trarily linked, to form the rule to be applied.?**:3%¢3%7
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General summary

More than five decades of research have shown that goal-directed
behaviours are based on macro-functions such as, among many
others, decision-making, planning or reasoning, which in turn
rely on more elementary processes common to all primates (e.g.
working memory, response inhibition, arbitrary visuomotor map-
ping, similarity findings). These findings suggest that there is a con-
tinuum rather than a gap in prefrontal functions between
non-human primates and humans.
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That said, it nevertheless appears that despite this continuity, cog-
nitive abilities and achievements (the degree of civilization) are strik-
ingly different between humans and non-human primates. First,
although there is functional continuity, basic processes such as work-
ingmemory are much more highly developed in humans than in mon-
keys. Second, working memory operations, which appear to occupy
most of the lateral prefrontal cortex in rhesus monkeys, are shifted
to the posterior portion of the lateral prefrontal cortex in humans, pav-
ing the way for the emergence of other, more developed, cognitive
functions. Third, the spectacular development of the frontopolar cor-
tex (BA 10) appears to be accompanied by the ability to process infor-
mation in a more abstract manner (allowinglinks to be made between
physically distant but semantically related information) and to extend
the temporal space of representation by creating links between tem-
porally distant information.

Therefore, we propose that three major cognitive changes differ-
entiate humans from other primates: (i) the expansion of the mental
space of representation in working memory, allowing greater integra-
tion of past experiences and prospective futures; (ii) interrelated to the
first point, and largely due to the development of the lateral frontopo-
lar cortex, a greater capacity to link discontinuous or distant data,
whether temporal or semantic; and (iii) a greater capacity for abstrac-
tion, allowing us, beyond the concrete data immediately accessible to
our perception, to classify knowledge in different ways (taxonomic
classification), to engage in analogical reasoning or to acquire abstract
values that give rise to our beliefs and morals.

Hypotheses and speculations regarding
cognitive changes over the course of
human evolution

These three major cognitive changes occurred during, and probably
in concert with, the evolution of our species. Indeed, lithic technol-
ogy (the manufacture of the first tools, about 2 to 3 million years
ago) indicates that the creation of tools is associated with an under-
standing of the purpose for their use. Furthermore, the making of
tools to create other tools indicates that the capability to represent
abstract thinking in a mental space of representation and link tem-
porally distant information was already well developed. Later, the
manufacture of the first huts, 400 000 years ago, testified to the abil-
ity to draw up construction plans (i.e. the ability to represent a fu-
ture and complex object that does not exist in the present). The
first symbolic representations of the world such as the chimerical
drawings (i.e. mixing features of different animals to produce a
non-existing creature) painted in caves and the first sculptures
(20 to 40000 BC) testified to an even higher level of abstraction.
One of the interesting ideas regarding the evolution of prefrontal
functions in Homo species has recently been proposed by Read
etal.®Itis assumed that the common ancestor to all Hominidae (hu-
mans and great apes) had a working memory span equal to that of
chimpanzee (2 + 1), and then in Homo species it increased linearly to
7 +2, with an initial jump’ from 2 to 3 that made a definitive cogni-
tive difference. This assumption compares with archaeological evi-
dence for qualitative changes marking different stages in the
design and technological complexity of tool manufacture.
Language, defined as communication based on symbolic repre-
sentations, appeared very late in the evolution of our species.
Indeed, the first traces of symbolic communication were observed
in the use of tokens as currency, 9000 BC, and then formally proven
by cuneiform writing, 3500 sc.*°®3'? Communication based on
symbolic representations (language) is only possible if the
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capacities for abstraction and working memory are particularly
well developed. This indicates that the emergence of language de-
pends to a large extent on the prior development of the three cog-
nitive changes characteristic of the human prefrontal cortex.
However, it is difficult to reduce human language to abstraction,
distant semantic links and working memory. Indeed, for many lin-
guists, the main characteristic of human language is its recursive
and combinatorial syntax, although no consensus has been
reached on this issue.?**!* However, combinatorial thinking also
depends to a large extent on frontal functions and in particular
on the ability to manipulate mental representations in working
memory”® and to combine multiple rules.??*3%®

From the idea that language is in part derived from the progres-
sive increase of abstraction, we would like to make the assumption
that each aspect of the most elaborate human behaviour is asso-
ciated with the three cognitive changes described above. This is
the case for those thoughts or behaviours that are specifically hu-
man and rely strongly on abstract thinking such as our moral beliefs
and values or our complex social relationships, which are based on
a cognitive construction of empathy and a high level of inference
about other people’s thoughts.>'#3'7-322 Generally speaking, by en-
riching this mental space for deliberation and decoupling the im-
mediate perception from the forthcoming action, we have become
capable of creating additional degrees of freedom from our environ-
ment and our archaic, impulsive behaviour, conferring a source of
imagination to represent alternative or new options (creativity),
and therefore, what philosophers name, ‘free will’.

Towards a new model unifying
non-human primates and humans

The functions of the prefrontal cortex can be understood only in
terms of its anatomical relationships and therefore its connectiv-
ity,?6*%2%7 in particular with the posterior associative regions that
supply it with sensory information that is essential for establishing
context and making decisions. Accordingly, and on the basis of a
wide range of scientific data, two recent theories proposed by
Genovesio et al?>* about the dorsolateral prefrontal cortex and
Eldridge et al.> about the ventrolateral prefrontal cortex can be uni-
fied to shed light on the general principles of the functions of the
prefrontal cortex (lateral, at least) in a connectionist vision that
also takes into account the evolution of primates and the different
use of cognitive resources depending on the species.

The dorsolateral and ventrolateral regions receive their inputs
from different posterior associative cortices: the dorsolateral region
mainly from the posterior parietal cortex, forming the frontoparie-
tal executive network (or central executive network); and the
ventrolateral cortex from the inferior temporal cortex, via the un-
cinate fasciculus.?***?? If, instead of focusing on the prefrontal cor-
tex, we choose the frontoparietal and frontotemporal networks as
the unit of observation, they each form functional entities that pro-
cess, integrate, contextualize or use very different types of informa-
tion. The posterior parietal cortex will integrate and transmit to the
dorsolateral prefrontal cortex information concerning temporal or-
der, the number of items, duration, length, distance and propor-
tion, whereas the inferotemporal cortex integrates and transmits
to the ventrolateral prefrontal cortex information concerning the
particular features of an object, such as visual texture, curvature
or glossiness and their conjunction.?*%*

In both cases, the information transmitted by these posterior
cortices to the different regions of the lateral prefrontal cortex is
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used to achieve goal-directed behaviour. While it is clear that hu-
mans and non-human primates behave in a goal-directed way to
maintain survival, the objects they seek for survival are not the
same. For our ancestors and modern primates, foraging for food
was/is one of the key elements of survival. The quest is concrete
and based on sensory data that are immediately accessible or
have a limited level of abstraction (such as ‘greater’, nearer, ‘bet-
ter’).>* For us humans, the goals that seem essential are often
much more abstract, less related to the immediate present and
sometimes based on values counterintuitive to survival, like sacri-
ficing ourselves to save the lives of others, knowing full well that in
doing so we will die. Explicitly or implicitly, Genovesio et al.** as
well as Eldridge et al. > suggest a transition from the foraging behav-
iour of non-human primates to foresight in humans, using the
same brain networks.

Here, we hypothesize that the involvement of the lateral pre-
frontal cortex in the transition from foraging to foresight is made
possible by the anatomical changes and three cognitive changes
described earlier in this review. In humans in particular, the in-
crease in connectivity and the appearance of new anatomical areas
that are not completely homologous to those in monkeys, give rise,
among other things, to new capacities for abstraction or language,
allowing goals to be achieved that are different from those of other
primates. These new abilities can therefore be seen as an extension
of, rather than a departure from, those of other primates.

Conclusion: the giant panda enters the
debate

The question, which we cannot yet fully answer with certainty, is to
understand why in primates and not in other mammals, and then
why in humans and not in other primates, the prefrontal cortex
has evolved to develop in such a way. This question would warrant
a very long essay and is one the author is not competent to answer,
although available work has proposed convincing theories such as
the particular development of social interactions in Homindae or
the impact of climate change, from humid to dry, favouring a major
evolutionary change based on bipedalism, freeing upper limbs and
hands to handle objects like stone.

However, by analogy, we can apply to humans what paleontolo-
gist Stephen Jay Gould proposed about the giant panda to explain
how environmental pressure led to a crucial adaptive change for
the animal.?** In short, the giant panda is an Ursidae. Bears have
five fingers and a small lateral ‘hand’ bone, called the sesamoid ra-
dial bone, which is particularly developed. However, this excres-
cence does not give the bear any adaptive advantage. In the giant
panda, the excrescence of the sesamoid radial bone has given birth
to a sixth finger—an opposable thumb—allowing the panda to
grasp bamboo stalks firmly, bamboo being its only source of
food. In conclusion, it is very likely that under environmental pres-
sures that challenge survival (such as those our ancestors wit-
nessed), a pre-existing organ that did not confer any decisive
advantage turns into a highly adaptive structure. Could this idea
be applied to the prefrontal cortex in primates and particularly in
human kind?
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Glossary

Delay neurons: Neurons for which activity is maintained during the performance of tasks in which a delay period separates the cue (no
longer visible) from the action (that should be held back).

