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6.1. Somatic and Behavioral Advances in Monkeys: The Evolution of
Anthropoid Traits
Monkeys evolved during the Miocene about 35-40 m.y.a., and it was during this period
that the line of Old World monkeys (Platyrrhini) and New World monkeys (Catarrhini)
became separated (Fleagle, 1988; Martin, 1990; Purvis, 1995; Takai et al., 2001; Ravosa
and Dagosto, 2007) (Fig. 6-1). The Colobines (leaf monkeys) and Cercopithecines (cheekpouched monkeys) are the two large families of Old World monkeys (Bernstein, 1998). The
Cercopithecines—in particular several species of macaques, baboons, and vervets—have been
among the most widely investigated monkeys in the laboratory. Since the New World monkeys
are not in the line of human evolution, the emphasis of our review will be on select Old World
species; however, we will consider the behavior of some New World monkeys since they have
been extensively studied in the field and the laboratory.

NEW WORLD AND
OLD WORLD MONKEYS
A

B

Fig. 6-1. A. New World squirrel monkeys.
B. Old World macaque monkeys. (A, after
ADW:saimiri4.jpg. B, after Academic.reed.edu.)

Monkeys are often classified as anthropoid
primates and that is justified by several somatic
traits that herald human characteristics. Among
these are, relative to basal mammals and
prosimians, a large skull, forward looking eyes
and reduced muzzle (Fig. 6-2), and long arms and
fingers. These physical traits are coupled with
several human-like behavioral characteristics,
including increased sensory reliance on vision
rather than olfaction, great curiosity, considerable
manual dexterity, and advanced cognitive
powers. Paradoxically, most of these simian
traits are relatable to their arboreal adaptations,
a characteristic that is not shared by terrestrial
humans.
6.1.1. Simian Arboreal Adaptations.
Most monkey species are arboreal, although
some have become adapted to living in treesparse environments. While some monkeys
are specialists, relying on specific resources
of their particular niche, most of them are
opportunists that can thrive in diverse habitats,
such as tropical rain forests, open woodlands, dry
scrub zones, grasslands, rocky cliffs, mangrove
swamps, beaches, as well as such urban settings
as temples and city streets (DeVore, 1965; Jolly,
1972; Melnick and Pearl, 1987; Milton, 2000;
González-Zamora et al., 2009). For instance, the
diet of macaques consists principally of fruit in
India, whereas those inhabiting the foothills of
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SKULL OF A PROSIMIAN AND A MONKEY

Fig. 6-2. Top and side view of the skull of a bushbaby (top) and a macaque (bottom). Note the larger skullcap
of the monkey and its more-forward directed orbit (arrows). (Modified, after Primateskulls.pdf.)

the Himalayas in Pakistan survive mainly by consuming leaves and grasses. However, by
whatever means they satisfy their nutritional needs, monkeys typically withdraw to treetops,
cliffs or house roofs to avoid or flee from predators and to socialize, rest, and sleep.
Several of the novel somatic and behavioral traits of monkeys are related to their arboreal
adaptations. Monkeys can live on leaves and barks that are plentiful in forests but prefer
more nutritious and tastier fruits and nuts. That preference has multifarious consequences.
To locate ripe fruits in the foliage, monkeys need good color vision, and to effectively pick
and shell fruits and crack nuts, monkeys need manipulatory skills that are superior to those of
basal mammals. Because effective hand-eye coordination requires advanced multimodal and
sensorimotor integration, they also have larger brains, composed of increased numbers and
expanded neocortical association areas. Since larger brains require larger bodies, monkeys
also tend to be bigger than either most basal mammals or the prosimians of Africa and Asia.
Because fruit- and nut-producing trees are widely scattered in most locales and ripen at different
times, monkeys have to learn much and have the cognitive ability to keep track of where and
when to visit rewarding sites. They have to construct a spatial map of their large home range
and know how to get to distant places by the shortest and safest routes. They must also be
knowledgeable about the seasonal ripening cycle of different varieties of fruits, and where to
turn if some trees fail to bear their nutritious products (Tsuji and Takatsuki, 2009). Finally,
since a ripe tree or grove can provision many animals, the excursions undertaken can be a
group enterprise. To acquire optimal foraging expertise requires a long apprenticeship that is
made possible by a prolonged juvenile period in monkeys. The naïve young follow their elders
as they embark on their foraging expeditions, and gradually learn how to become effective
foragers themselves. In stable social groups, that expertise is passed on from one generation
to the next as a shared tradition.
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6.1.2. Simian Somatic Advances. Old World monkeys are generally much larger than
prosimians. Whereas the largest prosimians, like the ring-tailed lemur or the aye-aye, weigh
no more than about 3 kg, the male long-tailed macaque may weigh up to 12 kg, the Hanuman
langur 20 kg, the chacma baboon 30 kg, and the olive baboon and mandrill 37 kg (Burnie
and Wilson, 2001). New World monkeys are generally smaller but the Central American
spider monkey may weigh up to 9 kg, and the wooly spider monkey, 12 kg. There are some
advantages to small size in arboreal animals, since the terminal branches of trees cannot bear
heavy weight. Larger New World simians, such as spider monkeys, use their long arms, legs
and prehensile tails to distribute their weight when feeding. However, large-bodied monkeys
do have the advantage of greater physical strength, which helps them to prey on small animals
and as a defense against predators. That may account for the large size of Old World mandrills
and baboons that spend much of their time feeding on the ground—digging for tubers and eggs,
catching insects, and hunting small animals—where they are endangered by large predators.
Transformation of the Head and the Body. The heads of monkeys differ from prosimian
heads in several ways: the skullcap is typically larger, the orbit is more medially oriented
and the muzzle is shorter (Fig. 6-2); the arms and legs of monkeys are typically longer (Fig.
6-3). Although monkeys use all four limbs for running and climbing, they routinely assume
a comfortable sitting posture when feeding or resting, with the trunk and head held vertically,
with or without forearm support (Fig. 6-1). Sitting, and occasionally standing or walking on
their hindlimbs, enables monkeys to use their freed hands to grasp, hold, manipulate, and even
carry things (Fig. 6-4). Hand-eye coordination—the visual monitoring of the dexterous fingers
when palpating and manipulating objects—is supported in monkeys by their converging eyes,
which provides them with optimal stereoscopic vision (Ross and Kirk, 2006; Barton, 2004).
And their superior color vision allows them to locate fruits in the foliage (Regan et al., 2001).
Detecting fruits by vision and picking them is, of course, easier in daylight than in the dark and,
unlike most prosimians, monkeys are diurnal foragers.
visual information processing at the retinal level.

While most prosimians (some
Malagasy lemurs excepted) forage at night and depend on their keen sense of smell to locate
nutrients, most monkeys forage during the day and rely greatly on vision to locate nutrients.
(The owl monkey is an exception, but it needs moonlight to be active; Fernández-Duque et
al., 2010). The neural processing of visual information begins in monkeys, as it does in lower
vertebrates (Fig. 4-5), at the retinal level. Emitted or reflected light from the outside world is
projected upon the retinal surface by an ocular apparatus and is captured by pigments of the rods
and cones that transduce the energy of photons into electric nerve signals. In diurnal monkeys,
cones predominate in the fovea and rods in the periphery. Three different types of cones
optimally absorb short-, medium-, and long-wavelengths of optic radiation, corresponding to
the primary colors that we perceive as blue, green, and red. The generated signals are then
transmitted to neurons of the stratified retina that, unlike most other sensory mechanisms, is a
special neuronal system that is developmentally derived from the forebrain. The first layer of
the vertebrate retina consists of the vertically oriented bipolar cells and orthogonally oriented
horizontal cells (Fig. 4-5). The bipolar cells, in turn, synapse with vertically aligned ganglion
cells and horizontally aligned amacrine cells. The myelinated axons of ganglion cells form
the optic tract, and the majority of optic tract fibers terminate in monkeys (unlike in lower
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MONKEY SKELETON

Fig. 6-3. The Skeleton of
Cercopithecus. (From LeGros
Clark, 1971.)

BABOON MOTHER CARRYING
A DEAD INFANT

Fig. 6-4. Baboon walking upright, carrying dead infant.
(After Scotch Macaskill, Wildlife-pictures-online.com.)
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vertebrates) in the six-layered dorsal lateral geniculate nucleus. The latter is the source of the
thalamocortical fibers that target the primary visual cortex.
Processing of the optic input starts at the retinal level, most important of which is the
momentous achievement of turning the absence of photic stimuli in the visual field (dark
spots, shadows) into an important source of information, a feat attributed to lateral inhibition
mediated by the horizontal elements of the retina. As Hubel and Wiesel (1960) have shown,
some ganglion cell fibers in monkeys increase their firing rate when the “receptive field” of
ganglion cells is a bright spot surrounded by a dark ring. They called these “on-center, off
periphery cells” (Fig. 6-5A). Other fibers increase their firing rate when the stimulus is a dark
spot surrounded by a bright ring. They called these “off center, on surround cells” (Fig. 6-5B).
The distribution of these two classes of ganglion cells is about equal in the monkey retina. The
net effect of this arrangement is that the retina transmits information about contrast-enhanced
bright spots as well as contrast-enhanced dark spots in the visual field (Figs. 6-5 C, D).
Both on-center and off-center ganglion cells, as originally demonstrated in cats, have been
characterized as either X- or Y-cells (Cleland et al., 1971; Ikeda and Wright, 1972). X-cells
have small receptive fields and respond with sustained firing when stimulated. These cells are
well suited to resolve visual detail, the raw data of fine-grained object perception (“what”).
Y-cells have large receptive fields and respond with a transient discharge when stimulated.

CENTER/SURROUND DETECTING
GANGLION CELLS
A. On-Center Cell
Receptive
Field

B. Off-Center Cell

Discharge
Pattern

Receptive
Field
Center

Center

Surround

Surround

C. Bright-Spot Detector

Diffuse
light

Stimulus ON

Discharge
Pattern

D. Dark-Spot Detector
Fig. 6-5. A. On-center
ganglion cells discharge
briskly if their receptive
field is illuminated by
a bright spot with a
dark surround (A,C).
Off-center ganglion
cells discharge when
illuminated by a bright
ring surrounding a dark
spot (B,D). (Modified, after
Hubel, 1988.)
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These cells are well suited to detect moving
visual stimuli and track them, and thus could
aid event perception and attentional processes
(“where”). X-cells are concentrated in the
central portion of the retina and constitute
about 80 per cent of the ganglion cells in
primates (Kaas, 1989). There are also oncenter and off-center cells differentially
responding to light of different wavelengths.
In the rhesus monkey, some ganglion cells
respond to a broad spectrum of hues with
a transient discharge, others respond with
a sustained discharge to a narrow spectrum
corresponding to red, green and blue (Gouras,
1968; Gouras and Zrenner, 1981; Diller et al.,
2004).

A
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CUTANEOUS RECEPTORS
IN THE MONKEY HAND

Pacinian corpuscles
Ruffini endings
Meissner’s corpuscles
Merckel’s discs
Free nerve endings

B
Pacinian
corpuscle
density

the simian hands and the haptic sense.
Dermis
The hands of monkeys closely resemble that
Subcutaneous
of humans (Fig. 6-6 B), with long fingers
fitted with nails and a glabrous (hairless)
surface covered with a corrugated dermal pad
studded with tactile elements (Sinclair, 1981;
Iggo and Anders, 1982). These sensors have
been distinguished as Meissner corpuscles,
Merkel discs, Krause end bulbs, Ruffini
endings, and Pacinian corpuscles, as well
as free nerve endings (Fig. 6-6 A). Some of
these sensors discharge in response to being
touched softly or when pressed hard, others
to vibration, temperature changes, or noxious
stimuli. They also respond differentially at Fig. 6-6. A. Tactile sensory elements in the hand of
the onset of stimulation, at the beginning and a monkey. B. Distribution of Pacinian corpuscles
end of stimulation, or in a sustained fashion in the dermal and subcutaneous tissue of a monkey.
(A. Modified, after Hoffman et al., 2004. B. Modified, after
through the duration of stimulation. These Kumamoto et al., 1993.)
tactile sensors are also distributed throughout
the body. When a region of our body is touched, we sense that and can also localize that with
varying degrees of accuracy. However, that type of passive stimulation does not reveal what
particular external agent (a hair, a bug or some other agent) has evoked this corporal, or selfcentered, sensation. In contrast, the same tactile sensors embedded in a prehensile organ,
such as the tongue or the fingers, turns the sensation of being touched into the active process
of palpating, lifting, manipulating and examining an object. That active process furnishes
an externally projected, world-oriented perception about the features and properties of the
object. Emphasizing that difference, active touching has been called the haptic sense (Katz,
1925; Lederman and Klatzky, 1987). Among the haptic features of objects, as we know from
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human experience, are their texture (smooth, coarse, slimy, abrasive), strength (fragile, sturdy),
consistency (soft, hard), resiliency (pliant, brittle), and temperature (warm, hot, cold, freezing),
as well as their shape, size, weight, structural composition, and various other physical properties.
All these objective attributes of objects (“primary qualities”) complement and supplement the
information that vision provides.
Different somesthetic and kinesthetic sensory organelles contribute to the perception of
haptic attributes. Each of the large number of Pacinian corpuscles distributed beneath the skin
of the palm and fingers is supplied with a single fast-adapting nerve fiber whose discharge
follows the vibration frequency of the object as the fingers pass over its surface (Gray and Sato,
1953; Hunt and McIntyre, 1960; Hunt, 1974; Quilliam, 1978; Sinclair, 1981). Kumamoto et al.
(1993) found that the palm of macaque monkeys’ right hand contained 458 Pacinian corpuscles,
and its left hand 416, with highest concentration in the fingertips and the thenar eminence of
the thumb (Fig. 6-6). The Meissner corpuscles are located in the papillae of glabrous skin
between the internal ridges of the epidermis (Cauna, 1976 Chouchkov, 1978; Sinclair, 1981).
The convoluted nerve endings within the corpuscle respond to the slightest deformation of
the surrounding tissue by applied pressure. The highest concentration of Meissner corpuscles
was found in fruit-eating primates with the highest digital mobility (Hoffmann et al., 2004).
Tactile resolving power has also been attributed to the smaller Ruffini endings (Iggo, 1974;
Iggo and Andres, 1982). Some of the other tactile sensors, like the Merkel discs in dome-like
elevation of the skin (Iggo and Muir, 1969) may be additional sources of information about the
properties of the palpated objects.
force grip and precision grip.

Napier (1961) distinguished two types of hand use in
primates, what he called force grip and precision grip. Holding on tight to a branch with all
fingers exemplifies force grip; gingerly picking a berry with thumb and forefinger acting as
pincers exemplifies precision grip. Objects can be manipulated by force grip, with all fingers
working in unison (holokinesis), and by precision grip, holding and moving individual fingers
in a flexible way (idiokinesis). Primitive mammals rely mostly on holokinetic finger action.
For instance, rats and squirrels use all fingers of both hands as a vice when they hold a nut and
crack it with their teeth. In contrast, a rhesus monkey routinely uses a single hand to reach for a
fruit, opens its fingers to match the fruits’ size to grasp it, and closes it fingers to remove it. And
before consuming the fruit, it may tear off its stem, remove the tough skin, extract its kernel,
and bring the favored flesh to its mouth. The handled fruit may be small or large to grasp; its
surface may look dry or wet to hold onto; its covering may be easy or difficult to peel; the pulp
may be loosely or tightly attached to the kernel, and so forth. Each step in the process requires
appropriate sensory assessment and motor adjustment. In so doing, the monkey engages in a
complex act that requires coordinated tactile and visual monitoring and kinesthetic feedback.
In addition, the haptic sense also has an important social function. Whereas animals without
sensitive and prehensile fingers may lick each other to express their affection, the versatile
primate hand is used for stroking, caressing, grooming the other, a function that contributes
greatly to the solidarity of monkey groups.
Importantly, there are differences in the dexterity of different monkey species. According
to the observations of Costello et al. (1988), squirrel monkeys do not use precision grip when
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reaching for or manipulating objects whereas
capuchin monkeys did so at about 50% of the time
with stationary objects and 30% of the time with
moving objects. The different behavior in the
two species could not be attributed to anatomical
differences in their thumbs. (As we shall see
momentarily, the neocortex of capuchin monkeys
is more advanced than that of squirrel monkeys.)
In a recent study, the diversity of grasping methods
used by macaques was analyzed and over a dozen
configurations distinguished how different fingers
were used (Macfarlane and Graziano, 2009). A
few of these are illustrated in Fig. 6-7. Monkeys
can also use a single finger when necessary. For
instance, tufted capuchin monkeys use a single
finger independently of the others to locate and
remove a small morsel from a narrow tube (Spinozzi
et al., 2007).
lateralization of hand use.

A
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DIFFERENT GRIPS
USED BY
MACAQUES

B

Much of the
time monkeys use a single hand when reaching for
C
and manipulating objects under visual guidance.
Some monkeys display a preference for their left
hand, others use their right hand, and some have
no hand preference (Westergaard, 1991). Tamarins
were found to be more accurate in reaching for a
moving target when they used their preferred hand
(King, 1995). In some monkeys, left- or right-hand
preference depends on whether they reach from
D
a quadruped or biped stance (Westergaard et al.,
1998a). Likewise, when macaques are engaged in
a tactual discrimination task, body position appears
to affect their hand preference (Fagot et al., 1991).
The development of efficacy in object manipulation
is a prolonged process and is aided by practice
(Westergaard et al., 1998b). Object manipulation
frequency increases in capuchin monkeys through
the first year of life, and their dexterity reaches
Fig. 6-7. Different combinations of finger
and palm use by macaque monkeys to grasp
adult levels by 12 months, when they are ready
objects. (After Macfarlane and Graziano, 2009.)
to be weaned and forage independently (Fragaszy
and Adam-Curtis, 1997). The manual dexterity of
monkeys has many beneficial consequences. These include improved utilization of available
resources—such as the ability to peel fruits, extract the meat of nuts with hard shells, dismember
a prey before bringing it to the mouth, tool use, and the ability to groom one’s own body or
that of a companion.
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extractive foraging and tool use. The acute vision and dexterous hands of monkeys
enable them to procure hidden nutrients. For instance, capuchin monkeys feed on larvae
embedded in bamboo stalks (Gunst et al., 2010). This ability to locate and extract protein-rich
nutrients requires long practice, and they do not become experts until they are 6 years old.
Monkeys also use their hands to hold different natural objects as tools to achieve particular
ends. An example is the extension of the hand’s reach by holding a twig between the fingers to
extract an insect from a crevice, a type of behavior that has been observed in rhesus monkeys
and baboons (Beck, 1980). Another kind of tool use is seen in captive baboons that scoop up
liquids by using absorbing materials, such as sponges (Westergaard, 1989). Still another form
of natural-tool use is the amplification of the hand’s power by holding a hard substance and
hitting a target with it, as when macaques use stones to crack oysters and crabs, or pound and
kill a scorpion (Beck, 1980; Malaivijitnond et al., 2007). Capuchin monkeys deftly pound and
fracture hard-shelled nuts with a tree branch and shuck thick-husked fruits to extract their seed
or pulp (Izawa and Mizuno, 1977; Parker and Gibson, 1977; Struhsaker and Leland, 1977;
Antinucci and Visalberghi, 1986; Anderson, 1990; Panger, 1998) or use a chunk of oyster
bed as a hammer to break open oyster shells (Fernandes, 1991). When working with small
encapsulated fruits, a seated capuchin monkey may use one hand to hold the fruit and the
other for pounding it with a branch. Between bouts of pounding, the fruit may be inspected
and, when a fracture is produced, insert the fingers into it and break the shell. Wild capuchin
monkeys were observed to use stones both as a hammer and an anvil, and transport appropriate
tools to the site where nuts or syrups are available (Cleveland et al., 2004; Waga et al., 2006).
They may lift a heavy stone, stand upright and drop it on a nut (Fragaszy et al., 2004) or use
a stone as a hoe to extract tubers from the ground (Mannu and Ottoni, 2009). Extractive tool
use enables monkeys to exploit highly nutritious food supplies that are not accessible to less
dexterous species. Finally, capuchin monkeys have also been observed to club a venomous
snake with a tree branch and kill it (Boinski, 1988). However, although there is ample evidence
for the use of natural objects as tools, there is little evidence that, in the wild, monkeys ever
modify or mold an object to turn into a tool, as apes do. Perhaps closest to tool making in the
wild comes the observation of long-tailed macaques turning human hair into dental floss to
clean their teeth (Watanabe et al., 2007).