Dorsolateral prefrontal cortex: The upper half of the lateral prefrontal cortex. In humans, this is represented by the superior frontal
gyrus and the upper part of the middle frontal gyri. It corresponds to Brodmann areas 9 and 46 (upper part).

Frontopolar cortex: The most anterior (rostral) part of the prefrontal cortex. It corresponds to Brodmann area 10.

Dysexecutive syndrome: A clinical syndrome in which the capacity to plan and carry-out complex goal-directed behaviour is
impaired.

Granular cortex: A six-layer cortex in which the fourth layer, composed of granular cells, is particularly developed. It is specific to
primates.

Great apes: Chimpanzee, pygmee chimpanzee (bonobo), gorilla and orangutan.

Hodology: The study of pathways.

Homology: A homologue expresses a correspondence between one set and another (different from analogy and identity); here, be-
tween a given prefrontal region in different species of primates.

Hominidae: Humans and great apes.

Macro versus elementary/fundamental functions: Macro-function is a mental function such as planning that is based on several more
elementary operations combined. An elementary/fundamental function here is a function on which more global (macro-) functions
are based. An elementary/fundamental function is necessary but insufficient and needs to be combined with other elementary func-
tions if the macro-function is to be realized.

Old-world versus new-world monkeys: Here, old-world refers to Africa and Asia, new world to central and south America. Greats apes,
rhesus monkeys and baboons are old-world monkeys. Capuchins, Saimiris and Ateles, to name a few, are new-world monkeys.
Principal sulcus (sulcus principalis): The sulcus that separates the lateral surface of the prefrontal cortex at its middle in the rhesus
monkey.

Ventrolateral prefrontal cortex: The lower half of the lateral prefrontal cortex. In humans, it is represented by the inferior frontal gyrus
and the lower part of the middle frontal gyrus. It corresponds to Brodmann areas 44, 45, 46 (lower part) and 47.

Walker’s areas: One of the classic classifications of cytoarchitectonic areas in the rhesus monkey (frequently used in the literature,
until recent works that have revisited the anatomy of the prefrontal cortex).

Working memory: A set of mental processes allowing maintenance and manipulation of mental representation in order to provide
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adapted forthcoming actions.

Working memory span: The quantity of individual items that can be maintained in working memory.

Funding 8. Read DW, Manrique HM, Walker MJ. On the working memory

of humans and great apes: Strikingly similar or remarkably dif-

No funding was received towards this work. ferent? Neurosci Biobehav Rev. 2022;134:104496.

. . 9. Le Bouc R, Garcin B, Urbanski M, Volle E, Dubois B, Levy R.
Competlng Interests Anatomy and disorders of frontal lobe functions:
The author reports no competing interests. Fundamental functions. In: Encyclopedia of behavioral neurosci-

ence; 2nd ed. Elsevier; 2022:266-279.
10. Le Bouc R, Garcin B, Urbanski M, Volle E, Dubois B, Levy R.

References Anatomy and disorders of frontal lobe functions:

1. Langergraber KE, Priifer K, Rowney C, et al. Generation times in Higher-order functions. In: Encyclopedia of behavioral neurosci-
wild chimpanzees and gorillas suggest earlier divergence ence; 2nd ed. Elsevier; 2022:280-288.
times in great ape and human evolution. Proc Natl Acad Sci 11. Terrier LM, Lévéque M, Amelot A. Brain lobotomy: A historical
U S A. 2012;109:15716-15721. and moral dilemma with no alternative? World Neurosurg.

2. Moorjani P, Amorim CEG, Arndt PF, Przeworski M. Variation in 2019;132:211-218.
the molecular clock of primates. Proc Natl Acad Sci U S A. 2016; 12. Freeman W, Watts JW. The frontal lobes and consciousness of
113:10607-10612. the self. Psychosom Med. 1941;3:111-119.

3. Pusey AE, Pintea L, Wilson ML, Kamenya S, Goodall J. The con- 13. Luria AR. The frontal lobes and the regulation of behavior. In:
tribution of long-term research at Gombe national park to Pibram K, Luria AR, eds. Psychophysiology of the frontal lobes.
chimpanzee conservation. Conserv Biol. 2007;21:623-634. Academic Press; 1973:3-26.

4. Feldblum JT, Manfredi S, Gilby IC, Pusey AE. The timing and 14. Fuster JM. The prefrontal cortex. 5th ed. Academic Press; 2015.
causes of a unique chimpanzee community fission preceding 15. Stuss DT. Self, awareness, and the frontal lobes—A neuro-
Gombe’s “four-year war”. Am ] Phys Anthropol. 2018;166:730-744. psychological perspective. In: Self: Interdisciplinary approaches.

5. Gallup GG. Chimpanzees: Self-recognition. Science. 1970;167:86-87. Springer; 1991:255-278.

6. Boeckle M, Schiestl M, Frohnwieser A, et al. New Caledonian 16. Dubois B, Levy R, Verin M, Teixeira C, Agid Y, Pillon B.
crows plan for specific future tool use. Proc R Soc B Biol Sci. Experimental approach to prefrontal functions in humans.
2020;287:20201490. Ann N'Y Acad Sci. 1995;769:41-60.

7. Dale R, Plotnik JM. Elephants know when their bodies are ob- 17. Goldman-Rakic PS. The prefrontal landscape: Implications of

stacles to success in a novel transfer task. Sci Rep. 2017;7:46309.

functional architecture for understanding human mentation



808

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

| BRAIN 2024: 147; 794-815

and the central executive. Philos Trans R Soc Lond B Biol Sci. 1996;
351:1445-1453.

Miller EK, Cohen JD. An integrative theory of prefrontal cortex
function. Annu Rev Neurosci. 2001;24:167-202.

Koechlin E, Summerfield C. An information theoretical ap-
proach to prefrontal executive function. Trends Cogn Sci. 2007;
11:229-235.

Badre D, D’Esposito M. Is the rostro-caudal axis of the frontal
lobe hierarchical? Nat Rev Neurosci. 2009;10:659-669.

Stuss DT, Knight RT, eds. Principles of frontal lobe function.
Oxford University Press; 2002.

Szczepanski SM, Knight RT. Insights into human behavior
from lesions to the prefrontal cortex. Neuron. 2014;83:
1002-1018.

Goldstein S, Naglieri JA, Princiotta D, Otero TM. Introduction: A
history of executive functioning as a theoretical and clinical
construct. In: Goldstein S, Naglieri JA, eds. Handbook of executive
functioning. Springer; 2014:3-12.

Genovesio A, Wise SP, Passingham RE. Prefrontal-parietal
function: From foraging to foresight. Trends Cogn Sci. 2014;18:
72-81.

Eldridge MA, Hines BE, Murray EA. The visual prefrontal cortex
of anthropoids: Interaction with temporal cortex in decision
making and its role in the making of ‘visual animals’. Curr
Opin Behav Sci. 2021;41:22-29.

Goldman-Rakic PS. Circuitry of primate prefrontal cortex and
regulation of behavior by representational memory. In:
Terjung R, ed. Comprehensive physiology. 1st ed. Wiley;
1987:373-417.

Lhermitte F. Human autonomy and the frontal lobes. Part II.
Patient behavior in complex and social situations: The envir-
onmental dependency syndrome? Ann Neurol. 1986;19:
335-343.

Lagarde ], Valabregue R, Corvol JC, et al. The clinical and ana-
tomical heterogeneity of environmental dependency phe-
nomena. ] Neurol. 2013;260:2262-2270.

Volle E, Beato R, Levy R, Dubois B. Forced collectionism after or-
bitofrontal damage. Neurology. 2002;58:488-490.

Brodmann K. Brodmann’s localisation in the cerebral cortex: The
principles of comparative localisation in the cerebral cortex based
on cytoarchitectonics. Springer Science +Business Media, Inc.
Springer e-books; 2005.

Preuss TM, Wise SP. Evolution of prefrontal cortex.
Neuropsychopharmacology. 2022;47:3-19.

Rose JE, Woolsey CN. Organization of the mammalian thal-
amus and its relationships to the cerebral -cortex.
Electroencephalogr Clin Neurophysiol. 1949;1:391-403; discussion
403-404.

Divac I, LaVail JH, Rakic P, Winston KR. Heterogeneous affer-
ents to the inferior parietal lobule of the rhesus monkey re-
vealed by the retrograde transport method. Brain Res. 1977;
123:197-207.

llinsky IA, Jouandet ML, Goldman-Rakic PS. Organization of
the nigrothalamocortical system in the rhesus monkey. J
Comp Neurol. 1985;236:315-330.

Yeterian EH, Pandya DN. Corticothalamic connections of the
posterior parietal cortex in the rhesus monkey. ] Comp Neurol.
1985;237:408-426.

Schmahmann JD, Pandya DN. Anatomical investigation of pro-
jections to the basis pontis from posterior parietal association
cortices in rhesus monkey. ] Comp Neurol. 1989;289:53-73.
Stepniewska I, Preuss TM, Kaas JH. Thalamic connections of
the dorsal and ventral premotor areas in new world owl mon-
keys. Neuroscience. 2007;147:727-745.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

R. Levy

Russchen FT, Amaral DG, Price JL. The afferent input to the
magnocellular division of the mediodorsal thalamic nucleus
in the monkey, Macaca fascicularis. ] Comp Neurol. 1987;256:
175-210.

Schell G, Strick P. The origin of thalamic inputs to the arcuate
premotor and supplementary motor areas. J Neurosci. 1984;4:
539-560.

Thiebaut de Schotten M, Urbanski M, Batrancourt B, et al.
Rostro-caudal architecture of the frontal lobes in humans.
Cereb Cortex. 2016;27:4033-4047.

Passingham RE, Stephan KE, Kotter R. The anatomical basis of
functional localization in the cortex. Nat Rev Neurosci. 2002;3:
606-616.

Mars RB, Sotiropoulos SN, Passingham RE, et al. Whole brain
comparative anatomy using connectivity blueprints. eLife.
2018;7:€35237.

Neubert FX, Mars RB, Sallet J, Rushworth MFS. Connectivity re-
veals relationship of brain areas for reward-guided learning
and decision making in human and monkey frontal cortex.
Proc Natl Acad Sci U S A. 2015;112:E2695-E2704.

Petrides M, Alivisatos B, Evans AC, Meyer E. Dissociation of hu-
man mid-dorsolateral from posterior dorsolateral frontal cor-
tex in memory processing. Proc Natl Acad Sci U S A. 1993;90:
873-877.

Levy R, Goldman-Rakic PS. Segregation of working memory
functions within the dorsolateral prefrontal cortex. Exp Brain
Res. 2000;133:23-32.

Koechlin E, Ody C, Kouneiher F. The architecture of cognitive con-
trol in the human prefrontal cortex. Science. 2003;302:1181-1185.

Badre D, Desrochers TM. Hierarchical cognitive control and the
frontal lobes. In: Handbook of clinical neurology; vol 163. Elsevier;
2019:165-177.

Carmichael ST, Price JL. Architectonic subdivision of the orbit-
al and medial prefrontal cortex in the macaque monkey. J
Comp Neurol. 1994;346:366-402.

Carmichael ST, Price JL. Connectional networks within the or-
bital and medial prefrontal cortex of macaque monkeys. ]
Comp Neurol. 1996;371:179-207.

Carmichael ST, Price JL. Sensory and premotor connections of
the orbital and medial prefrontal cortex of macaque monkeys.
J Comp Neurol. 1995;363:642-664.

Sanides F. Functional architecture of motor and sensory cortices
in primates in the light of a new concept of neocortex evolution.
In: Noback CR, Montagna W, eds. The primate brain: Advances in
primatology. Appleton-Century-Crofts; 1970:137-205.

Barbas H, Pandya DN. Architecture and intrinsic connections
of the prefrontal cortex in the rhesus monkey. ] Comp Neurol.
1989;286:353-375.

Petrides M, Pandya DN. Comparative cytoarchitectonic ana-
lysis of the human and the macaque frontal cortex. In: Boller
F, Grafman J, eds. Handbook of neuropsychology; vol 9. Elsevier;
1994:17-58.

Ongur D. The organization of networks within the orbital and
medial prefrontal cortex of rats, monkeys and humans. Cereb
Cortex. 2000;10:206-219.

Hof PR, Mufson EJ, Morrison JH. Human orbitofrontal cortex:
Cytoarchitecture and quantitative immunohistochemical par-
cellation. ] Comp Neurol. 1995;359:48-68.

Mackey S, Petrides M. Architecture and morphology of the hu-
man ventromedial prefrontal cortex. Eur J Neurosci. 2014;40:
2777-2796.

Myers RE, Swett C, Miller M. Loss of social group affinity follow-
ing prefrontal lesions in free-ranging macaques. Brain Res.
1973;64:257-269.



Prefrontal cortex in man and monkey

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Critchley HD, Rolls ET. Hunger and satiety modify the re-
sponses of olfactory and visual neurons in the primate orbito-
frontal cortex. ] Neurophysiol. 1996;75:1673-1686.

Rolls ET. Taste and smell processing in the brain. Handb Clin
Neurol. 2019;164:97-118.

Schultz W, Tremblay L, Hollerman JR. Reward prediction in pri-
mate basal ganglia and frontal cortex. Neuropharmacology.
1998;37(4-5):421-429.

Rolls ET, Critchley HD, Browning AS, Hernadi I, Lenard L.
Responses to the sensory properties of fat of neurons in the
primate orbitofrontal cortex. ] Neurosci. 1999;19:1532-1540.
Tremblay L, Schultz W. Relative reward preference in primate
orbitofrontal cortex. Nature. 1999;398:704-708.

Lebreton M, Jorge S, Michel V, Thirion B, Pessiglione M. An
automatic valuation system in the human brain: Evidence
from functional neuroimaging. Neuron. 2009;64:431-439.
O'Neill M, Schultz W. Coding of reward risk by orbitofrontal
neurons is mostly distinct from coding of reward value.
Neuron. 2010;68:789-800.

Rangel A, Clithero JA. The computation of stimulus values in
simple choice. In: Neuroeconomics. Elsevier; 2014:125-148.
Hiser ], Koenigs M. The multifaceted role of the ventromedial
prefrontal cortex in emotion, decision making, social cogni-
tion, and psychopathology. Biol Psychiatry. 2018;83:638-647.
Zinchenko O, Arsalidou M. Brain responses to social norms:
Meta-analyses of fMRI studies. Hum Brain Mapp. 2018;39:
955-970.

Alexander L, Wood CM, Roberts AC. The ventromedial pre-
frontal cortex and emotion regulation: Lost in translation? J
Physiol. 2023;601:37-50.

Gangopadhyay P, Chawla M, Dal Monte O, Chang SWC.
Prefrontal-amygdala circuits in social decision-making. Nat
Neurosci. 2021;24:5-18.

Klein-Fliigge MC, Bongioanni A, Rushworth MFS. Medial and
orbital frontal cortex in decision-making and flexible behavior.
Neuron. 2022;110:2743-2770.

Rolls ET. Emotion, motivation, decision-making, the orbito-
frontal cortex, anterior cingulate cortex, and the amygdala.
Brain Struct Funct. 2023;228:1201-1257.

Shi W, Meisner OC, Blackmore S, Jadi MP, Nandy AS, Chang
SWC. The orbitofrontal cortex: A goal-directed cognitive map
framework for social and non-social behaviors. Neurobiol
Learn Mem. 2023;203:107793.

Delgado MR, Beer JS, Fellows LK, et al. Viewpoints: Dialogues
on the functional role of the ventromedial prefrontal cortex.
Nat Neurosci. 2016;19:1545-1552.

Heilbronner SR, Hayden BY. Dorsal anterior cingulate cortex: A
bottom-up view. Annu Rev Neurosci. 2016;39:149-170.
Kouneiher F, Charron S, Koechlin E. Motivation and cognitive
control in the human prefrontal cortex. Nat Neurosci. 2009;12:
939-945.

Bahmani Z, Clark K, Merrikhi Y, et al. Prefrontal contributions
to attention and working memory. In: Hodgson T, ed. Processes
of visuospatial attention and working memory; vol 41. Springer
International Publishing; 2019:129-153.

Bodovitz S. The neural correlate of consciousness. ] Theor Biol.
2008;254:594-598.

Passingham RE, Lau HC. Acting, seeing, and conscious aware-
ness. Neuropsychologia. 2019;128:241-248.

Mashour GA, Pal D, Brown EN. Prefrontal cortex as a key node
in arousal circuitry. Trends Neurosci. 2022;45:722-732.
Naccache L. Why and how access consciousness can account
for phenomenal consciousness. Philos Trans R Soc Lond B Biol
Sci. 2018;373:20170357.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

BRAIN 2024: 147; 794-815 | 809

Brown R, Lau H, LeDoux JE. Understanding the higher-
order approach to consciousness. Trends Cogn Sci. 2019;23:
754-768.

Petrides M, Tomaiuolo F, Yeterian EH, Pandya DN. The pre-
frontal cortex: Comparative architectonic organization in the
human and the macaque monkey brains. Cortex. 2012;48:46-57.
D’Esposito M, Detre JA, Alsop DC, Shin RK, Atlas S, Grossman
M. The neural basis of the central executive system of working
memory. Nature. 1995;378:279-281.

Nitschke K, Kostering L, Finkel L, Weiller C, Kaller CP. A
meta-analysis on the neural basis of planning: Activation likeli-
hood estimation of functional brain imaging results in the
Tower of London task. Hum Brain Mapp. 2017;38:396-413.
Hobeika L, Diard-Detoeuf C, Garcin B, Levy R, Volle E. General
and specialized brain correlates for analogical reasoning: A
meta-analysis of functional imaging studies: Meta-analysis
of analogy brain networks. Hum Brain Mapp. 2016;37:1953-1969.
Krawczyk DC, Michelle McClelland M, Donovan CM. A hier-
archy for relational reasoning in the prefrontal cortex. Cortex.
2011;47:588-597.