6.2. Neural Advances: Expansion and Structural Differentiation of the
Simian Neocortex
6.2.1. Volumetric Expansion of the Simian Neocortex. The sensorimotor advances of
monkeys are aided by an expanded forebrain, particularly the neocortex. That expansion is
illustrated in a sample of New World monkeys (Fig. 6-8 A) and Old World monkeys (Fig.
6-8 B). Neocortical expansion is a complex phenomenon since it is associated with both
increase in corporal bulk and advance in phylogenetic status (Fig. 5-3). Heavier animals
belonging to the same taxon tend to have larger brains than lighter animals, which is to be
expected for two reasons. First, having larger sensory surfaces, muscle masses, and internal
organs, the nervous system of larger animals has to have larger neurons with longer axons to
control their visceral processes and behavior. Second, due to the high metabolic demands of
neuronal activity, the metabolic support of larger brains requires larger bodies. The other factor
is that advances in neural storage capacity, computing power and cognitive control require an
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THE CEREBRAL CORTEX OF MONKEYS
A. NEW WORLD
1
Night
Monkey

B. OLD WORLD
1
Rhesus
Monkey
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Squirrel
Monkey
2
Spot-Nosed
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3
Mantled
Howler

3
Guinea
Baboon

4
Spider
Monkey
1 cm

Fig. 6-8. Cerebral-cortical foliation in four New
World monkeys and four Old World monkeys.

4
Mandrill

(Modified, after University of Wisconsin-Madison Brain
Collection.)

increase in the number of neurons and their interconnections. That is reflected in the increased
encephalization in primates from behaviorally and socially less advanced prosimians to more
advanced monkeys, to apes, and finally to humans (Fig. 5-4). There is a trend in the primate
order for an increase in body weight from prosimians to monkeys, and from monkeys to the
great apes, as well as an increase in their brain weight, much of which is attributable to an
expansion of the neocortex (Stephan et al., 1981). All extant monkeys, even the smallest ones,
are distinguished by having large brains. While the average brain weight of 19 prosimian
lemur species is 20 (g) grams (MacLean et al., 2009), the average brain weight of a large
sample of Old World monkeys is 98 g (MacLeod, 2004). Further reflecting the importance of
large brains in monkeys is the fact that the brain/body ratio of the smaller New World monkeys
is higher than that of the larger Old World monkeys (Table 6-1). Reinterpreting the original
data of Bronson (1981), only 2 of 7 species of New World monkeys are in the same size range
as Old World monkeys, and none are as bulky as the macaques or baboons. In the lighter New
World monkeys, brain weight ranges from 2.0% to 3.9% of body weight; in the heavier Old
World monkeys, it ranges only from 1.1% to 1.7%. There is also a trend for reduced brain/
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TABLE 6-1.
BODY-BRAIN RELATIONSHIPS IN MONKEYS
NEW WORLD MONKEYS
Species

Saguinus
oedipus
(Cotton-top
tamarin)
Aotus
trivirgatus
(Night
monkey)
SaImiri
sciureus
(Squirrel
monkey)
Cebus
albifrons
(Whitefronted
capuchin)

*Brain
Body
Weight Weight
(grams) (grams)

370

9.5

675

17.2
(17.4)

650

1,620

24.0
(22.0)

62.9

OLD WORLD MONKEYS
Species

2.6

Cercopithecus aethiops (Vervet
monkey)

4,225

66.2
(64.0)

1.6

2.5

Macaca
fascicularis
(Long-tailed
macaque)

4,050

65.9

1.6

3.7

Macaca
mulatta
(Rhesus
monkey)

5,045

87.9
(90.6)

1.6

3.9

Erythrocebus patas
(Guenon)

Cebus
apella
(Tufted
capuchin)

2,290

66.4
(69.0)

2.9

Macaca
arctoides
(Stumptailed
macaque)

Ateles
geoffroyi
(Geoffroy’s
spider
monkey)

4,720

107.6
(90.7)

2.3

(Mangabey)

2.0

Papio
anubis
(Olive
baboon)

Ateles
paniscus
(Black
spider
monkey)

5,130

103.8

Body
*Brain
Weight Weight
(grams) (grams)

%
(brain/
body)

%
(brain/
body)

(89.0)

7,630

100.7

1.3

(101.5)

14,480

161.3
(144.8)

1.1

*Brain weight in grams, after Bronson (1981). Brain volume in cm3, in brackets, after MacLeod, 2004).

body ratio in the heavier Old World species, suggesting that increase in bulk does not demand
a corresponding increase in brain size.
6.2.2. Increased Foliation of the Simian Neocortex. The neocortex is convoluted to
varying degrees in all extant simian species. We illustrate this in lateral views of the cerebral
cortex in New World monkeys (Fig. 6-8 A) and Old World monkeys (Fig. 6-8 B). As we saw
earlier, the cortical surface of tupaias is smooth (Fig. 5-24 A) and so is the neocortex of some
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prosimians, such as the lesser galago (Fig. 5-24 B). The latter has only one partition, the
ubiquitous primate lateral fissure. The lesser galago (bushbaby) is a small prosimian, weighing
about 158 grams. The greater galago, which weighs over 1 kg, has a moderately partitioned
neocortex (Fig. 5-24 C), and the ringtail lemur, a relatively large prosimian weighing about 2
kilograms, has a well-foliated cortex, with the parietal, temporal and frontal lobes each being
divided into two gyri (Fig. 5-24 E). Among simians, the least convoluted simian neocortex is
that of the New World marmoset, with an incipient partitioning of the temporal lobe into two
gyri (not shown). The common marmoset is a small animal, weighing about 500 grams. The
somewhat larger night monkey has a more convoluted cortex (Fig. 6-8 A/1). The most highly
foliated neocortex among New World primates is that of the spider monkey (Fig. 6-8 A/4).
Although small by the standard of Old World monkeys, the spider monkey (weighing about 5
kg) has convoluted occipital and parietal lobes, a temporal lobe with three gyri, and a frontal lobe
in which the prefrontal cortex is delineated by the arcuate sulcus (Fig. 6-8 A/4, curved fissure
far left). The extant Old World monkeys are generally heavier than the New World monkeys
and the neocortex is convoluted in all of them (Fig. 6-8 B). Among the illustrated specimens,
the neocortex of the rhesus monkey is least convoluted (Fig. 6-8 B/1) and the neocortex of the
mandrills, a monkey that may weigh over 35 kg, is most convoluted (Fig. 6-8 B/4).
Zilles et al. (1989) measured the ratio of the total length of the convoluted contour of
the cortex to the length of its superficial surface in postmortem specimens, a measure they
called the gyrification index (GI). The GI of a smooth cortex is 1, and the larger the GI the
more convoluted the cortex. They found a correlation between neocortical foliation and brain
weight (Table 6-2, column A). Rilling and Insel (1999) obtained comparable results using MRI
measures in live animals (column B).
cortical foliation and its relation to cytoarchitectonic divisions of the monkey

neocortex.

It has been assumed for some time that the foliation pattern of the cortex has
functional significance, and for over a century researchers have used various methods to unravel
its significance by
Table 6-2.
constructing
areal
CORTICAL GYRIFICATION INDEX IN MONKEYS
maps. The cortical
foliation pattern is
A GI
B GI
usually described by
Species
(fixed tissue)
(MRI scan)
names assigned to
the ridges, or gyri,
and the valleys,
SQUIRREL MONKEY
1.49
1.56
the fissures or sulci
that separate them.
CAPUCHIN MONKEY
1.69
1.60
While
individual
variations have been
noted, the neocortical
RHESUS MACAQUE
1.81
1.73
foliation pattern is a
YELLOW BABOON

2.07

2.03

Fixed tissue data, after Zilles
et al. (1989); MRI data, after
Rilling and Insel (1999)
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distinctive feature of and relatively uniform among mature members of the same species (Fig.
6-8). A systematic effort to combine the microscopic anatomy of the cerebral cortex with its
foliation pattern in different species was the work of Brodmann (1909). Brodmann described
regional differences in the lamination pattern (cytoarchitectonics) of the cerebral cortex in
several mammalian species, ranging from insectivores to humans, and assigned a numerical
code to the different areas. He distinguished less than a dozen areas in the hedgehog neocortex,
many more in monkeys, and as many as 47 areas in the human neocortex. For instance, he
distinguished three cytoarchitectonic areas within the postcentral gyrus of the monkey and
human cortex (areas 3, 1, 2), and three areas in the occipital lobe (areas 17, 18, 19). The
most profound cytoarchitectonic difference is that between area 4, the thick agranular motor
cortex with its large, layer V pyramidal cells and without a granular layer IV, and area 17,
the thinner and more compact granular visual cortex with a layer IV that has three distinctive
sublayers (Fig. 6-9). The distinctiveness and boundaries of some of several areas described by
Brodmann are less obvious and some of them are controversial.
the functional significance of cortical foliation. Obviously, there is a positive
correlation in monkeys between body and brain weight and extent of neocortical foliation.
But beyond that relationship, increased neocortical foliation represents an important advance
in neural organization for several reasons. First, gyrification constitutes an expansion of the
volume of gray matter relative to the afferent and efferent fiber systems that interconnect the
cortex with subcortical structures. Since the cortical gray matter is composed mostly of cell
bodies, dendrites, and locally-arborizing axons engaged in neural processing, its expansion
relative to the afferent and efferent fiber tracts within the cortical white matter provides
increased neural processing power and storage capacity. Second, foliation allows assemblies
of neurons dedicated to special functions to become packed into compact local circuits.
Because bioelectric impulse propagation and synaptic transmission are extremely slow
processes compared to electronic signal transmission in computers, the lengthened processing
time brought about by the increased distances between neural centers due to brain expansion
is mitigated by the semicircular configuration of local neuronal circuits. Third, as we describe
below, there is an increased number of cortical stations dedicated to specific behavioral and
mental functions in primate evolution. These additional modules are preferentially packed into
local lobules and sublobules. Fourth, it is possible that the increase in the number and depth
of fissures provides protection for buried parts of the expanding cortical gray matter, lessening
potential damage to them by concussion and injuries produced by falls and fighting.

6.2.3. Organization of the Simian Neocortex. Since much of what we know about simian
behavior is based on experimental research in macaques, we begin this review with a description
of the areal parcellation of the neocortex in this species. Since two areal designations are used
by different invesigators in relation to the sulci and gyri of the macaque cortex, the one based
on Brodmann’s cytoarchitectonic numeric system is illustrated in Fig. 6-10 A, and the other, an
alphanumeric system based on imputed functions in Fig. 6-10 B.
areal classifications of the macaque neocortex. The lateral fissure separates the
frontal cortex from the temporal cortex ventrally, and the central fissure separates the precentral
gyrus from the postcentral gyrus dorsally. The precentral gyrus is the primary motor cortex,
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CYTOARCHITECTONIC AREAS IN
THE MONKEY CORTEX

A. Motor Cortex

B. Striate Cortex

Fig. 6-9. The agranular
motor cortex, area 4,
with large pyramidal
cells in layer V (A),
and the granular visual
cortex, area 17, with
sublayers in layer IV
(B) in the monkey
neocortex.
(After Brodmann, 1909.)

Area 4

Area 17

variable referred to as Brodmann area 4 (Fig. 6-10 A) or M1 or F1 (Fig. 6-10 B). The region
anterior to M1, is the premotor cortex, designated as area 6, or F2 and F4, and more anteriorly,
abutting the arcuate sulcus, as F7 and F5. This premotor region extends to the medial surface
and is designated as F3 and F (also known as the presupplementary and supplementary motor
areas). Anterior to the arcuate sulcus is area 8, or FEF (frontal eye field) and in front of it are
areas 46 and 9, and beneath it is area 45. The latter regions are referred to as the prefrontal
cortex. In the posterior cortex, the postcentral gyrus is the primary somatosensory area, known
as areas 3, 1, 2, or S1. The parietal cortex is designated as areas 5 and 7, and based on current
physiological studies, the region has been subdivided into a large number of distinct areas:
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SUBDIVISIONS OF THE MACAQUE NEOCORTEX

A

Central fissure
Intraparietal sulcus

Arcuate sulcus

Lunate sulcus

Principal sulcus

Inferior
occipital
sulcus

Occipital
sulcus
(Middle temporal sulcus)

Lateral fissure
Superior temporal
sulcus

B

L

CENTRAL

P A R
I E
TA

L
O

C

C

I

R

O

N

T

A

R
MOTO
PRE

1 cm

F

P
I
T A L

O

RB

IT O

FRON
TA
L

M
T E

P

O

R

A

L

1 cm

Fig. 6-10. A. Areal subdivisions of the macaque neocortex based on Brodmann’s numeric cytoarchitectonic
system. B. A more recent alphanumeric system based on an admixture of imputed functions (A, auditory; M,
motor; S, somatosensory; V, visual) and location (F, frontal; P, parietal; T, temporal).
(Photograph from Brainmaps.org.)
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PE, PF, PG and, buried in the intraparietal sulcus, into AIP, VIP and LIP. In the ventrolateral
cortex, the superior temporal sulcus separates the superior and inferior temporal gyrus, areas
20 and 21, or TA and MST posteriorly and TEO, TA, TE and MT anteriorly. The auditory
cortex, A1, is buried in the transverse gyrus of Heschl. Finally, the lunate sulcus separates the
occipital cortex from the temporal and parietal cortices. The occipital cortex behind this sulcus
is the striate cortex, area 17 or V1, the primary visual projection area. The inferior occipital
sulcus separates the striate cortex into a dorsal and ventral component, the projection areas of
the lower and upper visual fields. Areas 18 and 19, or V2, V3 and V4, are considered visual
association areas.
cortical-subcortical relations of the macaque neencephalon.

The relationship
between the cerebral cortex and several subcortical structures is illustrated in two parasagittal
histological sections (Fig. 6-11), and two sections cut in the horizontal plane (Fig. 6-12). In the
sagittal sections, the inserted black curved line separates the motor cortex and somatosensory
cortex (dorsally) and the striatum and thalamus (ventrally). That line divides the anterior, or
corticostriatal neencephalon from the posterior, or thalamocortical neencephalon. The red
downward arrow in the anterior neencephalon passes through the internal capsule and the
cerebral peduncle, which contain the descending corticofugal efferents (the pyramidal tract)
that originate in the motor, premotor and some other cortical areas. The green upward arrow
in the posterior neencephalon traces the ascending thalamocortical afferent tracts (cortical
radiation fibers) that target the somatosensory, auditory and visual cortical areas. On the basis
of these anatomic relationships, we designate the anterior forebrain as the instrumental (motor)
neencephalon, and the posterior forebrain as the perceptual (sensory) neencephalon. A third
component of the forebrain, the limbic system is situated beneath a curved black line ventrally
(Fig. 6-11). It is composed in these sections of the orbitofrontal cortex, the amygdala, the
medial temporal cortex, the entorhinal cortex, the parahippocampal area, and the hippocampus.
The medial and ventral components of limbic system are more fully represented in horizontal
sections (Fig. 6-12), with the anterior and posterior components of the cingulate gyrus visible
dorsally and the medial temporal cortex ventrally. Although these three forebrain systems have
different functions they are, as we shall see, intimately interconnected and jointly participate in
the coordination of most behavioral and mental functions.
comparison of cortical foliation in the squirrel monkey and the macaque. The
differences in the extent of neocortical foliation in the smaller squirrel monkey and the larger,
and behaviorally more advanced rhesus monkey are illustrated in coronal sections at four
levels, from anterior to posterior (Figs. 6-13 to 6-16). In the prefrontal cortex of the squirrel
monkey (Fig. 6-13 A), shallow dimples separate the incipient inferior and superior gyri of the
prefrontal cortex. Gyrification is far more advanced in the rhesus monkey (Fig. 6-13 B), with
the superior, middle and inferior gyri being separated from one another by deep fissures. In
both species, the prefrontal cortex is clearly separated from the orbitofrontal cortex by a fissure
ventrally. At the next coronal level, the dorsal agranular motor cortex (distinguished by its large
Betz cells) is contiguous in the squirrel monkey with the lateral granular cortex (Fig. 6-14 A)
but the two are separated in the rhesus monkey by the deep central fissure (Fig. 6-14 B). The
temporal cortex lacks foliation in the squirrel monkey but consists of three distinct gyri in the
rhesus monkey. The rhinal fissure is evident in both species but it has shifted more medially
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MACAQUE BRAIN - SAGITTAL SECTIONS
Somato- P
A
arie
sensory
tal

Oc
ci

atu
Stri m

Fr
on
ta
l

l
ta
pi

tor
/Mo
r
o
t
mo
e
Pr

Anterior
instrumental
neencephalon

ate

ud

Ca

Limbic
structures

Thalamus

cap

en
tam
u
P
Globus
pallidus

Cerebral peduncle
Optic tract

Hippocampus

Amygdala

Input
Output

Entorhinal Cortex

Somatosensory

B

Pari
eta
l

ula

r

Oc
c

an

ra

Gr

Ag

Striate

l
ita
ip

r
oto
M
/
tor
o
em
Pr
lar
nu

l
ta
Granular
m
atu
tri

te

da

Orbito
fro
nt
al

au

C

Dorsal lateral geniculate

Inte
rna
lc

sule
ap

S

Fr
on

Posterior
perceptual
neencephalon

le
su

Orbitofr
on
tal

Intern
al

Globus
pallidus

Hippocampus

Anterior commissure

Amygdala
Parahippocampal
cortex

Te

m pora

l

Fig. 6-11. Nissl-stained parasagittal sections of the macaque forebrain, from medial (A) to lateral (B).
Broken black lines demarcate the approximate borders between the anterior (instrumental) and posterior
(perceptual) neencephalon, and the limbic system. Green arrows indicate the approximate path of the ascending
thalamocortical afferent tracts; red arrows the path of the descending corticofugal tract. (Modified, after BrainMaps.

org.)
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MACAQUE BRAIN - HORIZONTAL SECTIONS
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Fig. 6-12. Nissl-stained horizontal sections of the macaque forebrain, from dorsal (A) to ventral (B). Broken
lines demarcate the approximate borders between the medial components of the limbic system and the lateral
components of the anterior and posterior neocortex. In B, green arrows trace the decussating optic tract fibers to
the dorsal lateral geniculate nucleus. (Modified, after BrainMaps.org.)

328

© J. ALTMAN: NEURAL AND MENTAL EVOLUTION

FOLIATION AT THE PREFRONTAL CORTEX LEVEL
Superior gyrus
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Inferior gyrus

Orbitofrontal cortex

B.

Superior gyrus

Rhesus monkey

Medial
gyrus

Cingulate gyrus

Inferior
gyrus

Orbitofrontal cortex
Fig. 6-13. Foliation (indicated by stars) is far less advanced in the frontal lobe and cingulate gyrus of the
squirrel monkey (A) than in the rhesus monkey (B). (Modified, after BrainMaps.org.)

in the rhesus monkey. At the next level, foliation is absent within the somatosensory, parietal
and temporal cortices of the squirrel monkey (Fig. 6-15 A) but is pronounced in the macaque.
Finally, foliation is more advanced in the macaque monkey than the squirrel monkey in the
occipital lobe (Fig. 6-16). However, the striate cortex (V1) is clearly distinguishable from the
prestriate cortex (V2) in both species.
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FOLIATION AT THE MOTOR CORTEX LEVEL
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motor cortex in the squirrel monkey (A) than in the rhesus monkey (B). (Modified, after BrainMaps.org.)
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FOLIATION AT THE
SOMATOSENSORY CORTEX LEVEL
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squirrel monkey (A) than in the rhesus monkey (B). (Modified, after BrainMaps.org.)
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FOLIATION AT THE OCCIPITAL CORTEX LEVEL
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6.2.4. Classical Ideas About the Organization of the Simian Neocortex. Clinical studies
that began with Broca’s (1861, 1865) seminal discovery of language localization in the temporal
cortex, gave credence to the older idea that different regions of the human cerebral cortex
mediate different functions. Because of the great similarity between the human and monkey
cerebral cortex, that discovery was followed in the following years by pioneering studies of
the organization and functions of the simian neocortex (e.g., Meynert, 1872; Ferrier, 1874).
However, it was during the first half of the 20th century that simian cortical organization
became the subject of intensive and systematic investigation. The scientists of that era who
made significant contributions to our understanding of primate (including human) cortical
organization included neuroanatomists (Campbell, 1905; Brodmann, 1909; Ramón y Cajal,
1909-1911; Vogt and Vogt, 1919; Walker, 1940a; Bonin and Bailey, 1947; Sanides, 1970; Le
Gros Clark, 1971), neurophysiologists (Leyton and Sherrington, 1917; Jacobsen, 1936; Adrian,
1941; Marshall et al., 1941; Ades and Felder, 1942; Fulton, 1943; Woolsey, 1947, 1958, 1961),
and neuropsychologists (Lashley, 1929; Jacobsen, 1936; Klüver and Bucy, 1938). Based on
their work and that of many others, the following broad conceptualization emerged about the
organization of the primate cerebral cortex by the mid-20th century. (i) The gray matter of the
six-layered cerebral cortex is composed of several areas, some of them with clearly defined
functions. (ii) These are the topographically organized visual, somatosensory and auditory
projection areas, the afferents of which originate in specific relay nuclei of the thalamus. These
projection areas were assumed to be involved in the mediation of perception. (iii) There is
also a distinctive cortical motor area, the principal source of the corticospinal (pyramidal)
tract that controls the activity of lower-level motor neurons. It was assumed that this area
plays a major role in the coordination of voluntary activities. (iv) There are also cortical
regions that receive few thalamocortical afferents, and are a source of few to no corticospinal
efferents. These were called association areas on the assumption that they mediate higher
“associational” or “psychic” functions, such as memory, thinking, deliberation, and behavioral
integration. The great advances made in the field of neurobiology during the last half-a-century
or so have substantially modified this conceptualization but the classical framework has not
been abandoned and can serve as a good starting point on the path that may lead to a better
understanding how the neocortical system works.
the neocortical projection areas.

The projection areas of the visual, haptic and auditory
sensory systems occupy a large portion of the simian postcentral and temporal neocortex
(Figs. 6-10, 6-11, 6-17). Visual fibers relayed by the thalamic dorsal lateral geniculate nucleus
terminate in the striate cortex (area 17, or V1), ablation of which turns monkeys virtually
blind. Somatosensory fibers relayed by the thalamic ventral posterior nucleus terminate in
the postcentral gyrus (areas 3-1-2, or S1), destruction of which produces somesthetic deficits.
Neurons of the precentral gyrus (area 4, or M1) are the source of a large proportion of the fibers
of the corticofugal (pyramidal) tract. Stimulation of different points in the motor cortex with
electric current produces movements of different body parts, and its destruction may result in
paralysis. As physiological recordings techniques improved by the 1940s, it was established
that peripheral visual, somesthetic or auditory stimulation evoke cortical potentials in the
projection areas. For instance, Woolsey et al. (1942) demonstrated that there is a topographic
(somatotopic) upside-down representation of body parts in the pre- and postcentral gyri of
monkeys, similar to the “homunculus” known from clinical studies in humans (Penfield and
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Fig. 6-17. Schematic illustration of the visual, somatosensory, auditory, and motor pathways of the simian
neencephalon.

Rasmussen, 1950). It has also been shown that both in the somatosensory cortex and in the
motor cortex there is a greatly magnified representation of the tongue, jaws and face, and of the
digits of the hands and feet. Furthermore, it was shown that there is a tonotopic representation
of the cochlea in the primary auditory cortex of monkeys (Walzl, 1947; Woolsey, 1961).
the neocortical association areas. Several association areas flank the projection areas in
the simian neocortex (Fig. 6-10). Some of these have been implicated in higher-level perceptual
or motor functions. There are two association, or “visuopsychic,” areas in front of the striate
cortex, 18 and 19, or V2 and V3. The reports that their surgical removal bilaterally produces
amnesia for learned visual discriminations supports the notion that these areas mediate higher
perceptual functions (Ades, 1946; Chow, 1951; Ades and Raab, 1949). Two association areas,
areas 5 and 7, flank the somatosensory cortex in the parietal lobe. The hypothesis that these are
association areas that mediate complex tactile discrimination was examined by ablating these
regions bilaterally in monkeys (Ruch et al., 1938; Peele, 1944; Blum, 1951; Wilson, 1957). The
results indicated little or no deficits in the animals when tested on simpler somesthetic tasks,
such as learning to make temperature or roughness discriminations, but some deficits were
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found on complex tasks, such as tactile pattern discrimination. Deficit severity was correlated
with test difficulty, as defined by the number of trials required to master a task preoperatively.
In the case of the auditory system, association areas were first demonstrated in cats (Woolsey
and Walzl, 1942; Ades, 1943) and dogs (Tunturi, 1945), subsequently in monkeys (Walzl,
1947). Association areas have also been identified in the anterior cortex. Area 6 lies in front
of the motor cortex. Its stimulation with elevated currents produce bodily movements even if
M1 has been extirpated (Vogt and Vogt, 1919; Bucy, 1933). However, these movements were
variable and labile. Correspondingly, ablation of area 6 produces deficits in the performance
of skilled movements (Jacobsen, 1934). Anterior to 6 is area 8, the frontal eye field (FEF).
Electric stimulation of this region produces conjugate eye movements (Ferrier and Yeo, 1884;
Kennard, 1939; Smith, 1949).
In addition to the association areas abutting the projection areas, the neocortex of monkeys
also contains areas that, according to the early evidence, were not directly linked to either
sensory or motor functions. These include part of the parietal cortex (area 7), the temporal
cortex (areas 20, 21, 22), and the frontal cortex (areas 9, 45, 46). Lesions involving the region
interposed between the occipital, parietal and temporal lobes, what was referred to as the PTO
cortex, produced deficits in visual and somesthetic discrimination, and certain learning tasks
(Blum et al., 1950; Mishkin and Pribram, 1954a, 1954b; Pribram and Mishkin, 1955; Pribram
and Barry, 1956). The frontal lobes in humans were for some time assumed to mediate higher
mental functions, and pioneering studies in monkeys indicate that frontal lesions produce
deficits in such ideational tasks as the delayed reaction test (Jacobsen, 1936).
6.2.5. Contemporary Methods in the Study of Simian Brain Organization. Contemporary
research based on new techniques and methodologies has supplemented and modified the
classical ideas how the neocortex works. The neuroscientists of the late 19th and early 20th
century worked with a limited toolkit. For the microscopic examination of brain structure, they
used histological techniques that enabled them to visualize either the cell bodies of neurons (e.g.,
the Nissl stain) or their processes (e.g., the Weigert stain). For the physiological investigation
of brain activity, they relied mostly on gross electrical brain stimulation and primitive recording
techniques. By the turn of the century, the widespread use of the Golgi technique allowed the
visualization of entire neurons, the cell body (perikaryon) together with its dendrites, axons
and terminal boutons. This was followed by the introduction of histological techniques that
highlighted degenerating nerve fibers (such as the Marchi stain) following destruction of their
source. These methods permitted the tracing of large fiber bundles that interconnect different
brain structures. It was not until the introduction of electronic amplifiers and monitoring
devices in the late 1930’s, that it became possible to trace the paths of signal transmission
throughout the CNS and then, with the introduction of the microelectrode technique in the
1940’s, to study the activity of small assemblies of neurons or single neurons. Considerable
advances in methodologies used to study animal behavior were also made by this time, and
by the 1950s there was a gradual shift from studying simple behavioral processes in lower
mammals (such as the rat) to studying complex cognitive processes in monkeys.
Contemporary Neurobiological Methods. Contemporary neurobiological research is a
multidisciplinary enterprise, requiring specialized training in neuroanatomy, neurophysiology,
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neurochemistry, molecular biology, cellular biology, behavioral biology and neuropsychology.
Increasingly, a team of specialists rather than a single individual tackles research problems.
Modern neuroanatomists rely on various anterograde and retrograde fiber tracing techniques
to study the circuitry (connections and synaptic organization) of different brain regions, and
histochemical and immunocytochemical techniques to determine the distinctive chemical
profile of different brain circuits (For an example, see Fig. 6-29 B.) Neurophysiologists use
modern electronic stimulation and recording devices, and computerized averaging and display
techniques, to map the regional electric activity and the neuronal firing patterns of specific
brain regions not only in anesthetized or restrained animals but also in alert and behaving ones
(see Fig. 6-26). Neurochemists, molecular biologists and cellular biologists study the turnover,
release and re-uptake of neurotransmitters and related chemical agents, and investigate the
chemical composition, metabolism, and genetic mechanisms of different neuronal populations.
Finally, behavioral biologists and neuropsychologists study perception, motor performance,
emotional disposition, and cognitive abilities of normal animals and experimental animals
fitted with devices that record their regional brain activity or the firing pattern of individual
neurons. They often use physiological scanning techniques (PET scan, fMRI, etc.) in awake
animals engaged in different behaviors.
Classical investigations of the neocortex have focused principally on its visible and easily
accessible outer surface. However, due to advanced gyrification of the primate neocortex
much of the cortical gray matter is buried in the depth of the cortex (Fig. 6-18). Contemporary
investigators are fully cognizant of this but the technical problems of areal localization,
particularly in recording and stimulation studies, persist to this day. Some of the sulci are
shallow, others deep; some are straight, others curved; some are oriented anteroposteriorly,
others dorsoventrally or lateromedially. Moreover, there is no strict correspondence between
the gyral landmarks (crown, bank and fundus) and cytoarchitectural and functional boundaries.
To make matters worse, individual differences have often been noted.
Contemporary Neuropsychological Methods. A shift occurred in the study of animal
behavior by the turn of the second half of the 20th century, changing from a preoccupation with
simple behavioral processes—conditioning, sensory discrimination, appetitive and avoidance
learning by association—studied mostly in rats (Skinner, 1938; Hull, 1943) to an investigation
of more complex behavioral processes, using monkeys as experimental subjects (Klüver, 1933;
Harlow, 1949). This shift led to a gradual abandonment of the prevailing reductionist effort to
explain all learned behavior as association-based habit formation, to entertaining the idea that
higher animals like monkeys rely greatly on mental processes when challenged with difficult
tasks. Some examples of the tests that are currently used to assess the perceptual, mnemonic
and cognitive abilities of monkeys are the following.
the patterned-string test of perceiving spatial relations.

In a systematic study,
Harlow and Settlage (1934) found that rhesus macaques readily learned to pull the correct string
among several others arranged in a variety of configurations (Fig. 6-19 B). The performance
of monkeys on this task was comparable to that of 3 a year-old child and contrasted with the
difficulty a raccoon with a comparable task (McDougall and McDougall, 1931; Fig. 6-19 A).
In a comparison of results published to date on the performance of various monkey species on
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patterned-string problems, the following ranking was obtained: spider monkey best; mandrill,
mangabey, macaque, guenon, and capuchin monkeys intermediate; baboon worst (Deaner,
2006).
the oddity test of rule learning.

A tray with three hollow choice objects is placed
in front of a caged rhesus monkey, one of which covers a peanut. Two of the objects are
perceptually similar (same shape in Fig. 6-20A1, same color in Fig. 6-20A2); the third is
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“odd.” The monkey has no way of knowing
which object to lift but if it chances to lift the
odd object it gets the desired reward, if it lifts
any of the others it gets nothing and the trial is
terminated. If able to appreciate a simple rule,
the monkey should realize after a number of
trials that the oddity cues the correct choice.
Rhesus monkeys rapidly recognize this rule
(Harlow, 1951). A comparative study of the
performance of a prosimian and seven Old
World and New World monkey species on
oddity tests indicated that lemurs and squirrel
monkeys do poorly and capuchin monkeys are
the best (Davis et al., 1967).

TEST OF SIMIAN
SPATIAL PERCEPTION

B

delayed

Fig. 6-19. A. Situated in position D, the tethered
raccoon fails to move between posts A and B to be
able to reach the desired food at C. B. A monkey
readily pulls the appropriate string to get a desired
object. (A, from McDougall and McDougall, 1931. B, from
Harlow and Settlage, 1934.)

matching-to-sample

test

working memory. In this test, a monkey is
shown a “sample” object for a brief period
(Fig. 6-20 B1). After a fixed interval, it has
to choose among several objects the one that
matches the preceding sample to get a reward
(Fig. 6-20 B2). The delay introduces a new
variable, recollection of what was seen earlier,
and the task can be made more and more

TESTS OF ADVANCED PERCEPTION IN MONKEYS

A. ODDITY TEST

1

2

B. DELAYED MATCHING TO SAMPLE

Fig. 6-20. A. In the oddity tests
illustrated, the monkey’s task is to
select the object that differs from the
others in shape (1) or color (2). B. In
the delayed matching to sample test,
the monkey is first shown a sample
(1), and after some time has elapsed it
has to recall the image of the sample
(2) to make the correct choice. (After
Harlow, 1951.)

1

of

2
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difficult by lengthening the delay. This, the delayed matching-to-sample test, can be made
still more difficult by never repeating the same set of figures on successive trials (trial-unique
matching test) or by requiring the animal to choose any other figure but the sample (delayed
nonmatching-to-sample test). A literature survey (Fobes and King, 1982; Lock and Colombo,
1999) of the percentage of successful choices made by prosimians, monkeys and apes indicates
that prosimians fail after the delay of 15 seconds, monkeys perform above chance level with
delays up to 180 seconds, and the reliability of great apes is far superior to monkeys (Fig. 6-21).
This suggests a lengthening of the memory image (working memory) in the primate order.

WORKING MEMORY IN MONKEYS

Fig. 6-21. Percentage of correct
choice in delayed matching-tosample tests in prosimians, monkeys
and apes, as a function of elapsed
time. (Compiled data, after Fobes and King,
1982, and Lock and Colombo, 1999.)

the learning-set test of reasoning ability. In the typical two-choice discrimination
task, one arbitrary cue signals the correct choice to get a reward. When a monkey faces such
a problem, its first choice will be a random one. However, if the animal has had previous
experience with such tasks it should be able to select the correct cue by the second trial using
the following rule: if its random choice was rewarded on the first trial, it should select that
cue on the second and succeeding trials (“win-stay”); if it was not rewarded, it should switch
to the other cue on the second and succeeding trials (“lose-shift”). This procedure, in which
monkeys are given two novel cues in a long series of successive trials, came to be called the
learning-set test (Harlow, 1949; Warren 1965). A survey of a large number of experimental
studies (Fobes and King, 1982) indicates that even after as many as 800 problem sets, tree
shrews performed only on a chance level (around 50%); prosimians (galagos, lorises, and
lemurs) a little above chance (60-70 %); primitive simians (marmosets and squirrel monkeys)
reached a 70-80% correct choice after about 1000 problem sets; and spider monkeys and
capuchin monkeys reached that level after 200-300 problem sets (Fig. 6-22). It is noteworthy
that all these classical studies suggest a correlation between the rank order of primate cognitive
abilities and the size of their neocortex and other indices of neocortical evolution.
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RULE LEARNING IN MONKEYS

Fig. 6-22. Correct choices made on the
second trial, after a series of successive
two-choice problem sets, in several
species of prosimians and monkeys.
(Modified, after Harlow, 1951, and Fobes and
King, 1982.)

computerized testing procedures.

With the recent introduction of computerized video
systems into behavioral research, the advanced cognitive abilities of monkeys have been
demonstrated with far more complex tasks (e.g., Watanabe et al., 1986a, b, 1990; Matsumoto
et al., 2003). These may involve, as we describe later, the use of a series of successive cues
presented on a computer screen, for instance, a cue (i) that prompts the monkey to initiate
a test session (e.g., touch a display); (ii) a second cue that informs it of the rule that will
govern the forthcoming test (e.g., pay attention to the shape rather than the color of displays);
a third cue (iii) that instructs the monkey to either respond or refrain from responding on any
given trial (go, no-go); and (iv) wait for some time to elapse before responding (delay test).
Although these tests are highly artificial, monkeys motivated to get the anticipated reward
can master them, and that allows researchers to study the relationship between changes in
behavioral performance and ongoing neural activity, such as the discharge pattern in selected
brain regions of single neurons or an assembly of neurons.
6.2.6. New Ideas About the Organization of the Simian Neocortex: A Preview. The
investigations that were carried out in the first half of the 20th century led to a conceptualization
the neocortex as a serially organized hierarchic system in which the processing of sensory input
proceeds from the projection areas to neighboring association areas, and from the latter to
higher-order integrative areas in the posterior cortex. Similarly, some evidence was obtained
for a similar hierarchic organization in the anterior cortex where the motor projection area
responsible for the execution of volitional behavior is coordinated by higher-order frontal
areas. While this hierarchic order reflects an important aspect of how the neocortex operates,
research carried out in the second half of the 20th century revealed added facets of neocortical
organization. Among these are following. (i) The visual, somesthetic and auditory pathways
have specific sets of segregated parallel channels that convey information about different
aspects of the stimuli they register in parallel. (ii) There has been an increase in the number of
unimodal neocortical areas that process information conveyed by these different channels in
the primate line. (iii) There has also been an increase in the number of multimodal neocortical
processing circuits. (iv) Neocortical information processing is greatly dependent on interactions
with subcortical structures that provide feedback information and perform ancillary functions.
(v) Most behavioral and mental functions are not mediated by isolated brain structures but
rather by widely-distributed complex cortico-cortical and cortico-subcortical networks.
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parallel channels of information transmission and processing.

Considering the
fact that, compared with signal flow and information processing in electronic communication
and computer systems, bioelectric nerve conduction and synaptic transmission are very slow
processes, hierarchic successive neural processing poses the predicament of unduly lengthening
reaction time to external stimuli. The recruitment of parallel afferent transmission lines and
processing stations has, therefore, been a vital evolutionary necessity. For instance, the dorsal
lateral geniculate nucleus, which is a relatively homogeneous and small structure in basal
mammals, has become a six-layered relay station in primates, with separate channels (X, Y)
conveying different types of visual information from the right and left visual field of the two
eyes to sublayers (4A, 4B, 4Cα, 4Cß) of the striate cortex for separate parallel processing and
binocular integration.
increase in the number of neocortical unimodal processing stations in primates.

In
the case of the visual system, parallel processing and integration continue beyond the striate
cortex by a series of higher-order stations in the occipital lobe (areas 18, 19), the parietal lobe
(areas 5, 7), and the temporal lobe (MT, MST), each of which contains partial or complete
maps of the retinal surface. These areas make possible the simultaneous processing of different
aspects of the visual input, such as the form and texture of an object, its color, motion and speed.
There are, likewise, several areas in the postcentral cortex (areas 3, 1, 2) and the parietal cortex
(areas 5, 7) with partial or complete body maps. These preferentially process, for instance,
somesthetic and kinesthetic information supplied by the palpating and manipulating hands.
Similarly, the primary auditory cortex is surrounded by areas with partial or complete maps
of the cochlea (A1, R, RT, etc.), which process different facets of the auditory input, such as
the location, source and identity of the vocalizing object or agent, or the significance of the
conveyed message.
increase in the number of multimodal and supramodal integrative stations. Many of
the cortical regions formerly characterized as association areas were found to contain neurons
that respond to two or more sensory stimuli. Examples are PE, PG, LIP, MIP and VIP in the
parietal cortex, in which many neurons respond to both visual and haptic stimuli. Some of
these sites also contain neurons that respond to changes in eye position, body posture or hand
movement. Then there are other association areas that are not activated by particular stimuli
but increase or decrease their activity in relation to particular neural, behavioral or mental
processes, such as learning a new task, encountering a novel or a familiar object or situation,
expecting reward or punishment, making preparation to act or refrain from responding. In
monkeys, these areas are preferentially located in the frontal and temporal cortices.
complex neocortical-paleocortical-subcortical circuits.

Neocortical perceptual
processing and volitional activities greatly depend on interaction with subcortical structures.
The pivotal role of the thalamic relay nuclei has been known for long time but the pulvinar
nucleus is also of paramount importance in primates. The pulvinar is apparently part of a
complex cortico-subcortical feedback system that channels indirect sensory input to the
association areas of the neocortex as well as the basal ganglia and the cerebellum. It is
notable that the latter two are ancient systems that have expanded in monkeys in parallel with
the neocortex and have large novel components, the neostriatum (caudate nucleus) and the
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neocerebellum (the lateral hemispheres). The neocortex is also intimately connected with
the hippocampus, the amygdala, and the hypothalamus, although the growth of these limbic
structures has not kept pace with the expansion of the neocortex.
increases in task-specific, distributed networks.