Volle E, Kinkingnéhun S, Pochon JB, et al. The functional archi-
tecture of the left posterior and lateral prefrontal cortex in hu-
mans. Cereb Cortex. 2008;18:2460-2469.

Bengtsson SL, Haynes JD, Sakai K, Buckley MJ, Passingham RE.
The representation of abstract task rules in the human pre-
frontal cortex. Cereb Cortex. 2009;19:1929-1936.

TanjiJ, Shima K, Mushiake H. Concept-based behavioral plan-
ning and the lateral prefrontal cortex. Trends Cogn Sci. 2007;11:
528-534.

Owen AM, Doyon J, Petrides M, Evans AC. Planning and spatial
working memory: A positron emission tomography study in
humans. Eur J Neurosci. 1996;8:353-364.

Knight RT. Attention regulation and human prefrontal cortex.
In: Thierry AM, Goldman-Rakic P, Christen Y, eds. Motor and
cognitive functions of the prefrontal cortex. Springer-Verlag;
1994:160-173.

Eslinger PJ, Damasio AR. Severe disturbance of higher cogni-
tion after bilateral frontal lobe ablation: Patient EVR.
Neurology. 1985;35:1731.

Camille N, Griffiths CA, Vo K, Fellows LK, Kable JW.
Ventromedial frontal lobe damage disrupts value maximiza-
tion in humans. ] Neurosci. 2011;31:7527-7532.

Manohar SG, Husain M. Human ventromedial prefrontal le-
sions alter incentivisation by reward. Cortex. 2016;76:104-120.
Sellitto M, Ciaramelli E, Di Pellegrino G. Myopic discounting of
future rewards after medial orbitofrontal damage in humans. ]
Neurosci. 2010;30:16429-16436.

Moretti L, Dragone D, Di Pellegrino G. Reward and social valu-
ation deficits following ventromedial prefrontal damage. ]
Cogn Neurosci. 2009;21:128-140.

Fellows LK, Farah MJ. Ventromedial frontal cortex mediates af-
fective shifting in humans: Evidence from a reversal learning
paradigm. Brain ] Neurol. 2003;126(Pt 8):1830-1837.

Schneider B, Koenigs M. Human lesion studies of ventromedial
prefrontal cortex. Neuropsychologia. 2017;107:84-93.

Milner B, Petrides M. Behavioural effects of frontal-lobe lesions
in man. Trends Neurosci. 1984;7:403-407.

Shallice T. Specific impairments of planning. Philos Trans R Soc
Lond B Biol Sci. 1982;298:199-209.

Freedman M, Oscar-Berman M. Bilateral frontal lobe disease
and selective delayed response deficits in humans. Behav
Neurosci. 1986;100:337-435.

Husain M, Kennard C. Visual neglect associated with frontal
lobe infarction. ] Neurol. 1996;243:652-657.



810

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

| BRAIN 2024: 147; 794-815

Morris R. The effect of goal-subgoal conflict on planning ability
after frontal- and temporal-lobe lesions in humans.
Neuropsychologia. 1997;35:1147-1157.

Ferreira C, Verin M, Pillon B, Levy R, Dubois B, Agid Y.
Spatio-temporal working memory and frontal lesions in
man. Cortex. 1998;34:83-98.

Boisgueheneuc FD, Levy R, Volle E, et al. Functions of the left
superior frontal gyrus in humans: A lesion study. Brain. 2006;
129:3315-3328.

Barbey AK, Koenigs M, Grafman J. Dorsolateral prefrontal contri-
butions to human working memory. Cortex. 2013;49:1195-1205.
Lagarde ], Valabrégue R, Corvol JC, et al. Why do patients with
neurodegenerative frontal syndrome fail to answer: ‘In what
way are an orange and a banana alike?’ Brain. 2015;138:
456-471.

Petrides M, Milner B. Deficits on subject-ordered tasks after
frontal- and temporal-lobe lesions in man. Neuropsychologia.
1982;20:249-262.

Murphy WJ, Foley NM, Bredemeyer KR, Gatesy ], Springer MS.
Phylogenomics and the genetic architecture of the placental
mammal radiation. Annu Rev Anim Biosci. 2021;9:29-53.
Nimchinsky EA, Vogt BA, Morrison JH, Hof PR. Spindle neurons
of the human anterior cingulate cortex. ] Comp Neurol. 1995;
355:27-37.

Seeley WW. Selective functional, regional, and neuronal vul-
nerability in frontotemporal dementia. Curr Opin Neurol. 2008;
21:701-707.

Allman JM, Tetreault NA, Hakeem AY, et al. The von Economo
neurons in the frontoinsular and anterior cingulate cortex.
Ann N'Y Acad Sci. 2011;1225:59-71.

Santillo AF, Nilsson C, Englund E. von Economo neurons are se-
lectively targeted in frontotemporal dementia. Neuropathol
Appl Neurobiol. 2013;39:572-579.

YangY, Halliday GM, Hodges JR, Tan RH. von Economo neuron
density and thalamus volumes in behavioral deficits in fronto-
temporal dementia cases with and without a COORF72 repeat
expansion. ] Alzheimers Dis. 2017;58:701-709.

Gonzalez-Acosta CA, Escobar MI, Casanova MF, Pimienta HJ,
Buritica E. Von Economo neurons in the human medial fronto-
polar cortex. Front Neuroanat. 2018;12:64.

LinLC, Nana AL, Hepker M, et al. Preferential tau aggregation in
von Economo neurons and fork cells in frontotemporal lobar
degeneration with specific MAPT variants. Acta Neuropathol
Commun. 2019;7:159.

Nana AL, Sidhu M, Gaus SE, et al. Neurons selectively targeted
in frontotemporal dementia reveal early stage TDP-43 patho-
biology. Acta Neuropathol. 2019;137:27-46.

Cabeen RP, Glass L, Erwin JM, Hof PR, Toga AW, Allman JM. The
connections of the insular VEN area in great apes: A
histologically-guided ex vivo diffusion tractography study.
Prog Neurobiol. 2020;195:101941.

Pasquini L, Nana AL, Toller G, et al. Salience network atrophy
links neuron type-specific pathobiology to loss of empathy in
frontotemporal dementia. Cereb Cortex. 2020;30:5387-5399.
Banovac I, Sedmak D, Judas$ M, Petanjek Z. Von Economo neu-
rons—Primate-specific or commonplace in the mammalian
brain? Front Neural Circuits. 2021;15:714611.

Gami-Patel P, Dijken I, Swieten JC, et al. Von Economo neurons
are part of a larger neuronal population that are selectively
vulnerable in C90rf72 frontotemporal dementia. Neuropathol
Appl Neurobiol. 2019;45:671-680.

Alexander GE, DeLong MR, Strick PL. Parallel organization of
functionally segregated circuits linking basal ganglia and cor-
tex. Annu Rev Neurosci. 1986;9:357-381.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

R. Levy

Kemp JM, Powell TP. The cortico-striate projection in the mon-
key. Brain. 1970;93:525-546.

Yeterian EH, Van Hoesen GW. Cortico-striate projections in the
rhesus monkey: The organization of certain cortico-caudate
connections. Brain Res. 1978;139:43-63.

Van Hoesen GW, Yeterian EH, Lavizzo-Mourey R. Widespread
corticostriate projections from temporal cortex of the rhesus
monkey. ] Comp Neurol. 1981;199:205-219.

Selemon LD, Goldman-Rakic PS. Longitudinal topography and
interdigitation of corticostriatal projections in the rhesus
monkey. ] Neurosci. 1985;5:776-794.

Saint-Cyr JA, Ungerleider LG, Desimone R. Organization of vis-
ual cortical inputs to the striatum and subsequent outputs to
the pallido-nigral complex in the monkey. ] Comp Neurol.
1990;298:129-156.

Yeterian EH, Pandya DN. Prefrontostriatal connections in rela-
tion to cortical architectonic organization in rhesus monkeys. J
Comp Neurol. 1991;312:43-67.

Haber SN. The primate basal ganglia: Parallel and integrative
networks. ] Chem Neuroanat. 2003;26:317-330.

Haber SN. Corticostriatal circuitry. Dialogues Clin Neurosci. 2016;
18:7-21.

Averbeck BB, Lehman J, Jacobson M, Haber SN. Estimates of
projection overlap and zones of convergence within frontal-
striatal circuits. ] Neurosci. 2014;34:9497-9505.

Lehéricy S, Ducros M, Van De Moortele PF, et al. Diffusion ten-
sor fiber tracking shows distinct corticostriatal circuits in hu-
mans: DTI corticostriatal fibers. Ann Neurol. 2004;55:522-529.
Choi EY, Tanimura Y, Vage PR, Yates EH, Haber SN.
Convergence of prefrontal and parietal anatomical projections
in a connectional hub in the striatum. Neurolmage. 2017;146:
821-832.

Draganski B, Kherif F, Kloppel S, et al. Evidence for segregated
and integrative connectivity patterns in the human basal gan-
glia. ] Neurosci. 2008;28:7143-7152.

Rosvold HE, Szwarbach M. Neural structures involved in de-
layed response performance. In: Warren JM, Akert K, eds. The
frontal granular cortex and behavior. McGraw-Hill; 1964:1-15.
Divac I, Rosvold HE, Szwarcbart MK. Behavioral effects of se-
lective ablation of the caudate nucleus. ] Comp Physiol Psychol.
1967,;63:184-190.

Butters N, Pandya D, Stein D, Rosen J. A search for the spatial
engram within the frontal lobes of monkeys. Acta Neurobiol
Exp (Wars). 1972;32:305-329.

Iversen S. Behaviour after neostriatal lesions in animals. In:
Divac I, Oberg RGE, eds. The neostriatum. Pergamon;
1979:195-210.

Rolls ET, Thorpe SJ, Maddison SP. Responses of striatal neu-
rons in the behaving monkey. 1. Head of the caudate nucleus.
Behav Brain Res. 1983;7:179-210.

Laplane D, Baulac M, Widlocher D, Dubois B. Pure psychic akin-
esia with bilateral lesions of basal ganglia. ] Neurol Neurosurg
Psychiatry. 1984;47:377-385.

Godefroy O. Frontal lobe dysfunction in unilateral lenticu-
lostriate infarcts: Prominent role of cortical lesions. Arch
Neurol. 1992;49:1285.

Bhatia KP, Marsden CD. The behavioural and motor conse-
quences of focal lesions of the basal ganglia in man. Brain.
1994;117:859-876.

Stern CE, Passingham RE. The nucleus accumbens in monkeys
(Macaca fascicularis): II. Emotion and motivation. Behav Brain
Res. 1996;75(1-2):179-193.

Levy R, Friedman HR, Davachi L, Goldman-Rakic PS.
Differential activation of the caudate nucleus in primates



Prefrontal cortex in man and monkey

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

performing spatial and nonspatial working memory tasks. J
Neurosci. 1997;17:3870-3882.

Calder AJ. Impaired recognition of anger following damage to
the ventral striatum. Brain. 2004;127:1958-1969.

Semendeferi K, Armstrong E, Schleicher A, Zilles K, Van
Hoesen GW. Prefrontal cortex in humans and apes: A com-
parative study of area 10. Am ] Phys Anthropol. 2001;114:
224-241.

Semendeferi K, Lu A, Schenker N, Damasio H. Humans and
great apes share a large frontal cortex. Nat Neurosci. 2002;5:
272-276.

Amiez C, Sallet ], Giacometti C, et al. A revised perspective on
the evolution of the lateral frontal cortex in primates. Sci Adv.
2023;9:eadf9445.

Donahue CJ, Glasser MF, Preuss TM, Rilling JK, Van Essen DC.
Quantitative assessment of prefrontal cortex in humans rela-
tive to nonhuman primates. Proc Natl Acad Sci U S A. 2018;
115:E5183-E5192.

Smaers JB, GOomez-Robles A, Parks AN, Sherwood CC.
Exceptional evolutionary expansion of prefrontal cortex in
great apes and humans. Curr Biol. 2017;27:714-720.
Schoenemann PT, Sheehan M]J, Glotzer LD. Prefrontal white
matter volume is disproportionately larger in humans than
in other primates. Nat Neurosci. 2005;8:242-252.

Gabi M, Neves K, Masseron C, et al. No relative expansion of the
number of prefrontal neurons in primate and human evolu-
tion. Proc Natl Acad Sci U S A. 2016;113:9617-9622.

Spocter MA, Hopkins WD, Barks SK, et al. Neuropil distribution
in the cerebral cortex differs between humans and chimpan-
zees. ] Comp Neurol. 2012;520:2917-2929.

Munger EL, Edler MK, Hopkins WD, Hof PR, Sherwood CC,
Raghanti MA. Comparative analysis of astrocytes in the pre-
frontal cortex of primates: Insights into the evolution of hu-
man brain energetics. ] Comp Neurol. 2022;530:3106-3125.
Mantini D, Corbetta M, Romani GL, Orban GA, Vanduffel W.
Evolutionarily novel functional networks in the human brain?
J Neurosci. 2013;33:3259-3275.

Vincent JL, Patel GH, Fox MD, et al. Intrinsic functional archi-
tecture in the anaesthetized monkey brain. Nature. 2007;447:
83-86.

Sallet J, Mars RB, Noonan MP, et al. The organization of dorsal
frontal cortex in humans and macaques. ] Neurosci. 2013;33:
12255-12274.

Owen AM, Downes JJ, Sahakian BJ, Polkey CE, Robbins TW.
Planning and spatial working memory following frontal lobe
lesions in man. Neuropsychologia. 1990;28:1021-1034.

Goel V, Grafman J. Are the frontal lobes implicated in “plan-
ning” functions? Interpreting data from the Tower of Hanoi.
Neuropsychologia. 1995;33:623-642.

Baker SC, Rogers RD, Owen AM, et al. Neural systems engaged
by planning: A PET study of the Tower of London task.
Neuropsychologia. 1996;34:515-526.

Dagher A, Owen AM, Boecker H, Brooks DJ. Mapping the net-
work for planning: A correlational PET activation study with
the Tower of London task. Brain. 1999;122(Pt 10):1973-1987.
Baddeley AD. Working memory. Clarendon Press, Oxford
University Press; 1986.

Hunter W. The delayed reaction in animals and children. Behav
Monogr. 1913;2(1):1-86.

Jacobsen C. Studies of cerebral function in primates. Comp
Psychol Monogr. 1936;13:1-68.

Harlow HF, Davis RT, Settlage PH, Meyer DR. Analysis of frontal
and posterior association syndromes in brain-damaged mon-
keys. ] Comp Physiol Psychol. 1952;45:419-429.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

BRAIN 2024: 147; 794-815 | 811

Goldman PS, Rosvold HE. Localization of function within the
dorsolateral prefrontal cortex of the rhesus monkey. Exp
Neurol. 1970;27:291-304.

Goldman PS, Rosvold HE, Vest B, Galkin TW. Analysis of the
delayed-alternation deficit produced by dorsolateral prefront-
allesions in the rhesus monkey. ] Comp Physiol Psychol. 1971;77:
212-220.

Butters N, Rosvold HE. Effect of caudate and septal nuclei le-
sions on resistance to extinction and delayed-alternation. J
Comp Physiol Psychol. 1968;65:397-403.

Kubota K, Niki H. Prefrontal cortical unit activity and delayed
alternation performance in monkeys. J Neurophysiol. 1971;34:
337-347.

Fuster JM, Alexander GE. Neuron activity related to short-term
memory. Science. 1971;173:652-654.

Funahashi S, Chafee MV, Goldman-Rakic PS. Prefrontal neur-
onal activity in rhesus monkeys performing a delayed anti-
saccade task. Nature. 1993;365:753-756.

Funahashi S, Bruce CJ, Goldman-Rakic PS. Mnemonic coding of
visual space in the monkey’s dorsolateral prefrontal cortex. J
Neurophysiol. 1989;61:331-349.

Barone P, Joseph JP. Prefrontal cortex and spatial sequencingin
macaque monkey. Exp Brain Res. 1989;78:447-464.

Hasegawa R, Sawaguchi T, Kubota K. Monkey prefrontal neur-
onal activity coding the forthcoming saccade in an oculomotor
delayed matching-to-sample task. J Neurophysiol. 1998;79:
322-333.

Kim JN, Shadlen MN. Neural correlates of a decision in the
dorsolateral prefrontal cortex of the macaque. Nat Neurosci.
1999;2:176-185.

Asaad WF, Rainer G, Miller EK. Task-specific neural activity in
the primate prefrontal cortex. ] Neurophysiol. 2000;84:451-459.
Mansouri FA, Matsumoto K, Tanaka K. Prefrontal cell activities
related to monkeys’ success and failure in adapting to rule
changes in a Wisconsin card sorting test analog. J Neurosci.
2006;26:2745-2756.

Watanabe M. Reward expectancy in primate prefrontal neu-
rons. Nature. 1996;382:629-632.

Rigotti M, Barak O, Warden MR, et al. The importance of mixed
selectivity in complex cognitive tasks. Nature. 2013;497:
585-590.

Duncan J. An adaptive coding model of neural function in pre-
frontal cortex. Nat Rev Neurosci. 2001;2:820-829.

Stokes MG, Kusunoki M, Sigala N, Nili H, Gaffan D, Duncan J.
Dynamic coding for cognitive control in prefrontal cortex.
Neuron. 2013;78:364-375.

Zucker RS, Regehr WG. Short-term synaptic plasticity. Annu
Rev Physiol. 2002;64:355-405.

Mongillo G, Barak O, Tsodyks M. Synaptic theory of working
memory. Science. 2008;319:1543-1546.

Watanabe K, Funahashi S. Neural mechanisms of dual-task
interference and cognitive capacity limitation in the prefrontal
cortex. Nat Neurosci. 2014;17:601-611.