In addition to processing sensory
information and generating skilled movements—the shared foundation of all behavioral
activities—the neencephalon also contains a series of dedicated networks that coordinate
specific behavioral tasks and mediate higher mental functions. We shall seek to identify
among these the following: networks concerned with learning to discriminate novel objects,
events, individuals, faces and facial expressions; networks that control gaze and volitional
attention; networks of curiosity and exploration, and of vigilance and skilled offensive and
defensive behavior; and networks involved in hand-eye coordination when palpating and
manipulating objects. There is also some evidence for the existence of higher-order integrative
neencephalic networks, such as those concerned with categorization and rule learning, costbenefit assessment, inhibition of impulsive and habitual tendencies, and the appreciation of
complex contingent relationships among objects, events and beings.
As we shall describe below there is observational and experimental evidence that monkeys
perceive objects in terms of their size and shape much as we do, have good color vision and
depth perception, can distinguish individuals by their facial features, and can construe mental
pictures of objects and beings as representations of the real things. Just as importantly, they
have dexterous fingers that enable them to palpate and manipulate objects and scrutinize them
under visual guidance much as we do. Audition, too, is well developed in monkeys. And
even though they lack linguistic skills, hearing plays an important role in their social life, both
in face-to-face vocal communication and in long-distance signaling among scattered group
members and between competing groups.

6.3. Perceptual Processing in the Occipital, Parietal, and Temporal
Projection and Association Areas
6.3.1. Visual Processing in the Occipital Lobe. As we have described earlier (Section
6.1.2), the organization of the monkey retina is basically much like that of lower vertebrates
(Fig. 4-5). In lower vertebrates, the optic nerve fibers from the lateral eyes cross (decussate)
totally in the optic chiasma, and most of them terminate in the optic lobe (homologue of the
superior colliculus). In contrast, optic nerve fibers leave the front-facing eyes of the monkey
retina and only half cross (hemidecussate) in the optic chiasma, and most optic nerve fibers
terminate in the dorsal lateral geniculate nucleus (LGNd, Fig. 6-23). The alternating strata of
the six-layered simian LGNd receive optic nerve fibers from the two eyes in such a way that
corresponding points of the visual field from each eye are juxtaposed in adjacent layers (Fig.
6-23). The result of this arrangement is that the right LGNd receives input from the left half
of the visual field, the left LGNd receives input from the right half of the visual field. This
arrangement, as we shall see, is of great importance in mediating high-precision stereoscopic
vision.
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BINOCULAR PROJECTION OF THE
RIGHT VISUAL FIELD TO THE LEFT V1
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Fig. 6-23. Projection of X and
Y optic nerve channels from the
right visual field of the two eyes to
separate layers of the dorsal lateral
geniculate nucleus, and hence to the
ipsilateral striate cortex for binocular
integration.
(Modified, after Hubel, 1988, and other
sources.)

Functional Organization of the Dorsal Lateral Geniculate Nucleus. Much like the retinal
ganglion cells, the neurons of the simian LGNd, are contrast-enhanced bright-spot and darkspot detectors (Fig. 6-5), with either “on-center, off-surround” or “off-center, on-surround”
receptive fields (Wiesel and Hubel, 1966; Dreher et al., 1976). Moreover, the segregation
of the parallel retinal X- and Y- channels is maintained in the stratified LGNd (Fig. 6-23).
(It should be noted, however, that there is some binocular interaction across the layers;
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Bishop et al., 1959; Rodieck and Dreher, 1979; Guido et al., 1989). LGNd layers 1 and 2
(the magnocellular layers) get their input from retinal Y-ganglion cells that have large visual
receptive fields, are color-insensitive, and respond to stimuli with a transient discharge. Layers
3 and 6 (the parvocellular layers) get their input from retinal X-ganglion cells that have small
receptive fields, respond to stimuli with sustained discharge, and have good color resolution.
Neurons with large receptive fields are well suited for scanning the horizon; neurons with
small receptive fields are well suited for registering object details. A possible third channel, the
koniocellular (or K), may mediate color vision (Casagrande, 1994; Hendry and Reid, 2000).
In agreement with these findings, selective lesions of the parvocellular layers result in severe
deficits in visual acuity and color sensitivity (Merigan et al., 1991). In addition to retinal input,
the macaque LGNd also receives afferents from several brainstem nuclei implicated in visual
functions, among them the superior colliculus and the pretectum (Wilson et al., 1995).
Functional Organization of the Striate Cortex, V1. Since the projection from the LGNd
to the striate cortex is strictly ipsilateral (Fig. 6-23), the right and left V1 each receives a
topographically organized retinal projection from the contralateral visual field. The principal
cortical targets of LGNd fibers are the densely packed small neurons (granule cells) of granular
layer 4. This layer has three sublayers A, B, and C, and layer 4C is further partitioned into
two bands α and β (Kaas, 1989). Neurons in layer 4Cα receive afferents principally from the
LGNd magnocellular layers and many of them have large receptive fields. Neurons in 4Cβ
receive afferents principally from the LGNd parvocellular layers and many of them have small
receptive fields. Some layers neurons in layers 4A and 4Cβ selectively respond to specific
colors and have an opponent-color organization (DeValois, 1960; Michael, 1978; de Monasterio
and Schein, 1982; Livingstone and Hubel, 1984; Lennie et al., 1990). Visual information is
passed from layer 4 upward to small pyramidal cells in layers 3 and 2, the supragranular layers,
and downward to cells of layer 5 and 6, the infragranular layers (Maunsell and Newsome,
1987; Callaway, 1998). Some cells of layers 3 and 2 are a source of cortico-cortical (including
interhemispheric) connections; the axons of the larger neurons of infragranular layers 5 and 6
preferentially provide subcortical connections (Rockland and Pandya, 1979).
line detection in v1. The foveal region of the retina, which contains ganglion cells with
small receptive fields, is greatly magnified in V1 (Dow et al., 1981; Azzopardi and Cowey,
1996). Some of these cortical neurons, much like those of the retina and LGNd, respond to
contrast-enhanced bright or dark spots (dots, patches) in the visual field. Others selectively
respond to contrast-enhanced bright or dark lines (bars, edges, boundaries) of a particular
orientation (Hubel and Wiesel, 1959, 1968; Hubel 1988; Fig. 6-24A1). Neurons responding to
lines with the same orientation tend to occupy a slender column of cells aligned perpendicularly
to the cortical surface, called orientation columns. Neurons in neighboring columns tend to
respond to lines of a different orientation, ranging in small steps from vertical to horizontal.
The orientation-selectivity of these cells is quite sharp and a small deviation in the line’s slant
abolishes the cell’s response (Fig. 6-24 A2). Hubel and Wiesel called these “simple cells.” In
addition to these, V1 also contains “complex cells.” Some of these have large receptive fields
and respond to lines with a particular orientation irrespective where they appear in the visual
field (Fig. 6-24 B). That is, these cells are no longer limited to recognizing a line in a specific
retinal location. Other complex V1 neurons fire briskly when a line of a particular orientation
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“SIMPLE” AND “COMPLEX”
V1 NEURONS
A
1

moves in one direction but not another direction (Fig.
6-24C). Since lines are the basic elements of contours, an
assembly of these V1 neurons may perform the first step
in reconstructing an object’s 2-D profile.
depth assessment and color perception in v1.

2

B
1

2

C
1

2

Fig. 6-24. A. Selective firing of a
“simple” V1 neuron in response to a
dark upright bar appearing in its retinal
receptive field (1) but not to a bar with
a different orientation (2). B. Firing
of a “complex” V1 neuron irrespective
where an upright bar appears in
its receptive field. C. Firing of a
“complex” neuron when an upright bar
moves in one direction (1) but not when
it moves in the opposite direction (2).
(Modified, after Hubel and Wiesel, 1959, 1962).

Many neurons in V1 respond to stimuli applied to both
eyes (Wiesel and Hubel, 1966). These binocular neurons
are sensitive to image disparity of the two eyes (Barlow
et al., 1967; Poggio, 1984; Bishop and Pettigrew, 1986)).
Originally studied in cats, this was confirmed in monkeys
(Nienborg et al., 2004). Because image disparity depends
on an object’s distance from the retina, these neurons
provide binocular cues about the exact location and the 3-D
shape of the perceived object. Most binocular V1 cells are
“dominated” by one eye, and the neurons dominated by the
right or the left eye are aggregated in “ocular dominance
columns” (Hubel, 1988). Aggregates of these dominance
columns form alternate patches across the visual cortex.
(We illustrated this in tupaias in Fig. 5-19.) Some V1 cells
selectively respond to color contrast, a feature that may
aid boundary delineation and texture perception (Johnson
et al., 2001). The crucial role played by V1 in monkey
vision has been known for some time, since its removal
renders them virtually blind (Klüver, 1933; Polyak, 1957).
They cannot recognize familiar objects, do not reach for
visible targets, and cannot use vision to orient themselves
in their environment. However, experimental analyses
indicate that they are not totally blind. They can detect
flickering lights, track a bright target with their eyes, and
discriminate simple colors and forms (Humphrey and
Weiskrantz, 1967; Weiskrantz and Cowey, 1967; Schilder
et al., 1972; Miller et al., 1980; Dineen and Keating, 1981).
It is presumed that this persisting rudimentary vision is
mediated by the superior colliculus in these monkeys and
by indirect optic input available to the visual association
areas.

In summary, there is evidence for both serial and
parallel processing in the first stretch of the simian visual
pathway from the retina to the striate cortex. Serial
processing is indicated by the transformation of light and dark spot detectors in the retina to
oriented line detectors in V1. Parallel processing is indicated by concurrent transmission of
different types of retinal input to V1 by way of segregated Y and X channels. These channels
provide foundational information, respectively, about movements in the visual field, the basis
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of dynamic event perception, and high resolving power for detailed vision, the basis of object
recognition.
6.3.2. Visual Processing in the Occipital and Temporal Association Areas.
Visual Processing in the Occipital Association Areas. The traditionally recognized
association areas of the occipital lobe are areas 18 and 19, or V2 and V3 (Fig. 6-10). Both of
them receive extensive topographically organized projections from V1 (Cragg and Ainsworth,
1969; Zeki, 1969; Kennedy and Bullier, 1985; Van Essen and Zeki, 1978; Weller and Kaas,
1983; Van Essen et al., 1986; Rockland, 1992). The projections from V1 to V2 and V3 have been
characterized as serial, or feedforward ones (Schiller and Malpeli, 1977; Girard and Bullier,
1989; Raiguel et al., 1989; Nowak et al., 1995; Schmolesky et al., 1998; Sincich and Horton,
2003). But there is also ample evidence for feedback loops in these pathways (e.g., Zeki, 1971;
Wong-Riley, 1979; Rockland and Pandya, 1981; Kennedy and Bullier, 1985;Felleman and Van
Essen, 1991; Gattas et al., 1997; Beck and Kaas, 1999). V3 has been subdivided into a dorsal
and a ventral region (Van Essen and Zeki, 1978; Gattass et al., 1988; Felleman et al., 1997a).
Dorsal V3 maps the lower visual field; ventral V3 maps the upper visual field. The lower visual
field is particularly important for near vision; for instance, when the gaze is directed downward
to guide palpating and manipulating hands. The upper visual field plays an important role in
scanning the horizon in distance vision.
functions of the occipital association areas.

While V1 neurons respond to elementary
visual features (i.e., bars, lines, or edges of a particular orientation), V2 and V3 neurons are
involved in the extraction of more complex features from the retinal input.
The following
evidence supports this conclusion. (i) Some V2 and V3 neurons selectively respond to
elementary geometric patterns (Gegenfurtner et al., 1997; Hegdè and Van Essen, 2000).
(ii) Movement detection, color discrimination and recognition of binocular cues appear to be
more advanced in V2 than in V1 (Hubel and Livingstone, 1987; Roe and Ts’o, 1997; Bakin et
al., 2000; Cumming and DeAngelis, 2001). (iii) The receptive fields of V2 and V3 neurons
tend to be larger than those in V1 (Zeki, 1978b; Felleman and van Essen, 1987; Levitt et al.,
1994; Luck et al., 1997; Pasternak et al., 2003). This allows object features to be recognized
in a broader visual field. (iv) Whereas lower-level V2 neurons give the same response to
retinal image displacement irrespective whether it is caused by stimulus motion or self-induced
movement, some V3 neurons discriminate between the real movement of a target and the mere
displacement of its image (Galletti et al., 1990). However, there is no compelling evidence
that full-object recognition is achieved at this stage of visual processing. That, as we will
see momentarily, appears to be the function of the visually implicated multimodal temporal
association areas.
the simian pulvinar.

In addition to close connections with V1, the occipital association
areas also have extensive connections with the pulvinar (Curcio and Harting, 1978). The
pulvinar is the largest nucleus in the monkey thalamus and its relative size parallels the
expansion of the cortical association areas in primates (Ingvar, 1923; Walker, 1938; Harting et
al., 1972; Chalupa, 1977; Armstrong, 1981). The pulvinar has several subdivisions and it has
extensive connections with all association areas (Bender, 1981; Trojanowski and Jacobson,
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1976; Adams et al., 2000). The superior colliculus (Benevento and Fallon, 1975) and the
pretectum (Benevento and Standage, 1983) are the principal source of input to the visual
component of the pulvinar, which, in turn, projects to both V1 and V2 (Campos-Ortega and
Hayhow, 1972; Benevento and Rezak, 1976; Benevento and Davis, 1977). That projection is
topographically organized and reciprocal. Hence, V2 and V3 receive two types of visual input:
a direct one from V1 and an indirect one from the pulvinar through its midbrain connections.
Since the simian superior colliculus and pretectum control eye movements (Vanegas, 1984;
Robinson, 1972), it is likely that the connection of V2 and V3 with the pulvinar plays a major
role in directing the gaze toward a particular target, attending to it and tracking it (Acuña et al.,
1983; Robinson et al., 1986).
Visual Processing in the Posterior Temporal Association Areas. The visual areas in the
posterior temporal cortex include V4, MT and MST (Figs. 6-10, 6-18). V4 is located in front
of the lunate sulcus. MT (V5) extends from the posterior to the mid-portion of the superior
temporal gyrus and is buried in the ventral bank of the superior temporal sulcus. MST is
located in the same position in the dorsal bank of the superior temporal sulcus. Whereas
V1 neurons are activated (“recognize”) such simple visual features as lines, bars and edges,
and V2 and V3 neurons such basic geometric features as angles and curves, V4, MT and
MST contribute to the succeeding steps in visual information processing. These include the
following. (i) Figure-ground discrimination, the segregation of the boundaries of an object
from its background. (ii) Object perception, the recognition that bounded 2-D retinal images
are 3-D objects at various distances from the observer. (iii) Object constancy, the realization
that things preserve their identity as their shape changes when viewed from different angles,
and their retinal size changes when viewed from different distances.
the role of v4 in pattern recognition. V4 receives a large input from all components of
V1 (Yukie and Iwai, 1985; Nakamura et al., 1993; Tanaka et al., 1990; Felleman et al., 1997).
It has a well-defined retinotopic representation and its neurons tend to have large receptive
fields (Gattas et al., 1988). Many V4 neurons are selectively activated by geometric forms,
like angles, curves and contours (Moran and Desimone, 1985; Desimone and Schein, 1987;
Pasupathy and Connor, 1999; Hegdè and Van Essen, 2007) and by differences in their color
(Zeki, 1973, 1978b), surface texture (Gallant et al., 1996; Hanazawa and Komatsu, 2001) and
spatial location (Luck et al., 1997). Other V4 neurons respond to moving visual stimuli and
are selective for the direction of stimulus motion (Ferrera et al., 1994). There is also some
evidence that V4 neurons modify their properties by visual training (Yang and Maunsell, 2004)
and there are the reports that V4 lesions produce mild to severe deficits in the mastery of visual
pattern discriminations and related tasks (Heywood and Cowey, 1987; Walsh, et al., 1992a,
1992b, 1993; Merigan, 2000; Girard et al., 2002).
the role of mt and mst in visual object recognition.

MT and MST receive extensive
input from all occipital areas and contain visually-responsive neurons with a great variety of
properties (Dubner and Zeki, 1971; Gross et al., 1972; Gross and Mishkin, 1977; Zeki, 1978a;
Bruce et al., 1981; Gattass and Gross, 1981; Maunsell and Van Essen, 1983; Albright et al.,
1984; Desimone et al., 1984; Desimone and Ungerleider, 1986; Ungerleider and Desimone,
1986; Heywood and Cowey, 1987; Boussaoud et al., 1990; Baizer et al., 1991; Tanaka et al,
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1991, 2001; Hietanen et al., 1992; Roy et al., 1992; Gegenfurtner et al., 1994; Kobatake and
Tanaka, 1994; Lueschow et al., 1994; Rolls et al., 1994; Wachsmuth et al., 1994; Ito et al.,
1995; Hikosaka, 1997, 1999; Booth and Rolls, 1998; DeAngelis and Newsome, 1999; Born
2000; Tanaka et al., 2001; Anderson and Martin, 2002; Watanabe et al., 2002b; Tsao et al.,
2003; Sincich and Horton, 2003; Kayaert et al., 2004). The receptive fields of MT and MST
neurons tend to be large and play a role in different facets of visual pattern discrimination,
including selective response to specific figures or objects, irrespective of their size, orientation,
and location in the visual field.
To recognize an object as a distinct entity, the first requirement is to separate or bracket
it from its surrounding. This is known as figure-ground perception (Rubin, 1921; Köhler,
1947). There is some evidence that figure-ground perception consists of two steps; neurons
first respond to contour fragments (object parts), then later to the specific configuration of the
entire object (Baylis and Driver, 2001; Brincat and Connor, 2006). The second requirement is
perceptual constancy, or invariance, the appreciation that an object retains its identity while its
retinal size, shape, texture, etc., change when the object, the observer, or both of them move.
Size constancy requires distance estimation, and there is some evidence that temporal cortex
neurons rely on monocular as well as binocular cues to achieve that. Among the monocular
distance cues are texture differences (Wang et al., 2003b) and different shadows cast by
concave and convex surfaces (Janssen et al., 2000). Binocular assessment of distance is based
on disparity cues from the two eyes (Uka et al., 2000, 2005). The third requirement of object
recognition is experience and memory. To be able to discriminate the multitude of objects one
may encounter requires pattern discrimination learning, and there is experimental evidence that
training enhances the selectivity of temporal cortex neurons to a particular pattern (Miyashita
et al., 1993; Kobatake et al., 1998; Vogels, 1999; Tanaka, 2000; Baker et al., 2002). Temporal
cortex neurons have also been implicated in memory-guided visual search (Chelazzi et al,
2001). While the receptive fields of inferior temporal neurons tend to be large (Desimone and
Gross, 1979) they shrink when the monkey focuses its attention on a particular object (Rolls
et al., 2003c). One of the mechanisms that make object discrimination possible is learning
to distinguish “diagnostic” from “non-diagnostic” features of an object category (Sigala and
Logothetis, 2002). While at the outset of this memorizing process temporal cortex neurons may
require the presence of many details (Op de Beeck et al., 2001), with increasing experience the
selective response to a particular object is retained as details (texture, color) are eliminated, or
when the object is made brighter or darker than the background (Vogels and Biederman, 2002;
Kovács et al., 2003).
visual discrimination of faces.