Stokes MG. ‘Activity-silent’ working memory in prefrontal cortex:
A dynamic coding framework. Trends Cogn Sci. 2015;19:394-405.
Bocincova A, Buschman TJ, Stokes MG, Manohar SG. Neural
signature of flexible coding in prefrontal cortex. Proc Natl
Acad Sci U S A. 2022;119, e2200400119.

Lundgvist M, Brincat SL, Rose J, et al. Working memory control
dynamics follow principles of spatial computing. Nat Commun.
2023;14:1429.

Miller EK, Li L, Desimone R. A neural mechanism for working
and recognition memory in inferior temporal cortex. Science.
1991,;254:1377-1379.



812

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

| BRAIN 2024: 147; 794-815

Friedman HR, Goldman-Rakic PS. Coactivation of prefrontal
cortex and inferior parietal cortex in working memory tasks
revealed by 2DG functional mapping in the rhesus monkey. J
Neurosci. 1994;14(5 Pt 1):2775-2788.

Chafee MV, Goldman-Rakic PS. Matching patterns of activity in
primate prefrontal area 8a and parietal area 7ip neurons dur-
ing a spatial working memory task. ] Neurophysiol. 1998;79:
2919-2940.

Cohen JD, Perlstein WM, Braver TS, et al. Temporal dynamics
of brain activation during a working memory task. Nature.
1997,386:604-608.

Smith EE, Jonides J. Neuroimaging analyses of human working
memory. Proc Natl Acad Sci U S A. 1998;95:12061-12068.

Smith EE, Jonides J. Storage and executive processes in the
frontal lobes. Science. 1999;283:1657-1661.

Pochon JB, Levy R, Poline JB, et al. The role of dorsolateral pre-
frontal cortex in the preparation of forthcoming actions: An
fMRI study. Cereb Cortex. 2001;11:260-266.

Jonides J, Schumacher EH, Smith EE, et al. Verbal working
memory load affects regional brain activation as measured
by PET. ] Cogn Neurosci. 1997;9:462-475.

Miller EK, Erickson CA, Desimone R. Neural mechanisms of
visual working memory in prefrontal cortex of the macaque.
] Neurosci. 1996;16:5154-5167.

Rypma B, Prabhakaran V, Desmond JE, Glover GH, Gabrieli JD.
Load-dependent roles of frontal brain regions in the mainten-
ance of working memory. Neurolmage. 1999;9:216-226.

Rypma B, D’Esposito M. The roles of prefrontal brain regions in
components of working memory: Effects of memory load and
individual differences. Proc Natl Acad Sci U S A. 1999;96:
6558-6563.

Phillips S, Niki K. Separating relational from item load effects
in paired recognition: Temporoparietal and middle frontal gyr-
al activity with increased associates, but not items during en-
coding and retention. NeuroImage. 2002;17:1031-1055.

Sakai K, Rowe JB, Passingham RE. Active maintenance in pre-
frontal area 46 creates distractor-resistant memory. Nat
Neurosci. 2002;5:479-484.

Barone P, Joseph JP. Role of the dorsolateral prefrontal cortex in
organizing visually guided behavior. Brain Behav Evol. 1989;
33(2-3):132-135.

di Pellegrino G, Wise SP. A neurophysiological comparison of
three distinct regions of the primate frontal lobe. Brain. 1991;
114(Pt 2):951-978.

Boussaoud D, Wise SP. Primate frontal cortex: Neuronal activ-
ity following attentional versus intentional cues. Exp Brain Res.
1993;95:15-27.

Quintana J, Fuster JM. From perception to action: Temporal in-
tegrative functions of prefrontal and parietal neurons. Cereb
Cortex. 1999;9:213-221.

Sawaguchi T, Yamane I. Properties of delay-period neuronal
activity in the monkey dorsolateral prefrontal cortex during
a spatial delayed matching-to-sample task. J Neurophysiol.
1999;82:2070-2080.

Rowe JB, Tonil, Josephs O, Frackowiak RS, Passingham RE. The
prefrontal cortex: Response selection or maintenance within
working memory? Science. 2000;288:1656-1660.

Rowe JB, Passingham RE. Working memory for location and
time: Activity in prefrontal area 46 relates to selection rather
than maintenance in memory. NeuroImage. 2001;14(Pt 1):77-86.
Simon SR, Meunier M, Piettre L, Berardi AM, Segebarth CM,
Boussaoud D. Spatial attention and memory versus motor
preparation: Premotor cortex involvement as revealed by
fMRI. J Neurophysiol. 2002;88:2047-2057.

209.

210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

R. Levy

Manoach DS, Greve DN, Lindgren KA, Dale AM. Identifying re-
gional activity associated with temporally separated compo-
nents of working memory using event-related functional
MRI. NeuroImage. 2003;20:1670-1684.

Curtis CE, Rao VY, D’Esposito M. Maintenance of spatial and
motor codes during oculomotor delayed response tasks. J
Neurosci. 2004;24:3944-3952.

Lau HC, Rogers RD, Ramnani N, Passingham RE. Willed action
and attention to the selection of action. Neurolmage. 2004;21:
1407-1415.

Volle E, Pochon JB, Lehéricy S, Pillon B, Dubois B, Levy R. Specific
cerebral networks for maintenance and response organization
within working memory as evidenced by the ‘double delay/dou-
ble response’ paradigm. Cereb Cortex. 2005;15:1064-1074.

Seed A, Tomasello M. Primate cognition. Top Cogn Sci. 2010;2:
407-419.

Petrides M. Impairments on nonspatial self-ordered and exter-
nally ordered working memory tasks after lesions of the mid-
dorsal part of the lateral frontal cortex in the monkey. J
Neurosci. 1995;15:359-375.

Levy R, Goldman-Rakic PS. Association of storage and process-
ing functions in the dorsolateral prefrontal cortex of the non-
human primate. J Neurosci. 1999;19:5149-5158.

Jonides J, Smith EE, Koeppe RA, Awh E, Minoshima S, Mintun
MA. Spatial working memory in humans as revealed by PET.
Nature. 1993;363:623-625.

Paulesu E, Frith CD, Frackowiak RS. The neural correlates of
the verbal component of working memory. Nature. 1993;362:
342-345.

McCarthy G, Blamire AM, Puce A, et al. Functional magnetic
resonance imaging of human prefrontal cortex activation dur-
ing a spatial working memory task. Proc Natl Acad Sci U S A.
1994;91:8690-8694.

Courtney SM, Ungerleider LG, Keil K, Haxby JV. Transient and
sustained activity in a distributed neural system for human
working memory. Nature. 1997;386:608-611.

Courtney SM, Petit L, MaisogJMA, Ungerleider LG, Haxby JV. An
area specialized for spatial working memory in human frontal
cortex. Science. 1998;279:1347-1351.

Owen AM, Stern CE, Look RB, Tracey I, Rosen BR, Petrides
M. Functional organization of spatial and nonspatial working
memory processing within the human lateral frontal cortex.
Proc Natl Acad Sci U S A. 1998;95:7721-7726.

Jonides J, Smith EE, Marshuetz C, Koeppe RA, Reuter-Lorenz
PA. Inhibition in verbal working memory revealed by brain ac-
tivation. Proc Natl Acad Sci U S A. 1998;95:8410-8413.
Prabhakaran V, Narayanan K, Zhao Z, Gabrieli JDE. Integration
of diverse information in working memory within the frontal
lobe. Nat Neurosci. 2000;3:85-90.

Verin M, Partiot A, Pillon B, Malapani C, Agid Y, Dubois B.
Delayed response tasks and prefrontal lesions in man—
Evidence for self generated patterns of behaviour with poor en-
vironmental modulation. Neuropsychologia. 1993;31:1379-1396.
Neubert FX, Mars RB, Thomas AG, Sallet J, Rushworth MFS.
Comparison of human ventral frontal cortex areas for cogni-
tive control and language with areas in monkey frontal cortex.
Neuron. 2014;81:700-713.

Petrides M, Pandya DN. Comparative cytoarchitectonic ana-
lysis of the human and the macaque ventrolateral prefrontal
cortex and corticocortical connection patterns in the monkey.
Eur J Neurosci. 2002;16:291-310.

Passingham RE, Toni I, Rushworth MF. Specialisation within
the prefrontal cortex: The ventral prefrontal cortex and asso-
ciative learning. Exp Brain Res. 2000;133:103-113.



Prefrontal cortex in man and monkey

228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

DerrfussJ, Brass M, Neumann J, Von Cramon DY. Involvement
of the inferior frontal junction in cognitive control:
Meta-analyses of switching and Stroop studies. Hum Brain
Mapp. 2005;25:22-34.

Aron AR, Fletcher PC, Bullmore ET, Sahakian BJ, Robbins TW.
Stop-signal inhibition disrupted by damage to right inferior
frontal gyrus in humans. Nat Neurosci. 2003;6:115-116.

Aron AR, Poldrack RA. Cortical and subcortical contributions to
stop signal response inhibition: Role of the subthalamic nu-
cleus. ] Neurosci. 2006;26:2424-2433.