As we have noted earlier, a major advance in many
species of monkeys has been the formation of larger social groups with a complex organization.
Tupaids and many prosimians forage individually in home ranges that each animal claims
for itself and defends against all others. Socializing is limited to the occasional meeting of
individuals during the day and, in some species, huddling with a companion at night. Some
prosimians mark each other with glandular secretions and urine as a means of overcoming the
mistrust of the other and accepting it as a companion. Social monkeys living in larger groups
are different. They recognize each member of the group and their relations with the other,
depending whether it is a close kin, a superior or inferior, a friend or an ally. The recognition
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of individual members of a large group is a difficult perceptual task and monkeys use visual
cues for that purpose. One visual cue is the recognition of idiosyncratic facial feature of each
individual, a difficult perceptual task. While in the case of object recognition it is useful to
categorize—i.e., disregard variations in details and treat, for instance, all bananas as edible
and all snakes as dangerous—to recognize an individual, and do that promptly and unerringly,
requires the identification of subtle features to distinguish one individual from all the others. It
has been experimentally demonstrated that there are neurons in the monkey superior temporal
cortex that selectively respond to a monkey or human face (Bruce et al., 1981; Rolls, 1984;
Rolls et al., 1994; Tsao et al., 2003; Fig. 6-25). These cells form narrow columns that extend
from superficial to deep layers of the gray matter (Tanaka, 1997).
While some of the temporal cortex “face neurons” respond indiscriminately to all faces,
simian or human, others are more selective (Fig. 6-26). Neurons have also been identified that
discriminate with considerable accuracy between the faces of specific individuals (Abbott et al.,
1996). The global recognition of faces, as judged by the latency of responses, is accomplished
about 50 ms earlier than the identification of a particular face or its expression, suggesting

SELECTIVE SUSTAINED RESPONSES
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Fig. 6-25.
Discharge of a
single temporal
cortex neuron
when presented
with the picture
of a monkey (A1)
or a human (B1)
face. The response
is attenuated if
the pictures lack
eyes (A2, B2).
The response is
abolished if the
picture is cut into
pieces (A3) or
when presented with
random lines (B3).
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(Modified, after Bruce et
al., 1981.)
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serial processing (Sugase et al., 1999). In general, changing the orientation, size or color of
a face (Perrett et al., 1987) or its brightness (Hietanen et al., 1992) usually has little effect
on these responses, although many face-recognizing neurons distinguish between images of
normal and distorted faces (Rolls et al., 1994). The identification of face-recognizing neurons
in the monkey temporal cortex is of great significance because there is evidence in humans for a
separate region (the fusiform gyrus) dedicated to face recognition. Lesions in this area produce
face agnosia (prosopagnosia), the inability to identify people by their facial features (Damasio
et al., 1990b). Finally, there are also classes of superior temporal neurons that selectively
respond not only to a particular monkey or human face but also focus on the eyes of a monkey
(Gothard et al., 2004; Guo, 2007) and respond to changes in gaze direction, body posture, arm
movements, and actions (Wachsmuth, et al., 1994; Jellema et al., 2000; Baker et al., 2001).
the posterotemporal areas mt and mst and their role in event detection.

Event
perception is based on detecting object motion in the external world and perceiving its
features, such as the object’s speed, trajectory, changes in its size and configuration, and other
transformations. It is a difficult perceptual task because it requires differentiation between
retinal image displacement caused by the object’s motion from that of the observer or both.
There is ample evidence that some MT and MST neurons are selectively activated by visual
stimuli that move in a particular direction or at a particular speed in the visual field (Dubner and
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Fig. 6-26. Response of four “face
neurons” in the temporal cortex
(middle column), summarized
in terms of spikes/second, to five
faces (A-E) and five other stimuli
(F-J). There are differences in the
four neurons’ response to different
faces.
(Modified, after Baylis et al., 1985.)
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Zeki, 1971; Albright et al., 1984; Desimone and Ungerleider, 1986; Saito et al., 1986; Rodman
and Albright, 1989; Tanaka and Saito, 1989; Boussaoud et al., 1990; Gonzalez et al., 2001; Roy
et al., 1992; Recanzone et al., 1997; Croner and Albright, 1999; Priebe and Lisberger, 2004;
Majaj et al., 2007). There are also posterior temporal neurons that are activated by “optic
flow,” that is, retinal image displacement produced by an animal’s locomotion or “heading”
in space (Duffy and Wurtz, 1991; Lagae et al., 1994; Page and Duffy, 1999; Paolini et al.,
2000). Still other MT neurons are activated when a monkey tracks an object, moving its
head and eyes (Komatsu and Wurtz, 1988; Kawano et al., 1994; Treue and Maunsell, 1999;
Takemura et al., 2000). These different classes of movement analyzing neurons may occupy
different columns in MT (Born, 2000). Correspondingly, there are several reports that lesions
of MT interfere with a monkey’s ability to perceive motion in the visual field and track visual
targets (Newsome et al., 1985; Dursteller et al., 1987; Newsome and Paré, 1988; Britten, 1992;
Rudolph and Pasternak, 1999).
How can posterior temporal neurons distinguish between retinal image displacement
produced by an object’s motion, the observer’s movements, and the combination of the two?
Theoretically, there are several cues available for that. One cue might be the concurrent
assessment of retinal image changes with proprioceptive feedback about movements of the
body, head, and eye, and annulment of the retinal image displacement produced by selfinduced motion. Another cue might be reafference, corollary signals sent to a comparator
mechanism as cortical motor commands are issued to move the body, head, and eyes (Holst
and Mittelstaedt, 1950). Differentiating between wide-field optic flow across the retina, which
necessarily occurs during self-induced movements, and small-field image shifts produced by
the motion of external objects, might be another cue (Gibson, 1950, 1966). There are several
reports of MT and MST neurons that respond differentially to wide-field optic flow and the
motion of isolated stimuli across that field in a particular direction (Tanaka and Saito, 1989;
Duffy and Wurtz, 1991; Roy et al., 1992; Lagae et al., 1994; Recanzone et al., 1997; Page and
Duffy, 1999; Paolini et al., 2000). These two classes of neurons occupy different columns in
MT (Born, 2000). Others have reported that some MT and MST neurons are active before the
generation of smooth pursuit eye movements, which might allow reafference signaling, while
other neurons are active during that process, which could be signaling feedback (Komatsu and
Wurtz, 1988; Boussaoud et al., 1990; Kawano et al., 1994; Takemura et al., 2000; Wurtz and
Sommer, 2004). These comparator processes may also involve the frontal eye field (Schall et
al., 1995) and brainstem visuomotor structures (Ungerleider et al., 1984). In summary, there is
suggestive evidence that a network centered in the posterior temporal cortex plays an important
role in one facet of event detection by discriminating between self-induced, wide field optic
flow across the visual field and isolated stimulus displacement produced by real object motion.
6.3.3. Haptic Information Processing in the Postcentral and Parietal Cortices. Monkeys,
as we have described earlier (Section 6.1.2.), are distinguished among mammals by having
highly sensitive hands and fingers, and are unique in focusing both eyes on their dexterous
hands when palpating and manipulating objects. When a monkey reaches for a fruit on a
tree, it opens its fingers to match the fruit’s size, and closes and holds it with a precision grip.
Before consuming the fruit, the monkey may gingerly tear off its stem, remove the skin, extract
its flesh, and bring it to its mouth. Doing all that, the monkey engages in a complex process
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of sensorimotor integration involving coordinated visual monitoring and haptic control. The
detected fruit may be of one shape or another, small or large to grasp; its surface may look dry
or wet to hold onto; its covering may be easy or difficult to remove; the pulp may be loosely or
tightly attached to the kernel, and so forth. Each step in the process requires accurate sensory
assessment and precise motor adjustment. Monkeys accomplish these daily tasks with the
greatest of ease. In addition, hand-eye coordination also has an important social function.
Whereas animals without sensitive and prehensile fingers may lick each other to express their
mutual affection, monkeys use their fingers to groom one another for that purpose. Grooming,
which begins as a vital component of a mother’s caring for her infant, develops into a reciprocal
social activity fostering bonding among siblings, kin, and other members of the troop.
the haptic relay nuclei of the thalamus. The gateways to the simian neocortical haptic
areas are three relay nuclei of the thalamic ventral complex: the ventral posterior nucleus,
the ventral lateral nucleus, and the ventral anterior nucleus (Fig. 6-17). Each of these nuclei
has a topographic (somatotopic) map of the body, with greatly enlarged representations of
the digits, the tongue and the mouth (Woolsey, 1958; Jones and Powell, 1970a; Jones, 1975;
Boivie, 1978; Kalil, 1981; Rausell and Jones, 1991). The input to these thalamic nuclei is by
way of the large fiber tract known as the medial lemniscus, which is composed of ascending
afferents from two sources, the dorsal column nuclei of the spinal cord and the trigeminal
nuclei of the medulla. The spinal cord afferents convey topographically organized somesthetic
(tactile, thermal, nociceptive) and proprioceptive input from the trunk and limbs; the medullary
afferents from the head region. The ventral posterior nucleus also receives nociceptive input
from the spinothalamic tract (Mantyh, 1983; Apkarian and Hodge, 1989). The two other
large nuclei of this thalamic complex, the ventral lateral and the ventral anterior, relay indirect
kinesthetic input from two accessory brain structures, the cerebellum and the striatum.
the haptic projection areas of the neocortex. The thalamic somesthetic and kinesthetic
afferents terminate in the banks and crown of the postcentral gyrus (S1) in a somatotopic order,
with the tongue, lips, and the digits greatly magnified relative to the trunk (Woolsey, 1942,
1950; Fig. 6-27). Three distinct cytoarchitectonic areas have been distinguished in the primate
S1 from anterior to posterior: 3, 1, and 2, (Brodmann; 1909; Powell and Mountcastle, 1959;
Pons et al., 1985, 1987; Kaas, 2004; Krubitzer, 2004). Each subdivision of S1 has a complete
map of the entire body. Area 3 has two parts: somesthetic input from the skin principally
targets BA3b; kinesthetic input from the muscles and joints target area 3a as well as 1 and 2
(Powell and Mountcastle, 1959; Jones and Powell, 1970a; Phillips et al., 1971; Burchfil and
Duffy, 1971; Schwartz et al., 1973; Nelson et al., 1980). In area 3, single fingers have discrete
representations but there is overlap in areas 1 and 2 (Iwamura et al., 1983a, b; Pons et al., 1985,
1987). S2 is situated ventral to S1 in the upper bank of the lateral sulcus (Whitsell et al., 1969;
Burton et al., 1995). The principal afferent supply of S2 is S1 (Pons et al., 1987). Neurons
in the core region of S2 respond best to somesthetic stimuli; the surrounding regions respond
preferentially to kinesthetic stimuli (Fitzgerald et al., 2004). The tactile receptive fields of
S2 neurons are larger than those of S1, and many of them respond not only to contralateral
stimulation, as do S1 neurons, but also to bilateral stimulation (Whitsell et al., 1969; Robinson
and Burton, 1980).
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et al., 1981). Other parietal neurons have large visual receptive fields and selectively respond
to eye, arm, and hand movements (Andersen, 1989; Taira et al., 1990; Barash et al., 1991;
Goodale et al., 1991; Robinson et al., 1995; Goodale and Murphy, 1997; Kalaska et al., 1997;
Rizzolatti et al., 1997; Gardner et al., 1999; Battaglia-Mayer et al., 2001; Ferraina et al., 2001;
Mascaro et al., 2003). These neurons could be involved in the visual coordination of the
reaching hands as well as in tracking the movement of objects, thus contributing to event
perception. Related to these putative motion and event detector cells are the so-called mirror
neurons. These neurons discharge selectively not only when an experimental monkey performs
a particular action, such as grasping an object, but also when someone else (another monkey or
a person) performs that action. Originally discovered in the premotor cortex of monkeys (Di
Pellegrino et al., 1996; Gallese et al., 1996; Rizzolatti et al., 1997), these type of neurons have
also been identified in the parietal cortex (Gallese et al., 2002) and it has been proposed that
mirror neurons aid action comprehension (Rizzolatti, 2004). According to a recent functional
magnetic resonance imaging (fMRI) study, a region in the parietal cortex and along the bank
and depth of the superior temporal sulcus became activated in monkeys that watched videos of
a person reaching for an object (Nelissen et al., 2011).
the role of multimodal parietal neurons in hand-eye coordination and substantive

perception.

To go beyond merely seeing the surface features of an object to become cognizant
of its substantive properties requires visually guided palpation and manipulation. Early
indications of the involvement of the parietal cortex in that perceptual process came from
lesion studies (Randolph and Semmes, 1974; Hartje and Ettlinger, 1974; Lamotte and Acuña,
1978; Faugier-Grimaud et al., 1978). Whereas ablation of the hand region of the postcentral
gyrus impaired the ability of monkeys to recognize objects by touch, parietal area lesions
interfered with their ability to accurately reach for a visual target and pre-shape their fingers
to effectively grasp it. Current research supports this hypothesis. Sakata et al. (1995, 1999)
trained monkeys to palpate or manipulate objects of different shapes and sizes or just fixate
them visually, and recorded the discharge pattern of parietal neurons in them. They found
that some neurons selectively discharged when the monkey looked at an object of a particular
shape or size, other neurons did that when those objects were handled. Of the latter type of
neurons, some responded only if the objects were visible, others even when the objects were
manipulated in the dark. According to another study, ablation of parietal area 7 produces deficits
in reaching for a target in daylight but not in the dark, whereas removal of area 5 produces the
converse deficit (Rushworth et al., 1997). In still another study, in which a chemical agent was
used to transiently inactivate the parietal cortex, the animals could accurately guide their arm
to reach for an object but lost their ability to pre-shape their fingers to effectively grasp the
object (Gallese et al., 1994, 1997). Another important line of evidence is the finding that some
intraparietal neurons discharge briskly before the monkey reaches for an object (Duhamel
et al., 1992; Snyder et al., 1997; Batista and Andersen, 2001), others after the monkey has
grasped the object (Taira et al., 1990; Debowy et al., 2001).
Although the work of the scanning eyes, the reaching arms, and the grasping and
manipulating hands and fingers are instrumental functions controlled by the motor and
premotor areas of the anterior cortex (Section 6.4.3), their guidance and monitoring requires
perceptual guidance and monitoring and that, apparently, is the function of the multimodal
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information processing in the haptic projection areas. Somesthetic afferents convey
the following information to the haptic projection areas: (i) location of the body region touched
(Woolsey et al., 1942; Powell and Mountcastle, 1959); (ii) the surface properties of actively
palpated objects (Darian-Smith et al., 1985; Chapman and Ageranioti-Bélanger, 1991); and
(iii) movements of the reaching arms and grasping hands and fingers (Iwamura and Tanaka,
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1991; Wannier et al., 1991; Iwamura et al., 1995). Iwamura and Tanaka (1996) identified S1
neurons that discharged selectively in relation to the specific ways a monkey used its fingers for
grasping or touching (Fig. 6-28). Gardner et al. (1999) analyzed the firing pattern of S1 neurons
in monkeys that were trained to grasp, hold, and manipulate objects of different shapes. Some
S1 neurons discharged briskly when the objects were grasped (contact-tuned neurons), others
when the objects were handled (manipulation-tuned neurons), still others when the object was
held or lifted (broadly-tuned neurons). According to Debowy et al. (2001), anterior S1 neurons
are preferentially activated when a monkey places its hand on an object and grasps it, whereas
posterior S1 neurons are activated when it modulates the applied grip force. Corresponding
with these findings are reports that small S1 lesions produce manipulatory deficits (Cole
and Glees, 1953) and reversible inactivation of S1 produces deficits in finger coordination
when objects are handled (Hikosaka et al., 1985; Iwamura and Tanaka, 1991). Lesions of S1
also interfere with the learning of tasks that require skilled finger use (Pavlides et al., 1993).
Evidently, the primary somatosensory cortex plays a pivotal role not only in the exploration of
the mechanical properties of objects during palpation but also in the dexterous use of the hand
during object manipulation. Physiological investigations (Iwamura and Tanaka, 1978; Jiang et
al., 1997; Pruett et al., 2000; Fitzgerald et al., 2006) and lesion studies (Murray and Mishkin,
1984a) have implicated S2 neurons in tactile texture and shape discrimination. By virtue of its
features, S2 may represent a somesthetic association area similar to those found in the parietal
lobe (see below).
S1 NEURONS SELECTIVELY
RESPONDING
TO DIFFERENT
6.3.4. The Haptic Association
FINGER MOVEMENTS
Areas of the Parietal Cortex.
The parietal lobe is interposed
between the postcentral gyrus and
the occipital lobe, and is divided
by the intraparietal fissure into
a superior and inferior region,
known traditionally as areas 5
and 7, and in the physiological
literature as PE, PF and PG and
the intraparietal areas (Figs.
6-10, 6-18). The parietal cortex
is the target not only of S1 and
S2 fibers (Disbrow et al., 2002)
but also of visual fibers from
the occipital lobe (Pandya and
Kuypers, 1969; Jones and Powell,
1970b; Divac et al., 1977; Pandya
and Seltzer, 1982). Unlike S1
and S2, these parietal association
areas are interconnected with the
Fig. 6-28. Selective discharge of three neurons (1, 2, 3) in
multisensory pulvinar rather than
the postcentral gyrus of a monkey in relation to its initiating
the modality-specific thalamic
three types (A, B, C) of finger movements.
(Modified, after Iwamura and Tanaka, 1996.)
relay nuclei (Petras, 1971;
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Baleydier and Mauguière, 1977; Kasdon and Jacobson, 1978; Pearson et al., 1978). Parietal
efferents target the visuomotor areas of the frontal lobe (Barbas and Mesulam, 1981; Petrides
and Pandya, 1984) as well as several subcortical structures involved in visuomotor regulation,
including the pretectum, the superior colliculus, and some pontine nuclei (Weber and Yin,
1984).
organization of the parietal cortex.

Current research suggests that the parietal cortex
may contain up to ten different subdivisions with complete or partial multimodal somatosensory
and retinotopic maps. These regions include, according to the new nomenclature (Figs. 6-10,
6-18), PC and PE in the superior parietal cortex; PF and PG below the intraparietal sulcus;
and, in the banks and depth of the intraparietal sulcus (IP) regions designated by such terms
as MIP and VIP (Fig. 6-18). These parietal regions are interconnected with one another, and
several of them also have connections with the visual association areas of the occipital lobe and
various visually-implicated regions of the temporal lobe (Andersen 1989; Morel and Bullier,
1990; Baizer et al., 1991; Lewis and Van Essen, 2000; Nakamura et al., 2001; Tanné-Gariépy
et al., 2002; Disbrow et al., 2003; Zhong and Rockland, 2003; Rozzi et al., 2005). The parietal
cortex also has extensive reciprocal connections with the premotor areas that control arm, hand
and finger movements (Barbas and Mesulam, 1981; Petrides and Pandya, 1984; Lacquaniti et
al., 1995; Johnson et al., 1996; Matelli et al., 1998; Shipp et al., 1998; Luppino et al., 1999;
Battaglia-Mayer et al., 2001; Marconi et al., 2001; Tanné-Gariépy et al., 2002), and with the
frontal eye field (FEF) implicated in the voluntary control of eye movements (Barbas and
Mesulam, 1981; Andersen 1989; Morel and Bullier, 1990; Baizer et al., 1991; Barash et al.,
1991; Gnadt and Mays, 1995; Robinson et al., 1995; Stanton et al., 1995; Tian and Lynch,
1996b Duhamel et al., 1998; Battaglia-Mayer et al., 2001; Ferraina et al., 2001; Nakamura et
al., 2001; Tanné-Gariépy et al., 2002. Long distance parietal efferents target several subcortical
structures involved in visuomotor regulation, including the pretectum, the superior colliculus
(Weber and Yin, 1984), and the cerebellum (Clower et al., 2005). A vestibular input may
supply information about head movements and postural changes while objects are manipulated
(Bremmer et al., 2002).
the role of multimodal parietal neurons in object and event recognition.
Research with monkeys carried out in the 1970s indicated that parietal cortical neurons differ
physiologically from those in S1. First, instead of responding to simple tactile stimuli, they
preferentially respond to concurrent tactile and joint stimulation, rotation of multiple joints,
and the combined stimulation of forelimb, hindlimb and trunk (Duffy and Burchfiel, 1971;
Sakata et al., 1973; Mountcastle et al., 1975). Second, many parietal neurons respond not
only to haptic stimuli but also to visual stimulation (Mountcastle et al., 1975, 1981; Yin and
Mountcastle, 1977; Lynch et al., 1977; Hyvärynen and Shelepin, 1979; Leinonen et al., 1979;
Hyvärynen, 1982). More recent studies suggest that the perception of objects, events, and
actions are mediated by different classes of parietal neurons. Some, particularly those in the
intraparietal areas, have small visual receptive fields (Blatt et al., 1990) and are sensitive to
binocular disparity cues that aid stereoscopic vision (Taira et al., 1990; Duhamel et al., 1992;
Gnadt and Mays, 1995; Shikata et al., 1996; Gnadt, 2000 Batista and Andersen, 2001; Debowy
et al., 2001). These neurons could contribute to the detection of the fine visual features of objects
that the fingers palpate and manipulate (Lynch et al., 1977; Bushnell et al., 1981; Mountcastle
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parietal association areas interposed between the occipital (visual) and postcentral (haptic)
projection areas. A likely contribution of the parietal association areas to hand-eye coordination
is the meshing of the allocentric (world-centered) spatial framework provided by vision,
so important for effective reaching, with the egocentric (self-centered) spatial framework
provided by the palpating fingers, so important for object manipulation (Duhamel et al., 1998;
Zhang, et al., 2004). Operating in parallel with the premotor areas and the frontal eye field, and
probably with considerable redundancy, this multimodal processing system enables monkeys
to construct a realistic, substantive representation of the multifarious properties of the objects
that they encounter and inspect, palpate and manipulate. This is one of our major simian
legacies. Indeed, experimental studies indicate that there is a corresponding parietal network
in the human neocortex (e.g., Kawashima et al., 1996; Binkofski et al., 1998; DeSouza et al.,
2000; Connolly et al., 2003; Medendorp et al., 2003; Hagler et al., 2007).
6.3.5. Auditory Processing in the Superior Temporal Cortex. Whereas vision and
touch convey information about the physical features and properties of things, the function of
hearing is primarily social, enabling animals to respond to sounds produced by animate agents
and to communicate with one another. Sounds generated by predators and prey serve as cues
about their presence, movements and location, and conspecifics convey to one another their
mood, wants, and intentions by vocalization. (Of course, vocalization is not the only means by
which animals communicate. They also use eye movements, facial expressions, gestures, and
other means for that purpose.) The nature and functions of simian vocalization and audition
is of particular interest from an evolutionary perspective with reference to their relation to
human linguistic communication. Monkeys, like so many other animals, make short- and
long-distance calls to inform kin and conspecifics about events of common concern, such as
emitting alarm calls when they detect danger and informing each other about their current
location and ongoing activities (Seyfarth et al., 1980; Gouzoules et al., 1984; Cheney and
Seyfarth, 1985; Hauser, 1991; Rendall et al., 1996; Semple and McComb, 2000; Ghazanfar
and Hauser, 2001). Infant macaques scream when in distress, which may induce the mother
and kin to come to their aid. They coo and grin when their mother approaches but stop that
display when they gain physical contact (Kalin et al., 1992). Adult monkeys shriek or howl
when alarmed and thus warn group members of danger, which may induce them to flee. There
are considerable differences in the acoustic features and range of calls emitted and responded
to by different primate species, and there is some evidence for a positive correlation between
the size of the vocal repertoire of monkeys and group size (McComb and Semple, 2005).
organization of the simian auditory system.

The mammalian auditory system has a
different sensory and neural organization than the visual or haptic systems. This is partly due
to the distinctive physical properties of sound, its production, and processing. Optic stimuli
are generated or reflected by distal objects, propagated at a very at high speed through open
space in straight line; their source, therefore, can be accurately localized. Touch is generated
at a particular site of contact by an outside agent and, as such, it is also easily localized. Sound
propagation and localization are different. As a vibratory stimulus, it is greatly modified by
the medium that transmits it and, therefore, difficult to localize. The transducers of hearing,
the ciliated cells of the mammalian cochlea, are an ancient heritage but they did not originally
serve auditory functions. They are present in the lateral line and vestibular apparatus of aquatic
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fishes, conveying information about movements of water columns and inertial changes during
swimming. In terrestrial vertebrates with an ear and a cochlear apparatus, the hair cells became
adapted to analyze complex patterns of air vibration produced by sound-generating bodies and
vocalizing agents.
Sound signals vary in frequency (pitch), intensity (loudness), and other complex features,
such as harmonics, sequential patterning, duration, tempo, and extraneous noise. These
complex signals are captured in mammals by the outer ear (pinna), amplified by the ossicles
of the middle ear, and transduced into electric signals in the inner ear by the hair cells strung
along the fluid-containing coiled cochlea. Parts of the cochlea, from its apex to its base,
respond differentially to sounds ranging from high to low frequency, which is the foundation
of pitch discrimination. Auditory afferents that synapse with the hair cells terminate in the
cochlear nucleus of the medulla, the first way station in the auditory pathway (Fig. 6-29A).
The cochlear nucleus is a composite structure, containing a great variety of cell types (known
as bipolar, multipolar, giant, bushy, octopus, fusiform, etc.). These cells send axons ipsi- and/
or contralaterally, by way of different fiber tracts to lower-level components of the auditory
pathway. The latter include the superior olive (shown), as well as the trapezoid nucleus and the
nuclei of the lateral lemniscus, and the reticular formation (not shown). These are presumed
to be parallel channels that convey and process information about different facets of auditory
input (Cant and Benson, 2003). The latter includes localization of the sound source. Since
the same sound impinging on the two laterally placed ears varies in intensity, phase and arrival
time, the location of a sound source may be determined by analysis in medullary and upstream
brainstem structures, including the inferior colliculus (Masterton et al., 1967). It is at this
level that commonalities begin between the brain mechanisms of the auditory system and the
visual and haptic systems. Afferents from the inferior colliculus pass to the thalamic medial
geniculate body, and a new relay of afferents proceed from there to the auditory cortex of the
temporal lobe. The latter two structures are the neencephalic components of the mammalian
auditory system.
organization of the neocortical auditory projection and association areas. The
simian cortical auditory projection area is located in the superior temporal gyrus, much of
it along the lower bank of the lateral fissure, traditionally known as the transverse gyrus of
Heschl (Poliak, 1932; Walker, 1937; Fig. 6-29B). Older studies have shown that auditory
stimuli produce evoked potentials at the latter site with an orderly tonotopic representation
of the cochlea (Ades and Felder, 1942; Woolsey and Walzl, 1954, 1982; Pribram et al., 1954;
Merzenich and Brugge, 1973; Imig, et al., 1977). According to recent research, the simian
auditory cortex has several components, classified as “core,” “belt,” and “parabelt” regions
(Schreiner, 1992; Kosaki et al., 1997; Rauschecker et al., 1997; Hackett et al., 1998; Recanzone
et al., 1999, 2000b; Rauschecker and Tian, 2000; Kaas and Hackett, 2000; Hackett et al., 2001;
de la Mothe et al., 2006a,b; Petkov, 2006; Hackett, 2008; Fig. 6-30).

The core of the auditory cortex consists of three parts: A1, R (the rostral area), and RT (the
rostrotemporal area). The belt and parabelt regions have many more components (Fig. 6-30).
A1 is the target of afferents from the thalamic medial geniculate body and the inferior colliculus
(Mesulam and Pandya, 1973; FitzPatrick and Imig, 1982) and it has extensive connections
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Fig. 6-29. A. Schematic diagram of some of the CNS structures involved in the processing of afferent
input from the left and right cochlea. B. Localization of the auditory cortex, the transverse gyrus of Heschl.
Parvalbumin immunocytochemical staining of macaque forebrain, highlighting some of the thalamic relay
nuclei and the dense terminal sites of the thalamic fibers in the cortical gray matter.
(B, modified, after E. G. Jones, BrainMaps.org.)
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Fig. 6-30. Components of the auditory
complex in the macaque neocortex.
(After Hackett et al., 1998.)
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with the surrounding auditory areas (Pandya et al., 1969; Merzenich and Brugge, 1973; Pandya
and Sanides, 1973; Seltzer and Pandya, 1978; Bruce et al., 1981; Baylis et al., 1987). A1 also
has connections with the pulvinar (Trojanowski and Jacobson, 1976), the amygdala (Yukie,
2002), and the premotor cortex (Hackett et al., 1999; Romanski et al., 1999). A1, R and RT
have a tonotopic organization (Recanzone et al., 1999) and its neurons display fine-grained
sound frequency discrimination (Tramo et al., 2002) and sound localization (Recanzone et al.,
2000b). Latency to auditory stimuli is shortest in A1 neurons, and longest in area R neurons
(Recanzone et al., 2000a). This suggests serial processing of auditory input within the core
area. Not much is currently known about the specific functions of the belt and parabelt regions.
Belt area neurons respond preferentially to such complex auditory stimuli as species-specific
“monkey calls” (Rauschecker and Tian, 2000; Tian et al., 2001; Petkov et al., 2008). It has
been suggested that sound localization (“where”) is mediated by posterior belt neurons, and
response to monkey calls (“what”) by anterior belt neurons. There are also indications for
multisensory integration in the belt region (Schroeder et al., 2001; Fu et al., 2003; Hackett et
al., 2007; Smiley et al., 2007), hence it may constitute a higher-order association system.
similarities and differences between simian vocalization and human language.

Much like human speech, the function of simian vocalization is communication. But there are
differences between the two. The fundamental function of human language is the deliberate
exchange of information between specific individuals: a request or an instruction by one person
addressing another, a conversation, discussion or argument between two or more individuals.
The elements of linguistic communication are articulated words, conventional terms (symbols,
tokens) that refer to objects, beings, actions and events, and their temporal, spatial, causal
and other relationships. Since words can be used to designate a myriad of things and affairs,
a developed language has a large vocabulary and a systematic way of stringing the words
together. To create thousands of words requires extreme precision in sound articulation,
generating combinations of vowels and consonants through coordination of air expulsion from
the lungs, precise control of the vocal cords, of movements and placement of the tongue,
and opening and closing of the mouth. While monkeys use precision in the control of their
hands and fingers, they are deficient in the fine control of the vocal apparatus. Instead, the
vocal repertoire of monkeys consists of a variable but finite number of species-specific vocal
expressions (barks, shrieks, chirps, and other reiterated sounds produced mostly with an open
mouth configuration), and they typically address anyone (“whom it may concern”) rather than
a particular individual. Most monkey calls are involuntarily emitted stereotypical emotional
expressions (Bastian, 1965; Marler, 1965).
Much attention has recently been paid to the finding that some monkey calls have
referential content (Struhsaker, 1967; Seyfarth et al., 1980). Vervet monkeys emit different
alarm calls when they sight leopards, eagles or snakes, and conspecifics respond to these calls
appropriately. Recordings of calls made in response to sighting a leopard induces vervet
monkeys on the ground to run up the nearest tree; recordings of calls made by sighting a snake
makes them scan the ground. Similarly, Diana monkeys emit different calls when sighting a
leopard or an eagle (Zuberbuhler et al., 1997), and bonnet macaques learn to respond not only
to playbacks of the vocalization of conspecifics but also to the alarm calls of birds (Cheney
and Seyfarth, 1900) and langurs (Ramakrishnan and Coss, 2000). Capuchin monkeys emit a
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specific call when feeding on a rich resource (DiBitetti, 2003). Indeed, it has been claimed that
Campbell’s monkeys produce combinations of different stereotypic calls that signal different
sources of danger or other experiences (Outtara et al., 2009). However, the idea that simian
vocalizations are analogous to human language is not warranted. Monkey vocalizations are
not learned but inborn reactions. Vervet monkeys that were deafened soon after birth, or were
raised by mute mothers, vocalized as adults as normal monkeys do (Talmadge-Riggs et al.,
1972). The same has been reported for squirrel monkeys (Herzog and Hoff, 1984). While
some of the emotional expressions of monkeys do have referential content, and greatly benefit
conspecifics, they do not use vocalization to exchange information about their past experiences,
current predicaments, and future goals, nor do they request or offer instructions how to avoid
danger, exploit opportunities and, in general, cope with the vicissitudes of daily life. These
inborn types of vocalization have been preserved in humans in the form of emotional expressions
when hurt, alarmed or otherwise aroused but they are not the fundamental constituents of
human linguistic communication. The ability to use articulated words is based on a distinctive
human disposition and faculty,. The words we use and the grammatical rules we obey when
combining words into meaningful phrases have to be learned.

6.4. Motor Processing in the Anterior Neocortex and the Affiliated
Striatum and Cerebellum
6.4.1. The Anterior Neocortical Motor Projection and Association Areas. The simian
neocortical projection and association areas mediate two interrelated but distinctive functions:
keeping the animal informed of what transpires in the external world and effectively interact
with it. The former is perceptual behavior—not passive sensing but active information gathering
aided by such motor activities as attention, exploration, inspection and manipulation. The
latter we shall refer to as instrumental behavior—a motor process of acting and reacting that
is guided, monitored and corrected by sensory and perceptual processes. Perceptual guidance
is the principal function of the posterior cortex, instrumental coordination that of the anterior
neocortex. The central fissure that divides the somatosensory and somatomotor areas (S1 and
M1) is also the dividing line between the perceptual and instrumental projection areas (Figs.
6-10, 6-11). The association areas situated caudal to S1 are primarily concerned with the
processing and storage of perceptual information; the association areas situated in front of M1
are primarily concerned with the planning, patterning and execution of instrumental activities.
The two systems differ with respect to their subcortical connections: the primary connections
of the posterior cortex are with the thalamus and the pulvinar, that of the anterior cortex is
with the striatum and the cerebellum. The two, of course, are closely interconnected with one
another, but the distinction is an important one.
The simian anterior cortex includes the following areas: (i) Abutting the central fissure
anteriorly is the precentral gyrus with its distinctive agranular cytoarchitecture and large
pyramidal cells (Figs. 6-9 A, 6-14, 6-18 B), variably referred to as the primary motor cortex, area
4 (Fig. 6-10 A), and F1 or M1 (Fig. 6-10 B). M1 is the source of the corticofugal efferents to the
brainstem and spinal cord, traditionally known as the pyramidal tract and assumed to control
voluntary activities. (ii) In front of M1 is area 6, or the premotor cortex, which is subdivided
into F2, F4, F5 and F7. F3 and F6, also known as the supplementary motor areas, are situated
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6.4.2. Organization of the Primary
Motor Projection Area. Following Fritsch
and Hitzig’s (1870) seminal discovery that
electrical stimulation of different points
in the anterior region of the dog cerebrum
triggers movements of different body parts,
the somatotopic organization of the motor
cortex (M1) has been described in a great
variety of mammalian species, including
rats, monkeys (Woolsey et al., 1952) and
man (Penfield and Rasmussen, 1950). In
the somatotopic representation of the rat,
the tongue and face with its whiskers are
greatly magnified (Fig. 6-31A). In the
monkey, the digits of the hand and foot are
mapped at a much higher magnification
(that is, are served by many more processing
neurons) than the shoulder, trunk, and the
proximal parts of the limbs (Fig. 6-31B).
This reflects the importance of M1 in the
control of fine-tuned precision acts, such as
grasping branches with the hands and feet,
and manipulating objects.

sul

medially (Fig. 6-18A). (iii) More rostrally,
in front of the arcuate sulcus, is area 8, or
the frontal eye field (FEF). (iv) Situated
most anteriorly is the prefrontal cortex
with two large divisions, the dorsolateral
prefrontal cortex (areas 9, 45 and 46) and
the orbitofrontal cortex (areas 10, 11 and
12).
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Fig. 6-31. Mapping of different body parts in the
somatomotor and somatosensory projections areas of
the rat (A) and macaque (B). Note magnification of the
digits in the monkey. (Modified, after Woolsey, 1952.)
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of corticofugal fibers target the striatum (Parent and Parent, 2006) and, by way of neurons of
the pontine gray nucleus, the cortical outflow also targets the cerebellum (Altman and Bayer,
1997). M1 receives its principal thalamic input from two large nuclei, the ventral lateral
nucleus (VL) and the ventral anterior (VA) nucleus (Fig. 6-17). VL serves as the principal
cerebellar relay station (Kuo and Carpenter, 1973; Stanton, 1980; Berkley, 1983; Stepniewska
et al., 2003), VA as the principal striatal relay station (Rouiller et al., 1994; Sakai et al.,
1996). The two constitute the “motor thalamus” that modulates motor functions by feedback
from multiple sources (Sasaki, 1979; Rouiller et al., 1994; Stepniewska, et al., 1994; Inase
and Tanji, 1995; Sakai et al., 1996, 2002). Much like the somesthetic thalamus, the motor
thalamus has a somatotopic organization (Vitek et al., 1994) and its connections with M1 are
reciprocal (Darian-Smith et al., 1999; Kultas-Ilinsky et al., 2003). A high proportion of these
thalamocortical fibers terminate in layer III of M1; a smaller proportion in layer I (Jones,
1975; Sloper and Powell, 1979; Tracey et al., 1980; Nakano et al., 1992). (In contrast, the
somesthetic thalamocortical projection targets layer IV of S1.) Intracortical input to M1 comes
from the adjacent S1, the parietal lobe, the premotor area, the supplementary motor areas,
the frontal eye field, and several other cortical areas (Pandya and Kuypers, 1969; Pandya and
Vignolo, 1971; Ghosh et al., 1987; Stepniewska et al., 1993).
the function of the motor cortex.

Electrical stimulation of M1 produces localized
bodily movements by way of spinal cord motor neurons, whose axons exit the CNS and
innervate skeletal muscles. The cortical (“upper”) motor neurons make both direct synaptic
connections with the spinal cord (“lower”) motor neurons and indirect ones by way of spinal
cord interneurons (Phillips and Porter, 1977; Hepp-Reymond, 1988). However, the exact
way the cortical motor neurons produce movements is controversial. Does the motor cortex
control the contraction of individual muscles or does it coordinate patterned movements and
actions? Or, as Hughlings Jackson phrased it in the 1870’s, “does the cortex think in terms
of muscles or movements?” (Phillips and Porter, 1977). In contrast to Jackson’s theory of
discrete muscle control, Leyton and Sherrington (1917) proposed that the motor cortex is a
“synthetic organ for motor acts.” Indeed, surface stimulation of different M1 loci with large
electrodes typically elicits gross movements rather than single muscle twitches (e.g., Woolsey
et al., 1952). However, those who believed in the mosaic organization of the motor cortex—
i.e., that M1 operates like the keys of a piano—argued that the elicited gross movements were
due to the spread of the stimulating current over extended cortical areas.
This controversy was partially resolved with the introduction of the technique of
intracortical stimulation with microelectrodes (microstimulation) and the use of minimal
electric currents and brief pulses (Asanuma and Rosen, 1972; Asanuma, 1981; Shinoda et al.,
1981). The results indicated that while microstimulation of neurons in layer V does in some
cases trigger contractions limited to individual muscles, the more common response was the
synergistic movement of a combination of muscles that move, for instance, one finger or two,
or the wrist. That is, some pyramidal cells may control discrete muscles but most of them
produce coordinated movements of specific body parts. And when a long train of electric
pulses is applied to a particular M1 site rather than a brief pulse, the typical response is a
complex natural movement involving many body parts (Graziano et al., 2002). An example
of the latter is opening of the mouth combined with the arm moving toward the mouth and the
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hand assuming a grip configuration. This holistic response was consistently evoked from the
same site in M1, irrespective of the arm’s original position at a given time. This finding lends
support to Sherrington’s hypothesis that the motor cortex typically coordinates synergistic
movements rather than isolated muscles.
stimulation studies. An important finding with the microstimulation method has been
that the movement of a particular finger can be triggered from multiple sites within the
general hand area, and that these scattered motor foci are intermingled with sites that trigger
movements of other body parts (Andersen et al., 1975; Kwan et al., 1978, Strick and Preston,
1978; Humphrey, 1986; Sato and Tanji, 1989; Waters et al., 1990; Park et al., 2001, 2004).
Correspondingly, anatomical (Shinoda et al., 1981) and physiological (Buys et al., 1986; Lemon
et al., 1986) investigations have established that, instead of a one-to-one linkage between upper
and lower motor neurons, a single cortical pyramidal cell may synapse with several spinal
motor neurons and, conversely, terminals of several cortical pyramidal cells located at different
sites may synapse with a single spinal motor neuron (Schieber, 2001). This evidence for
divergent and convergent projection refutes the idea of a simple mosaic relationship between
cortical and spinal motor neurons. Evidently, the somatotopic organization of the motor cortex
is different from that of the sensory cortex in which there is a definite mosaic organization of
cutaneous receptive fields. Moreover, microstimulation studies have confirmed what Leyton
and Sherrington (1917) called the “functional instability of cortical motor points.” Instead of
a consistent, stereotypic movement elicited by stimulation of a specific M1 site, stimulation of
the same locus at different times triggers different movements. Presumably, this variability is
due to the dynamic reorganization of the cortical motor circuitry over time. Indeed, there is
some evidence for cortical reorganization. When monkeys are trained to perform a particular
act with their forearm, the cortical representation of the forearm progressively expands and
then reverses to its original configuration when the training ends (Nudo et al., 1996). The
multiple representation of movement synergies and their plasticity suggest a different mode of
cortical motor organization than was envisaged by connectionist theorists. The current evidence
favors the view that instead of controlling single muscles, the functional “units” of the motor
cortex—be they multicellular microcolumns or dynamically interconnected macrocolumns—
trigger coordinated movements whose function is to bring about some particular behavioral
movement or action.
lesion studies.