Aron AR, Robbins TW, Poldrack RA. Inhibition and the right in-
ferior frontal cortex: One decade on. Trends Cogn Sci. 2014;18:
177-185.

Leung HC. An event-related functional MRI study of the Stroop
color word interference task. Cereb Cortex. 2000;10:552-560.
Wager TD, Sylvester CYC, Lacey SC, Nee DE, Franklin M,
Jonides J. Common and unique components of response inhib-
ition revealed by fMRI. Neurolmage. 2005;27:323-340.

Nee DE, Wager TD, Jonides J. Interference resolution: Insights
from a meta-analysis of neuroimaging tasks. Cogn Affect
Behav Neurosci. 2007;7:1-17.

Schachar R, Logan GD, Robaey P, Chen S, Ickowicz A, Barr C.
Restraint and cancellation: Multiple inhibition deficits in at-
tention deficit hyperactivity disorder. ] Abnorm Child Psychol.
2007;35:229-238.

Chikazoe J, Jimura K, Asari T, et al. Functional dissociation in
right inferior frontal cortex during performance of Go/No-Go
task. Cereb Cortex. 2009;19:146-152.

Congdon E, Mumford JA, Cohen JR, et al. Engagement of
large-scale networks is related to individual differences in in-
hibitory control. Neurolmage. 2010;53:653-663.

Sebastian A, Pohl MF, Kl6ppel S, et al. Disentangling common
and specific neural subprocesses of response inhibition.
Neurolmage. 2013;64:601-615.

Zhang R, Geng X, Lee TMC. Large-scale functional neural net-
work correlates of response inhibition: An fMRI meta-analysis.
Brain Struct Funct. 2017;222:3973-3990.

Hasegawa RP, Peterson BW, Goldberg ME. Prefrontal neurons
coding suppression of specific saccades. Neuron. 2004;43:
415-425.

Wise SP, Murray EA. Arbitrary associations between antece-
dents and actions. Trends Neurosci. 2000;23:271-276.

Petrides M. Visuo-motor conditional associative learning after
frontal and temporal lesions in the human brain.
Neuropsychologia. 1997;35:989-997.

Toni I, Ramnani N, Josephs O, Ashburner J, Passingham RE.
Learning arbitrary visuomotor associations: Temporal dynam-
ic of brain activity. Neurolmage. 2001;14:1048-1057.

Garcin B, Volle E, Dubois B, Levy R. Similar or different? The
role of the ventrolateral prefrontal cortex in similarity detec-
tion. PLoS One. 2012;7:e34164.

Garcin B, Volle E, Funkiewiez A, Miller BL, Dubois B, Levy R. A
mosquito bites and a butterfly flies: A specific response type
of frontal patients in a similarity task. Neuropsychologia. 2018;
117:371-378.

Gerlach C, Law I, Gade A, Paulson OB. Categorization and cat-
egory effects in normal object recognition. Neuropsychologia.
2000;38:1693-1703.

Tyler LK, Russell R, Fadili], Moss HE. The neural representation
of nouns and verbs: PET studies. Brain. 2001;124(Pt 8):
1619-1634.

Adams RB, Janata P. A comparison of neural circuits under-
lying auditory and visual object categorization. Neurolmage.
2002;16:361-377.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

BRAIN 2024: 147; 794-815 | 813

Devlin JT, Russell RP, Davis MH, et al. Is there an anatomical
basis for category-specificity? Semantic memory studies in
PET and fMRI. Neuropsychologia. 2002;40:54-75.

Grossman M, Smith EE, Koenig P, et al. The neural basis for cat-
egorization in semantic memory. Neurolmage. 2002;17:
1549-1561.

Pilgrim LK, FadiliJ, Fletcher P, Tyler LK. Overcoming confounds
of stimulus blocking: An event-related fMRI design of semantic
processing. Neurolmage. 2002;16:713-723.

Reber PJ, Wong EC, Buxton RB. Comparing the brain areas sup-
porting nondeclarative categorization and recognition mem-
ory. Cogn Brain Res. 2002;14:245-257.

Sigala N, Gabbiani F, Logothetis NK. Visual categorization and
object representation in monkeys and humans. ] Cogn Neurosci.
2002;14:187-198.

Vogels R, Sary G, Dupont P, Orban GA. Human brain
regions involved in visual categorization. Neurolmage. 2002;
16:401-414.

Pernet C, Franceries X, Basan S, Cassol E, Démonet JF, Celsis P.
Anatomy and time course of discrimination and categoriza-
tion processes in vision: An fMRI study. Neurolmage. 2004;22:
1563-1577.

Koenig P, Smith EE, Glosser G, et al. The neural basis for novel
semantic categorization. Neurolmage. 2005;24:369-383.

Milton F, Wills AJ, Hodgson TL. The neural basis of overall simi-
larity and single-dimension sorting. Neurolmage. 2009;46:
319-326.

Visser M, Embleton KV, Jefferies E, Parker GJ, Ralph MAL.
The inferior, anterior temporal lobes and semantic memory
clarified: Novel evidence from distortion-corrected fMRI.
Neuropsychologia. 2010;48:1689-1696.

Garcin B, Urbanski M, Thiebaut de Schotten M, Levy R, Volle E.
Anterior temporal lobe morphometry predicts categorization
ability. Front Hum Neurosci. 2018;12:36.

Rainer G, Miller EK. Effects of visual experience on the re-
presentation of objects in the prefrontal cortex. Neuron. 2000;
27:179-189.

Freedman D], Miller EK. Neural mechanisms of visual categor-
ization: Insights from neurophysiology. Neurosci Biobehav Rev.
2008;32:311-329.

McKee JL, Riesenhuber M, Miller EK, Freedman DJ.
Task dependence of visual and category representations in
prefrontal and inferior temporal cortices. ] Neurosci. 2014;34:
16065-16075.

Brincat SL, Siegel M, Von Nicolai C, Miller EK. Gradual progres-
sion from sensory to task-related processing in cerebral cor-
tex. Proc Natl Acad Sci U S A. 2018;115:E7202-E7211.
Ungerleider LG, Gaffan D, Pelak VS. Projections from inferior
temporal cortex to prefrontal cortex via the uncinate fascicle
in rhesus monkeys. Exp Brain Res. 1989;76:473-484.

Pandya DN, Yeterian EH. Prefrontal cortex in relation to other
cortical areas in rhesus monkey: Architecture and connec-
tions. Prog Brain Res. 1990;85:63-94.

Palomero-Gallagher N, Zilles K. Differences in cytoarchitecture
of Broca’s region between human, ape and macaque brains.
Cortex. 2019;118:132-153.

Rizzolatti G, Fogassi L, Gallese V. Neurophysiological mechan-
isms underlying the understanding and imitation of action.
Nat Rev Neurosci. 2001;2:661-670.

Koechlin E, Jubault T. Broca’s area and the hierarchical organ-
ization of human behavior. Neuron. 2006;50:963-974.
Romanski LM. Integration of faces and vocalizations in ventral
prefrontal cortex: Implications for the evolution of audiovisual
speech. Proc Natl Acad Sci U S A. 2012;109(Suppl 1):10717-10724.



814

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.
281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

291.

| BRAIN 2024: 147; 794-815

Scott BH, Mishkin M, Yin P. Monkeys have a limited form of
short-term memory in audition. Proc Natl Acad Sci U S A. 2012;
109:12237-12241.

Staes N, Sherwood CC, Wright K, et al. FOXP2 Variation in great
ape populations offers insight into the evolution of communi-
cation skills. Sci Rep. 2017;7:16866.

Wilson FA, Scalaidhe SP, Goldman-Rakic PS. Dissociation of
object and spatial processing domains in primate prefrontal
cortex. Science. 1993;260:1955-1958.

O Scalaidhe SP, Wilson FA, Goldman-Rakic PS. Areal segrega-
tion of face-processing neurons in prefrontal cortex. Science.
1997;278:1135-1138.

Rao SC, Rainer G, Miller EK. Integration of what and where in
the primate prefrontal cortex. Science. 1997;276:821-824.
Rainer G, Asaad WF, Miller EK. Memory fields of neurons in the
primate prefrontal cortex. Proc Natl Acad Sci U S A. 1998;95:
15008-15013.

Owen AM, Evans AC, Petrides M. Evidence for a two-stage
model of spatial working memory processing within the lat-
eral frontal cortex: A positron emission tomography study.
Cereb Cortex. 1996;6:31-38.

Nee DE, Brown JW, Askren MK, et al. A meta-analysis of execu-
tive components of working memory. Cereb Cortex. 2013;23:
264-282.

Gavazzi G, Giovannelli F, Noferini C, et al. Subregional pre-
frontal cortex recruitment as a function of inhibitory de-
mand: An fMRI metanalysis. Neurosci Biobehav Rev. 2023;152:
105285.

Funahashi S, Bruce CJ, Goldman-Rakic PS. Visuospatial coding
in primate prefrontal neurons revealed by oculomotor para-
digms. ] Neurophysiol. 1990;63:814-831.

Miller EK. The prefrontal cortex. Neuron. 1999;22:15-17.

Smith EE, Jonides ], Koeppe RA, Awh E, Schumacher EH,
Minoshima S. Spatial versus object working memory: PET in-
vestigations. ] Cogn Neurosci. 1995;7:337-356.

Bates E, Wilson SM, Saygin AP, et al. Voxel-based lesion-symp-
tom mapping. Nat Neurosci. 2003;6:448-450.

Kinkingnéhun S, Volle E, Pélégrini-Issac M, et al. A novel ap-
proach to clinical-radiological correlations. Anatomo-clinical
overlapping maps (AnaCOM): Method and validation.
Neurolmage. 2007;37:1237-1249.

Foulon C, Cerliani L, Kinkingnéhun S, et al. Advanced lesion
symptom mapping analyses and implementation as
BCBtoolkit. GigaScience. 2018;7:1-17.

Bahlmann J, Blumenfeld RS, D’Esposito M. The rostro-caudal
axis of frontal cortex is sensitive to the domain of stimulus in-
formation. Cereb Cortex. 2015;25:1815-1826.

Blumenfeld RS, Nomura EM, Gratton C, D’Esposito M. Lateral
prefrontal cortex is organized into parallel dorsal and ventral
streams along the rostro-caudal axis. Cereb Cortex. 2013;23:
2457-2466.

Badre D, D’Esposito M. Functional magnetic resonance im-
aging evidence for a hierarchical organization of the prefrontal
cortex. J Cogn Neurosci. 2007;19:2082-2099.

Azuar C, Reyes P, Slachevsky A, et al. Testing the model of
caudo-rostral organization of cognitive control in the human
with frontal lesions. NeuroImage. 2014;84:1053-1060.

Badre D, Nee DE. Frontal cortex and the hierarchical control of
behavior. Trends Cogn Sci. 2018;22:170-188.

Choi EY, Drayna GK, Badre D. Evidence for a functional hier-
archy of association networks. ] Cogn Neurosci. 2018;30:722-736.
Kroger J, Kim C. Frontopolar cortex specializes for manipula-
tion of structured information. Front Syst Neurosci. 2022;16:
788395.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

308.

309.

310.

311.

312.

313.

R. Levy

Petrides M. Motor conditional associative-learning after se-
lective prefrontal lesions in the monkey. Behav Brain Res.
1982;5:407-413.

Grafton ST, Fagg AH, Arbib MA. Dorsal premotor cortex and
conditional movement selection: A PET functional mapping
study. ] Neurophysiol. 1998;79:1092-1097.

Koechlin E, Basso G, Pietrini P, Panzer S, Grafman J. The role of
the anterior prefrontal cortex in human cognition. Nature.
1999;399:148-151.

Gonen-Yaacovi G, De Souza LC, Levy R, Urbanski M, Josse G,
Volle E. Rostral and caudal prefrontal contribution to creativ-
ity: A meta-analysis of functional imaging data. Front Hum
Neurosci. 2013;7:465.

Schmidt GL, Cardillo ER, Kranjec A, Lehet M, Widick P,
Chatterjee A. Not all analogies are created equal: Associative
and categorical analogy processing following brain damage.
Neuropsychologia. 2012;50:1372-1379.

Gentner D. Structure-mapping: A theoretical framework for
analogy. Cogn Sci. 1983;7:155-170.

Robin N, Holyoak K. Relational complexity and the functions of
prefrontal cortex. In: Cazzaniga M, eds. The cognitive neuros-
ciences. MIT Press; 1995:987-997.

Halford GS, Wilson WH, Phillips S. Relational knowledge: The
foundation of higher cognition. Trends Cogn Sci. 2010;14:497-505.
Sternberg RJ, Lubart T. The concept of creativity, prospects and
paradigms. In: Sternberg RJ, ed. Handbook of creativity. MIT
Press; 1999:3-15.

Plucker JA, Makel MC, Qian M. Assessment of creativity. In:
Kaufman JC, Sternberg RJ, eds. The Cambridge handbook of cre-
ativity; 2nd ed. Cambridge University Press; 2019:44-68.

Runco MA, Acar S. Divergent thinking as an indicator of cre-
ative potential. Creat Res J. 2012;24:66-75.

Khalil R, Moustafa AA. A neurocomputational model of cre-
ative processes. Neurosci Biobehav Rev. 2022;137:104656.
Bendetowicz D, Urbanski M, Aichelburg C, Levy R, Volle E. Brain
morphometry predicts individual creative potential and the
ability to combine remote ideas. Cortex. 2017;86:216-229.
Bendetowicz D, Urbanski M, Garcin B, et al. Two critical brain
networks for generation and combination of remote associa-
tions. Brain. 2018;141:217-233.

Burgess PW, Veitch E, de Lacy Costello A, Shallice T. The cogni-
tive and neuroanatomical correlates of multitasking.
Neuropsychologia. 2000;38:848-863.

Sakai K, Passingham RE. Prefrontal set activity predicts rule-
specific neural processing during subsequent cognitive per-
formance. ] Neurosci. 2006;26:1211-1218.

Ardila A. On the evolutionary origins of executive functions.
Brain Cogn. 2008;68:92-99.

Ferretti F, Adornetti I, Cosentino E, Marini A. Keeping the route
and speaking coherently: The hidden link between spatial
navigation and discourse processing. ] Neurolinguistics. 2013;
26:327-334.

Ferretti F. The social brain is not enough: On the importance of
the ecological brain for the origin of language. Front Psychol.
2016;7:1138.

Adornetti I. On the phylogenesis of executive functions and
their connection with language evolution. Front Psychol. 2016;
7:1426.

Briine M, Briine-Cohrs U. Theory of mind—Evolution, on-
togeny, brain mechanisms and psychopathology. Neurosci
Biobehav Rev. 2006;30:437-455.

Hauser MD, Chomsky N, Fitch WT. The faculty of language:
What is it, who has it, and how did it evolve? Science. 2002;
298:1569-1579.



Prefrontal cortex in man and monkey

314.

315.

316.

317.

318.

Pinker S, Jackendoff R. The faculty of language: What’s special
about it? Cognition. 2005;95:201-236.

Friederici AD, Chomsky N. Language in our brain:
The origins of a uniquely human capacity. 1st ed. The MIT Press;
2017.

Christoff K, Prabhakaran V, Dorfman J, et al. Rostrolateral pre-
frontal cortex involvement in relational integration during
reasoning. Neurolmage. 2001;14:1136-1149.

Shamay-Tsoory SG, Aharon-Peretz ]J. Dissociable prefrontal
networks for cognitive and affective theory of mind: A lesion
study. Neuropsychologia. 2007;45:3054-3067.

Moll J, De Oliveira-Souza R, Zahn R. The neural basis of moral
cognition: Sentiments, concepts, and values. Ann N'Y Acad Sci.
2008;1124:161-180.

319.

320.

321.

322.

323.

324.

BRAIN 2024: 147; 794-815 | 815

Harari H, Shamay-Tsoory SG, Ravid M, Levkovitz Y. Double dis-
sociation between cognitive and affective empathy in border-
line personality disorder. Psychiatry Res. 2010;175:277-279.
Caspers S, Heim S, Lucas MG, et al. Moral concepts set decision
strategies to abstract values. PLoS One. 2011;6:e18451.

Carlson RW, Crockett MJ. The lateral prefrontal cortex and
moral goal pursuit. Curr Opin Psychol. 2018;24:77-82.

Pretus C, Hamid N, Sheikh H, et al. Ventromedial and dorsolat-
eral prefrontal interactions underlie will to fight and die for a
cause. Soc Cogn Affect Neurosci. 2019;14:569-577.

Gratton C, Sun H, Petersen SE. Control networks and hubs.
Psychophysiology. 2018;55:€13032.

Gould SJ. The panda’s thumb: More reflections in natural history.
Norton; 1992.



	The prefrontal cortex: from monkey to man
	Introduction
	How are we so similar to other primates and yet so different?

	The general principles of prefrontal functions in humans
	What is the prefrontal cortex in humans? —a more complex issue than it appears
	Subdivisions of the human prefrontal cortex based on functional neuroanatomy
	Anatomical similarities and differences between the prefrontal cortex of human and non-human primates
	Similarities
	Differences
	Summary

	The lateral prefrontal cortex: a continuum rather than a gap between humans and non-human primates
	The critical role of the dorsolateral prefrontal cortex in planning and working memory
	The delay neurons: a major discovery
	What is the added value of the lateral prefrontal cortex in the working memory network?
	Can a rhesus monkey plan a series of actions?
	The primate ventrolateral prefrontal cortex: from response inhibition to categorization

	Functions that are barely present or totally absent in non-human primates
	Differences in anatomical and functional organization between rhesus monkeys and humans
	The emergence of caudal-rostral models
	The role of the lateral frontopolar cortex in humans

	General summary
	Hypotheses and speculations regarding cognitive changes over the course of human evolution
	Towards a new model unifying non-human primates and humans
	Conclusion: the giant panda enters the debate
	Acknowledgements
	Glossary
	Funding
	Competing interests
	References