The function of M1 has also been investigated by examining the deficits
produced by ablation of this area and by recording its discharge pattern in monkeys performing
different motor acts. Early studies showed that following ablation of M1, or transection of the
pyramidal tract, monkeys walk and climb quite normally (Tower, 1940; Lawrence and Kuypers,
1968). Using a power grip, they can hold on to tree branches or, in the laboratory setting, the
wire-mesh of the cage. However, for several weeks, the operated monkeys cannot pick up small
objects, such as food morsels, with their fingers. After they recover, the ability to pick up small
objects returns but instead of a precision grip, they use all fingers in a scooping action. Not
even after years of recovery can the operated monkeys learn to use again their thumb and index
finger in a pincer-like fashion to remove grains from small holes. Correspondingly, recent
studies have shown that reversible inactivation of M1 results in deficits in finger movements
when objects are grasped (Schieber and Poliakov, 1998; Brochier et al., 1999).
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recording studies. In monkeys trained to use their arm to lift an object, some neurons in
the contralateral M1 discharge briskly during flexion but not during extension, while others do
the opposite (Evarts, 1968). Subsequent studies showed that there is a relationship between the
discharge frequency of M1 neurons and the force, velocity, and direction of arm movements
(Georgopoulos et al., 1982). An interesting observation is the existence of two separate hand
maps in the simian M1, one that appears to control finger movements for object palpation, and
another for object manipulation and tool use (Strick and Preston, 1982).

In addition to controlling the movement of reaching arms, grasping hands and palpating
fingers, M1 neurons also control the facial muscles, the tongue, the mouth, and the larynx
(Walker and Green, 1938; Hast et al., 1974; Jürgens, 1974; Huang et al., 1988). There is, for
instance, an increase in the discharge of single neurons in the tongue area during chewing and
swallowing (Luschei et al., 1971; Martin et al., 1997), and stimulation of the same locus triggers
mastication (Huang et al., 1988) and swallowing (Martin et al., 1999). Reversible inactivation
of the same site interferes with tongue movements and chewing during feeding (Yao et al.,
2002; Yamamura et al., 2002). Interesting in that context is the finding that there is in rhesus
monkeys (but not in tupaias) a direct projection from the cortical tongue region to the lower
motor neurons of the hypoglossal nucleus (Jürgens and Alipour, 2002). However, no direct
connection could be demonstrated to the laryngeal motor neurons in the ambiguus nucleus of
the medulla (Simonyan and Jürgens, 2003). This suggests that there is direct voluntary control
of the muscles of mastication but not of vocalization.
6.4.3. Organization of the Premotor Association Areas. The simian premotor region
(area 6) abuts the motor cortex and extends anteriorly to the arcuate sulcus (Figs. 6-10, 6-18B).
In the macaque, this region is the source of about 30% of the pyramidal tract fibers (Russell
and DeMeyer, 1961; Toyoshima and Sakai, 1982; Dum and Strick, 1991). The premotor cortex
also has extensive connections with M1 and its electric stimulation facilitates M1 neuronal
activity (Cerri et al., 2003; Shimazu et al., 2004; Prabhu et al., 2009). Importantly, there are
structural and functional differences between the premotor and motor areas. First, layer V is
less conspicuous in the premotor cortex than in M1, and giant pyramidal neurons (Betz cells)
are scarce or absent (Geyer et al., 2000). Second, the pattern of termination of premotor
corticospinal efferents and their mode of action in the spinal cord differ from those of M1
(Luppino et al., 1991; Galea and Darien-Smith, 1994; Cerri et al., 2002; Maier et al., 2002).
Third, the premotor areas receive movement-related input from a different subdivision of the
motor thalamus than M1 (Schell and Strick, 1984; Shindo et al., 1995; Matelli and Luppino,
1996). Fourth, as a distinctive feature, the premotor areas are targets of extensive input from
several cortical association areas. These include: (a) the parietal cortex implicated in eye-hand
coordination (Petrides and Pandya, 1984; Caminiti et al., 1996; Johnson et al., 1996; Gallese
et al., 1997; Rizzolatti et al., 1997; Matelli et al., 1998; Shipp et al., 1998; Luppino et al.,
1999; Battaglia-Mayer et al., 2001; Marconi et al., 2001; Tanné-Gariépy et al., 2002); (b) the
occipital cortex mediating visual object recognition (Schall et al., 1995); and (c) the frontal eye
field involved in gaze control (Huerta et al., 1987; Stanton et al., 1995).
subdivisions of the premotor cortex.

According to a recent alphanumeric scheme, the
premotor cortex consists of several functionally distinct subdivisions (Geyer et al., 2000; Cerri
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et al., 2002; Rizzolatti et al., 2002; Tanaka and Lisberger, 2002). The ventrolateral region
consists of F5 and F4; the dorsolateral region of F7 and F2; and the dorsomedial region of
F6 and F3 (Fig. 6-18). Each of these subdivisions has either a complete or a partial motor
representation of the body, and a direct or indirect outflow to the spinal cord (Luppino et al.,
1991; Matelli et al., 1991, 1998; Dum and Strick, 1991, 1993, 2002; He et al., 1993, 1995;
Ghosh and Gattera, 1995; Rouiller et al., 1996; Tanné-Gariépy et al., 2002; Raos et al., 2003).
And there is accumulating evidence that each of these regions plays a different role in the
organization of voluntary behavior (Kurata and Tanji, 1986; Kurata, 1994; Godschalk et al.,
1995; Pradhu et al., 2009; Graziano, 2010). For reasons described below, we will also consider
area 8, the frontal eye field ( FEF), as a component of the premotor cortex.
functions of the premotor cortex.

When a monkey reaches for a visible object, it does
so quickly and accurately, with its arm moving on a straight trajectory toward the target, rather
than slowly and searchingly. And before its hand reaches the object, the fingers are molded to
match its shape and size for effective grasping. Once the hand grasps the object, the act slows
down and the monkey begins to use a combination of somesthetic and kinesthetic input and
close visual scrutiny to guide the exploratory and manipulating fingers. For instance, before
a fruit is brought to the mouth, somesthetic input is used to determine its surface properties
(slippery, thorny), kinesthetic feedback to determine its consistency (hard, soft), and visual
monitoring of how the object properties change while peeling it, tearing it apart, and removing
its inedible or unappetizing components.
There is experimental evidence that the premotor cortex plays a major role in the initiation
and the coordination of these purposive instrumental activities. Premotor neurons that respond
to tactile and visual stimuli may also discharge before the monkey begins to reach for an
object and during the time it grasps and handles it (Tanji and Evarts, 1976; Tanji et al., 1980;
Godschalk et al., 1981; Weinrich and Wise, 1982; Kurata and Tanji, 1986; Lecas et al., 1986;
Okano and Tanji, 1987; Romo and Schultz, 1987; Gentilucci et al., 1988; Kurata and Wise,
1988; Rizzolatti et al., 1988; Kurata, 1989, 1994; Crutcher and Alexander, 1990; Mushiake et
al., 1991; Riehle and Requin, 1989; 2000; Fogassi et al., 1999; Moran and Schwartz, 1999;
Graziano and Gandhi, 2000; Churchland et al., 2006; Kraskov et al., 2011). This is illustrated
in Figs. 6-32 and 6-33. There is some evidence that components of this sequence are guided
by different premotor neurons. For instance, when a monkey is trained to heed an “instruction”
signal that informs it what it should do in a particular trial and delay responding until it receives
the “go” signal, some neurons selectively respond when the instruction cue is presented, others
during the delay period (Crammond and Kalaska, 1994, 2000).
The Role of Areas F5 and F4 in Grasping and Manipulating Objects. F5 is contiguous
anteriorly with the frontal eye field and posteriorly with the maps of the hand and fingers of
M1 (Fig. 6-10). The principal connection of F5 is with AIP of the parietal lobe (Luppino et
al., 1999) where many neurons become selectively active when a monkey inspects a solid
object of a particular shape or size (Sakata et al., 1995, 1999; Murata et al., 1997; Jouffrais and
Boussaoud, 1999; Kakei et al., 2001), and pre-shapes its fingers in preparation for grasping
it (Murata et al., 1997; Rizzolatti et al., 1988; Hoshi and Tanji, 2002). The activation of F5
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SEQUENCE OF BRAIN AND MOTOR ACTIONS
DURING REACHING MOVEMENTS
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Fig. 6-32. Temporal
sequence in the activation
of premotor neurons (blue)
and motor neurons (green),
and of muscle activation
(orange) and finger
movement (red).
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(After Moran and Schwartz, 1999.)
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ACTIVITY OF A NEURON IN F5 AND M1
Fig. 6-33. Discharge
pattern of a single neuron
in the motor cortex (M1)
and another neuron in the
premotor cortex (F5) while a
monkey uses three different
finger configurations while
grasping three different
objects (drawings). Note that
the discharge of the premotor
neuron (F5) antedates the
discharge of the motor neuron
(M1).

(Modified, after Kraskov et al., 2011.)

neurons antedates that of M1 neurons when objects are held and manipulated (Kraskov et al.,
2011; Fig. 6-33).
Rizzolatti et al. (1988) distinguished six types of F5 neurons by their selective discharge
during the following movements: (i) grasping an object with the hand or mouth, (ii) grasping it
with the hand, (iii) holding it, (iv) tearing it, (v) reaching for it, and (vi) bringing it to the mouth.
They also distinguished F5 neurons that are active either during precision grip or power grip.
It has also been reported that premotor lesions (Halsband and Passingham, 1982; Rizzolatti et
al., 1983) or reversible inactivation of F5 (Fogassi et al., 2001) produce deficits in attending
to a target (spatial neglect) and reaching for it. Notably, however, electrical stimulation of
F5 does not produce detectable movements, although it does facilitate motor output from
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M1 (Shimazu et al., 2004; Kraskov et al., 2011). This suggests that F5 is involved in the
patterning rather than the execution of manipulatory acts. Supporting this is the observation
that F5 neurons fire just as briskly during ipsilateral hand use as when the contralateral hand
is used, and irrespective what particular wrist or joint movement is involved (Kakei et al.,
2003). F5 also contains “mirror neurons” (Di Pellegrino, et al., 1992; Gallese et al., 1996).
These neurons become active not only when a monkey reaches for a particular object but
also when it observes the experimenter reaching for that object. Likewise, watching the oral
movements of a monkey while it is eating, or when it moves its mouth while vocalizing, may
activate mirror neurons (Ferrari et al., 2003). (As we shall discuss later, these findings suggest,
first, that some F5 neurons play a role in the empathetic appreciation of others’ intent to act
and, second, that they may be involved in imitation, i.e., the translation of an observed action
into its performance.) Less is known about the function of F4. Many F4 neurons respond
to both tactile and visual stimuli (Graziano et al., 1994; Fogassi et al., 1996), some also to
auditory stimuli (Graziano and Gandhi, 2000). Since F4 is contiguous with the tongue and
mouth motor map of M1, its neurons may be responsible for bringing a grasped object to the
mouth for further examination and, perhaps coordinate body stance to provide postural support
while engaged in manipulatory activities. In summary, the current evidence suggests that the
function of this ventrolateral premotor region, the “visuomotor grasping circuit” of Jeannerod
et al. (1995), is to focus the monitoring eyes on the hands and fingers as an object is held and
manipulated.
The Role of the Frontal Eye Field in Gaze Control and Visual Fixation. In a pioneering
study, Ferrier (1874) found that electrical stimulation of a restricted site in the monkey frontal
cortex elicits conjugate eye movements. He showed subsequently that unilateral lesions in the
region led to a deviation of the head and eyes toward the affected side (Ferrier and Yeo, 1884).
This region abutting the arcuate sulcus (Fig. 6-10) came to be called the frontal eye field
(FEF). Ferrier’s findings were subsequently confirmed and extended by others (e.g., Smith
1949; Gottlieb et al., 1993). These studies showed that, in fact, there are two such fields with
mirror-image foci for specifying the direction of conjugate eye movements (Fig. 6-34).
Anatomical tracing studies established that FEF is reciprocally connected with the visual
cortex, and several visually implicated regions of the parietal, temporal, and frontal lobes
(Huerta et al., 1987; Schall et al., 1995; Stanton et al., 1995). It is also connected with several
subcortical structures that control eye movements, including the superior colliculus, the
pretectum, and several brainstem nuclei (Astruc, 1971; Künzle and Akert, 1977; Wiesendanger,
1981; Leichnetz, 1982; Huerta et al., 1986; Helminski and Segraves, 2003) and the cerebellum
(Lynch et al., 1994; Middleton and Strick, 2001). Many FEF neurons become active before and
during involuntary saccades, others while a monkey voluntarily tracks a visual target with its
eyes, searches for a particular target, discriminates a cue from a stream of distracting stimuli, or
masters some oculomotor task (Bizzi and Schiller, 1970; Mohler et al., 1973; Eckmiller, 1987;
Gottlieb et al., 1993; Schall and Hanes, 1993; Chen and Wise, 1995; Bichot and Schall, 1999;
Schall and Thompson, 1999; Fukushima et al., 2000; Fujii et al., 2002). Neurons activated
during involuntary and voluntary saccades are located in separate subregions of FEF and they
have different intracortical and subcortical connections (Tian and Lynch, 1996a, b, 1997). FEF
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EYE MOVEMENTS TRIGGERED BY
STIMULATION OF THE FRONTAL EYE FIELD
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Fig. 6-34. Electrical stimulation in an anesthetized monkey of different points (1-4) in the upper and lower
region of the frontal eye field elicits directed conjugate eye movements that mirror one another.
(Modified, after Crosby et al., 1962.)

lesions (Latto, 1978; Lynch, 1987) or reversible inactivation of FEF (Shi et al., 1998) disrupt
voluntary ocular pursuit movements.
The Role of Areas F7 and F2 in Reaching for Objects. F7 (“frontal pursuit area”) is
contiguous with FEF (Figs. 6-10, 6-18) and is, likewise, implicated in oculomotor functions.
Microstimulation of F7 produces eye movements (Schlag and Schlag-Rey, 1987), facilitates
ongoing pursuit eye movements (Martinez-Trujillo et al., 2003) and the accurate tracking of
a target with the eyes (Schlag and Schlag-Rey, 1987; Luppino et al., 1991; Chen and Wise,
1995; Missal and Heinen, 2001; Tanaka and Lisberger, 2002). Correspondingly, F7 neurons
discharge in behaving monkeys when they move their eyes and change the direction of their
gaze (Fujii et al., 2002). F2 is electrically excitable and has a topographic map of the arm
and hand as well as the legs and feet (Kurata, 1989; He et al., 1993; Godschalk et al., 1995).
Most F2 neurons are active when the arms move (Fujii et al., 2002). It has been suggested
that F2 neurons play a role in setting the spatial coordinates of the arm’s trajectory rather than
specifying the muscular movements that will be used to reach a target (Shen and Alexander,
1997). Supporting this assumption are reports that some F2 neurons become active irrespective
whether the monkey uses its contralateral or ipsilateral arm for reaching (Cisek et al., 2003) or
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whether or not the well-trained monkey opts to respond (Godschalk et al., 1981; Kurata and
Wise, 1988; Alexander and Crutcher, 1990).
In summary, the available evidence suggest that F7 neurons supply the necessary visual
coordinates to locate and track an object of interest in allocentric space, and F2 guides the arms
to reach the object. Together with FEF and their cortical and subcortical connections, F7 and
F2 form a network that enables a monkey to voluntarily track and attend to visual targets of
interest. Still another region implicated in voluntary attention and target selection, but one that
may be superordinate to these oculomotor fields, is the dorsolateral prefrontal cortex anterior
to F7 and FEF (Mikami et al., 1982; Hasegawa et al., 2000; Everling et al., 2002; Iba and
Sawaguchi, 2003). For instance, it has been reported that reversible inactivation of this region
produces deficits in searching and fixating a cue among distractors (Iba and Sawaguchi, 2003).
However, no deficit ensued when there were no distractors present and the task was simply
to detect the cue. Moreover, reversible inactivation of the prefrontal cortex did not produce
deficits in guiding the eyes to a visible target but there was a deficit if the target had to be
located in a delayed-response task that required working memory (Sawaguchi and Iba, 2001).
The Role of Areas F6 and F3 in Coordinating Serial Activities. Two premotor regions in
the dorsomedial and medial cortex have been implicated in the coordination of instrumental
behavior, F6 and F3 (Fig. 6-18A). F6, the “presupplementary” area has little corticospinal
outflow (Dum and Strick, 1996, 2002) and is less excitable than F3, the “supplementary” motor
area (Shima and Tanji, 2000; Luppino et al., 1991). F3 has a somatotopically-arranged map
of the whole body (Fig. 6-27), extensive connections with M1 (Pandya and Vignolo, 1971;
Muakkasa and Strick, 1979; Luppino et al., 1993), and a direct outflow to the spinal cord
(Biber et al., 1978; Murray and Coulter, 1981; Macpherson et al., 1982; Hutchins et al., 1988;
He et al., 1995). Microstimulation of the anterior F3 in awake monkeys triggers facial and
oral movements; its central region forelimb movements; and its posterior region hindlimb
movements (Mitz and Wise, 1987; Luppino et al., 1991; Tanji, 1994). However, the control
F3 exerts on spinal motor neurons is weaker than that of M1 (Luppino et al., 1991; Boudrias
et al., 2006). Many supplementary premotor neurons discharge prior to the initiation of an
action (Brinkman and Porter, 1979; Tanji and Kurata, 1979; Tanji et al., 1980; Romo and
Schultz, 1992), regardless whether it is self-initiated or externally cued (Kurata and Wise,
1988; Thaler et al., 1988; Mushiake et al., 1991). The movements elicited by stimulating F3
are often complex, involving several joints and extending over time. Single-cell recordings
(Tanji et al., 1987, 1988; Mushiake et al., 1991; Clower and Alexander, 1998; Kermadi et al.,
1998; Nakamura et al., 1998) and metabolic scanning studies (Lee and Quessy, 2003; Picard
and Strick, 2003) have implicated area F3 in the coordination of body movements involving
the two hands and feet, and the planning and execution of actions that consist of multiple
movements carried out in a particular temporal sequence (Tanji, 2001; Nachev et al., 2008).
Shima and Tanji (2000) trained monkeys with visual signals to operate a handle in three
different ways (push, pull, turn) in a particular successive sequence (push-pull-turn, push-turnpull, etc.), each move being separated by a waiting period. The monkeys were rewarded at
the end of the third move if the required order of performance was correct in a given trial. In
time, the monkeys learned to perform the required sequence by memory, without visual cueing.
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Recording from neurons in F6 and F3 indicated that some were selectively active during the
waiting period between a particular sequence, others in preparation for a particular sequence,
and still others during task execution. There is some evidence that premotor neurons play a
role in the initial learning phase of a sequential visuomotor task and their firing rate diminishes
after repeated performance of that behavior (Nakamura et al., 1998). The discharge rate of
many supplementary premotor neurons increases when the rule of a behavioral sequence is
altered and the monkey has to learn a new action strategy (Shima et al., 1996; Matsuzaka and
Tanji, 1996). In line with these findings, lesion studies indicate that supplementary motor area
lesions produce deficits in the simultaneous use of both hands (Brinkman, 1984) and the proper
sequencing of previously learned serial movements (Thaler et al., 1995; Chen et al., 1995b).
The Role of the Premotor Cortex in Skill Acquisition and Intentional Behavior. In
human subjects a “readiness potential” (Bereitschaftspotential) can be recorded from a
supplementary motor area that antedates the “motor potential” for an overt action by about
500-800 milliseconds (Deecke and Kornhuber, 1978). Correspondingly, enhanced metabolic
activity has been observed in both the supplementary motor area and M1 with functional MRI
in human subjects engaged in self-paced finger movements (Wildgruber et al., 1997). The
readiness potential arises earlier in the case of self-generated movements than when responses
are externally triggered (Cunnington et al., 2002). These finding suggest that the readiness
potential is a neural correlate of the intention to act. There is accumulating evidence that
premotor neurons are active in monkeys during different phases of the process of learning
to perform skilled tasks (Kurata and Wise, 1988; Riehle and Requin, 1989; Alexander and
Crutcher, 1990; Mitz et al., 1991; Kettner et al., 1996; Graziano et al., 1997; Crammond and
Kalaska, 2000). In line with these observations is the report that monkeys with premotor
lesions are deficient in learning a conditional motor task, i.e., turn a handle when cued by
one color, and pull the handle when cued by another color (Halsband and Passingham, 1982).
While some of these deficits are temporary, others are enduring.
The currently available evidence favors the hypothesis that there is a complex premotor
network in the simian neocortex concerned with the control of volitional and skilled activities,
in particular the effective use of the partially liberated hands and dexterous fingers (Table 7-1).
There is emerging evidence for the following generalizations. (a) The ventrolateral circuitry of
F4 and F5 is involved in setting the egocentric coordinates for focusing the eyes on the hands
and fingers as an object is grasped, manipulated, and carried to the mouth. (b) The circuitry
of FEF plays an important role in controlling eye and head movements as the animal visually
searches for and pursues a target in allocentric space. (c) The dorsolateral circuitry of F7 and
F2 is involved in thrusting the arm toward a desired object and grasp it, by accurately specifying
its location in allocentric space and meshing that with egocentric coordinates for grasping and
handling it. (d) The dorsomedial (“supplementary”) F6 and F3 circuitry is involved in the
orderly sequencing of the different movements required to perform multistep activities.
6.4.4. The Neostriatum and the Cortico-Striatal Feedback Loop. All neocortical voluntary
motor activities are carried out in cooperation with two subcortical structures, the striatum
and the cerebellum. Broadly conceived, both carry out automated functions, the striatum
as depository of behavioral routines and the cerebellum as a feedback servomechanism of
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Table 6-3.
PUTATIVE FUNCTIONS OF THE PREMOTOR CORTEX
Ventrolateral Region
F5: Planning to grasp and manipulate objects in egocentric
space, using near-vision guidance.
F4: Setting the egocentric coordinates to bring the grasped
object to the mouth.

Dorsolateral region
F7: Setting the allocentric coordinates for the scanning and
pursuing eyes to locate and track objects, using far-vision
guidance.
F2: Setting the egocentric somatomotor coordinates for the
reaching arm.

Dorsomedial Region
F6: Planning the sequential order of multistep activities
F3: Coordinating the sequence of movements used in
multistep activities

behavioral control. The evidence for this comes from clinical observations: impoverishment or
abnormal profusion of movements (hypo- or hyperkinesias) in the case of striatal pathologies,
and disorderly movements (tremor, ataxias, dysmetria) in the case of cerebellar pathologies.
This generalization is supported by experimental studies in mammals, and primates in
particular. While the principal instrumental function of the neocortex is the generation and
selection of well-chosen actions in novel situations, that function is energy demanding and
time consuming. Hence, the storage and use of learned stereotypies, routines and habits
as involuntary components of voluntary activities is part of how the neencephalon controls
behavior.
the morphology of the neostriatum. We have illustrated earlier the paleostriatum
(basal ganglia) in amphibians (Fig. 4-12) and reptiles (Fig. 4-24), and the neurochemical
composition of this subcortical system in lizards (Figs. 4-27, 4-28). The components of the
striatum that are particularly well developed in monkeys are the caudate nucleus, putamen
and pallidum (Figs. 6-11, 6-14, 6-35). The latter, also referred to as the globus pallidus, has
an external and internal component (Fig. 6-35 B). The pallidum has connections with several
non-telencephalic structures, the subthalamic nucleus, the substantia nigra, and the ventral
tegmental area (Carpenter, 1976; Brodal, 1981; Parent and Hazrati, 1995b; Hardman et al.,
2002). Because of the extensive connections of the caudate nucleus and putamen with the
thalamus and the neocortex (Parent and Hazrati, 1995a), the two are often referred to as the
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Fig. 6-35. Schematic diagram illustrating in sagittal (A) and coronal (B) views the connections in monkeys of
the associative, sensorimotor and limbic areas of the cerebral cortex with the striatum.
(Modified, after Parent and Hazrati , 1995a.)

neostriatum. The most numerous cells of the neostriatum are the homogeneously distributed
medium-sized spiny neurons (Kemp and Powell, 1971; Pasik et al., 1979; Harnois and Filion,
1982; Fénelon et al., 1990). The only morphologically obvious inhomogeneity in the striatum
is the segregation within the matrix of small cell aggregates, called striosomes (Graybiel and
Ragsdale, 1978). Some investigators include a distinctive region of the basal ganglia in this
system, called the ventral striatum (Haber and McFarland, 1999). However, the latter, including
the nucleus accumbens, has quite different thalamic, subcortical, and cortical connections,
different chemical organization, and probably different functions than the neostriatum proper
(Gimenez-Amaya et al., 1995; Fudge et al., 2002).
the circuitry of the neostriatum.

The neostriatum has a complex input and output
circuitry that can be conceptualized as a system of recurrent loops between cortical and
subcortical structures (Fig. 6-36). It receives afferents from three principal sources: VA
and VL, or the motor thalamus (thalamostriate projection), the substantia nigra (nigrostriate
projection), and the neocortex (corticostriate projection). The thalamostriate fibers originate in
two separate regions: medially in the intralaminar and centromedian nuclei (Jones and Leavitt,
1974; Nakano et al., 1990; Sadikot et al., 1992) and laterally in the ventral lateral and the
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ventral anterior nuclei (Nakano et al., 1990; Parent and Hazrati, 1995a; Miall et al., 1998;
McFarland and Haber, 2000). The nigrostriatal fibers originate in the substantia nigra and the
ventral tegmental area. The substantia nigra is targeted by the subthalamic nucleus (Smith
et al., 1990; Parent and Hazrati, 1995b), which, in turn, has connections with the striatum as
well as the thalamus (Sadikot et al., 1990, 1992) and M1 and the premotor areas (Carpenter et
al., 1981; Hartmann-von Monakow et al., 1978; Künzle, 1978). The corticostriate fibers are
collaterals of axons of the pyramidal tract. They target topographically arranged sectors of the
neostriatum (Kemp and Powell, 1970; Van Hoesen et al., 1981; Selemon and Goldman-Rakic,
1985; Alexander et al., 1986; Yeterian and Pandya, 1991, 1993, 1995; Parthasarathy et al.,
1992; Takada et al., 1998).
Corticostriatal fibers originate in the motor and somatosensory projection areas and
in the parietal and frontal association areas (Fig. 6-35A). The fibers from the motor and
somatosensory cortices preferentially target the putamen (Künzle, 1975, 1977; Jones et al.,
1977; Liles and Updyke, 1985; Parent and Hazrati, 1995a); those from the premotor and frontal
cortices the caudate nucleus (Künzle and Akert, 1977; Künzle, 1978; Yeterian and Van Hoesen,
1978; Ragsdale and Graybiel, 1981; Van Hoesen et al., 1981; Parthasarathy et al., 1992; Parent
and Hazrati, 1995a). The pattern of cortical input to the striatum is noteworthy. Instead of a
topographic projection that characterizes brain regions with sensory or motor maps, cortical
regions representing different body parts are distributed in long parasagittal slabs of the caudate
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Fig. 6-36. Lower and upper corticostriatal feedback loops in the monkey brain.
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nucleus, extending all the way from its anterior head to its posterior tail (Künzle and Akert,
1977; Yeterian and Van Hoesen, 1978; Van Hoesen et al., 1981; Parent and Hazrati, 1995a;
Takada et al., 1998). In addition, there is also a convergent input from different cortical areas
to adjacent striatal loci (Yeterian and Van Hoesen, 1978; Selemon and Goldman-Rakic, 1985;
McFarland and Haber, 2000).
The neostriatum does not have a direct output line to the motor nuclei of the spinal cord
but it has an “upper” and a “lower” feedback loop through which it coordinates motor behavior.
The upper corticostriatal loop consists of the cortex→striatum→thalamus→cortex recurrent
chain (Fig. 6-36). Corticostriatal fibers originating in the association areas target the caudate
nucleus, which targets the globus pallidus (Parent and Hazrati, 1995a). The latter has an outflow
to the motor thalamus (Fox and Rafols, 1976; Harnois and Filion, 1982; Parent, 1986; Fénelon
et al., 1990) and that, in turn, to the premotor area (Schell and Strick, 1984; Wiesendanger and
Wiesendanger, 1985). Since the premotor cortex exerts control over M1, this is one way the
striatum influences motor behavior. The lower striatal loop consists principally of the globus
pallidus, substantia nigra, ventral tegmental area and thalamus. This loop has connections with
the cortex but also has an output to the midbrain (Beckstead and Frankfurter, 1982; François
et al., 1984). Since the latter has a profound modulatory influence on lower-motor neuron
activity, this is another way that the striatum modulates motor behavior. A notable feature of
these feedback loops is the absence of appreciable connection with the visually implicated
occipital and temporal lobes.
the role of the neostriatum in motor coordination. Clinical studies in humans
have established that Parkinson’s disease and Huntington’s chorea are produced by striatal
pathologies (Wilson, 1925; Mettler, 1955; Divac and Öberg, 1979; Bhatia and Marsden,
1994; Lang and Lozano, 1998). The symptoms are primarily, though not exclusively, motor
abnormalities, characterized either as hyperkinesias (compulsive involuntary movements) or
hypokinesias (sluggish execution of voluntary movements). Among the hyperkinesias are
tremor (rhythmic oscillation of limbs and digits), chorea and ballism (abrupt and violent flailing
of limbs), and athetosis (writhing movements of hands and fingers). Among the hypokinesias
are rigidity of limbs, shuffling, maintenance of abnormal body postures, and slowness or
poverty of movements. It has been assumed for some time that the behavioral abnormalities
of Parkinson’s disease and Huntington’s chorea are due to abnormal striatal influences exerted
on neocortical somatosensory, motor, premotor and prefrontal areas that initiate, inhibit and
otherwise coordinate motor activities.

With reference to experimental studies of striatal functions in monkeys, early investigators
reported that the neostriatum is not electrically excitable with currents that elicit movements
from the motor cortex. However, more recent studies indicate that stimulation of the striatum
may produce such hyperkinetic syndromes as compulsive and stereotypic repetition of certain
routine activities, e.g., rotation of head and body or licking or biting a finger or, contrariwise, a
dramatic cessation of motor activity, such as the failure of an alert monkey to respond when it
is insulted or offered food (Divac and Öberg, 1979; Alexander et al., 1986; Parent and Hazrati,
1995; Jueptner and Weiller, 1998). These hyperkinetic and hypokinetic syndromes may be
mediated by different components of the striatum (François et al., 2004; Grabli et al., 2004).
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There is some evidence that hyperkinesias are produced by abnormalities of the posterior
and central globus pallidus, sites connected with the sensorimotor and premotor cortices.
Hyperactivity is triggered by irritation of the lateral globus pallidus and caudate nucleus
connected with the supplementary motor areas and the prefrontal association areas. Stereotypy
is produced by abnormalities of the ventral striatum linked to the orbitofrontal cortex.
the role of the neostriatum in learning and habit formation.

Much of voluntary
behavior is based on learning and there is evidence for striatal involvement in mnemonic
and cognitive processes. Humans suffering from Parkinson’s disease exhibit, in addition to
motor abnormalities, memory and learning deficits (e.g., Saint-Cyr et al., 1988; Knowlton
et al., 1996) and cognitive impairment (e.g., Mendez et al., 1989; Dubois and Pillon,
1997). These observations are in line with experimental observations in animals. Electrical
stimulation (“buzzing”) of the striatum in rats immediately after a training trial interferes
with learning (Wyers et al., 1968; Gold and King, 1972), indicating that it plays a role in
memory consolidation. Similar interference with learning is obtained following injection of
tetrodotoxin (Lorenzini et al., 1995). Öberg and Divac (1979) reviewed research carried out
in the 1960s and 1970s showing that caudate nuclear lesions in rats, cats, dogs and monkeys
produce deficits in learning delayed response, delayed alternation, spatial reversal, and “go,
no-go” tasks. As we noted earlier, these tests require that the animal rely on working memory
to make the correct choice in a given trial. Rats with striatal lesions had other deficits; such as
their reliance on less effective egocentric cues (motor habits) when learning a radial-maze tasks
rather than on allocentric (spatial) cues (Kesner et al., 1993; Thompson et al., 1980). Lesioned
rats also developed a tendency to perseverate (Packard et al., 1989; White, 1997). Still another
function attributed to the neostriatum has been the integration of “chunks” of subroutines,
old as well new ones, into coordinated behavioral sequences (Graybiel, 1998). There is some
evidence that the retention of old routines and the acquisition of new habits are mediated by
different components of the striatum. Thus, injection of a chemical irritant into the anterior
caudate nucleus and putamen of monkeys interfered with the learning of a response sequence,
whereas injection of that chemical into the middle and posterior putamen interfered with the
execution of well-learned serial tasks (Miyachi et al., 1997). This suggests that the anterior
neostriatum related to the anterior cortex, and the posterior neostriatum related to the posterior
neocortex play somewhat different roles in the performance of instrumental tasks involving the
sequencing of behavioral subroutines.
corticostriatal interaction in sequencing of serial actions.

The simian premotor
areas have extensive interconnections with the striatum (Inase et al., 1999; Parthasarathy et
al., 1992; Akkal et al., 2007; Nachev et al., 2008; Figs. 6-35, 6-36) and this circuit has been
assumed to play an important role in the sequencing of serially organized behavioral acts
(Shima and Tanji, 2000). Single-cell recording studies support this hypothesis. In the resting
monkey, most striatal neurons are silent or discharge irregularly at a low rate (Crutcher and
DeLong, 1984; Kimura et al., 1984; Alexander and DeLong, 1985; Hikosaka et al., 1989). The
silent neurons begin to fire when the animal moves, and the firing rate tonically increases when
a stimulus is presented that the trained animal has to respond to in a particular manner (Kimura,
1986; Apicella et al., 1992; Aosaki et al., 1994). In one study, a monkey was trained to recall
the order in which three patterns were illuminated on a computer screen and, after a delay,
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it had to press the targets in the same sequence to receive a reward (Kermadi et al., 1993).
Caudate neurons were identified that responded in association with correct performance of
this serial task. In another study, monkeys were given a more complex task. They were
first trained to start a test trial to obtain a food-reward by releasing a key in response to a
cue (Schultz and Romo, 1992; Romo et al., 1992). Thereafter, the monkeys had to learn to
identify the “preparatory cues,” which signaled whether they should respond (“go”) or refrain
from responding (“no go”) in a given trial. Following that, they had to learn to identify the
“instruction cues” that informed them what sort of arm movement they had to make to obtain
the reward. Recording from a large sample of neurons indicated that some became active just
before the trial was started, others in relation to the “go” signal, and still others to the “no-go”
signal. These types of neurons were also found in the premotor and frontal cortices (Romo and
Schultz, 1992; Hadj-Bouziane and Boussaoud, 2003; Brasted and Wise, 2004). Some evidence
has also been presented that the discharge of striatal neurons is associated with the anticipated
reward value of a cue (Apicella et al., 1997; Schultz et al., 1997). In summary, while there
is no direct outflow from the primate striatum to the lower motor neurons of the spinal cord,
there is ample experimental evidence that by way of its feedback loops the neostriatum plays
an important role in the recruitment of routine movements (chunks) and the orderly sequencing
of serial acts.
6.4.5. The Neocerebellum and the Cortico-Cerebellar Feedback Loop. Like the striatum,
the cerebellum is an ancient component of the vertebrate CNS but one that has greatly expanded
in mammals in parallel with the growth of the neocortex, and is particularly well developed in
primates, with a midline vermis and large hemispheres (Fig. 6-37 A). And like the striatum,
the cerebellum has no direct outflow to the spinal cord but, nonetheless, it plays a major role in
the coordination of motor behavior.
cellular organization of the cerebellum.

The cellular organization of the cerebellum
differs from the striatum. Whereas the striatum has a strictly nuclear (ganglionic) organization,
with a relatively homogeneous distribution of a predominant cell type (the medium spiny
neuron), the cerebellum has a nuclear core as well as a cortical mantle (Fig. 6-37 A). The latter
is composed of a set of different classes of neurons segregated in three strata, the molecular,
Purkinje cell, and granular cell layers (Ramón y Cajal, 1909; Eccles et al., 1967; Ito, 1984;
Altman and Bayer, 1997; Fig. 6-37 B). There are three excitatory exogenous inputs to the
cerebellar cortex: (i) the climbing fibers from the inferior olive, which synapse on a one-toone basis with the Purkinje cells; (ii) the dispersed mossy fibers, which come from diverse
downstream (spinocerebellar) and upstream (corticopontine-pontocerebellar) sources, and
synapse with a multitude of granule cells in the granular layer; and (iii) the parallel fibers (the
axons of granule cells), which synapse with the expansive planar dendrites of Purkinje cells in
a strictly orthogonal pattern (Fig. 6-37C). The parallel fibers exert an excitatory (+) influence
on the Purkinje cells but they also synapse with the basket and stellate cells of the molecular
layer, which exert an inhibitory (–) influence on the Purkinje cells. The output from the
cerebellar cortex is by way of the Purkinje cell axons, which have inhibitory synapses on the
large neurons of the cerebellar deep nuclei. Hence, excitation of the inhibitory Purkinje cells
by climbing and parallel fibers puts a brake on deep neuron discharge (inhibition), whereas
inhibition of Purkinje cells by basket and stellate cells releases that brake (disinhibition). The
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modulated excitatory outflow from the deep neurons is to two extracerebellar structures, the
red nucleus and the motor thalamus.
functions of the cerebellum.

It has been known for a long time that cerebellar damage
in animals and man produce a series of motor deficits, including tremor, ataxia (wide stance and
uncertain gait), hypermetria or hypometria (overshooting or undershooting a target), and muscle
tone disturbances in the form either of rigidity or flaccidity (Holmes, 1939; Dow and Moruzzi,
1958; Brooks and Thach, 1981). These symptoms are predominantly due to paleocerebellar
damage, which controls postural balance and axial and proximal muscle movements. The
effects of neocerebellar (hemispheric or dentate nucleus) lesions are more subtle. These
include poor coordination of hand and finger movements and defective temporal sequencing
of voluntary movements (Jueptner and Weiller, 1998). Stimulation and lesion studies indicate
that the upper (cerebro-cerebellar) loop plays an important role in the preparation and smooth
execution of skilled movements both in monkeys (Thach et al., 1992; Lu et al., 1998; Miller
et al., 2002; Glickstein et al., 2005; Dimitrova et al., 2006) and humans (Grafman et al., 1992;
Jenkins et al., 1994; Bloedel et al., 1997; Molinari et al., 1997; Imamizu et al., 2000). However,
it is unlikely that the neocerebellum is a cognitive mechanism, as it has been proposed (Leiner
et al., 1993; Schmahmann and Sherman, 1998). Rather, it is an automated servomechanism
that corrects errors in the execution of motor actions through negative feedback (inhibition and
disinhibition). Much like the neostriatum, the neocerebellum is an auxiliary component of the
neencephalon but with the following difference. Whereas the neostriatum aids the neocortex
in the translation of intentions into actions through the recruitment and sequencing of learned
motor routines and subroutines, the neocerebellum aids the neocortex by correcting and finetuning the execution of learned actions.
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ORGANIZATION OF THE CEREBELLUM:
HISTOLOGY
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ORGANIZATION OF THE CEREBELLUM:
PHYSIOLOGY
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Fig. 6-37. A (on facing page). The macaque cerebellum in a coronal section, showing the cortex of the midline
vermis and the medial deep nucleus, and the cortex of the lateral hemispheres and the intermediate and lateral
deep nuclei. B (on facing page). The stratified cerebellar cortex with the molecular, Purkinje, granular, and
medullary layers. C. The basic circuitry of the cerebellum, illustrated in two orthogonal planes, with cells
exerting excitatory (+) and inhibitory (–) synaptic influence. D. Direct climbing fiber and parallel fiber synaptic
terminals excite Purkinje cell dendrites, which makes the Purkinje cell axon inhibit the deep neuron. But the
Purkinje cell may be disinhibited by parallel fibers acting through inhibitory basket cell synaptic terminals.
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6.5. Simian Perceptual Advances: Enhanced Substantive Awareness
The fact that a rhesus monkey or a capuchin monkey is far more skilled in manipulating
objects than, for instance, a cat or a dog is due, we presume, not only to the monkey’s superior
manual dexterity but also to its superior perceptual abilities. When we look at an object, we
perceive it not only as an image but also as something solid with multifarious properties. That
perceptual enrichment is due to the supplementation of visual information with information
gained by palpation and manipulation. We presume that monkeys have the same ability. We
may recall Thorndike’s experiments with hungry cats as they were challenged to operate a door
latch to get to the food situated outside the cage (Fig. 5-7). Initially, the cats could not perceive
how pulling on a string opened the door; they needed several trials to lean that. Turning to an
animal with greater dexterity than a cat, McDougall and McDougall (1931) tested the ability of
a tethered raccoon to secure a piece of food by moving around a post (Fig. 6-19 A). It took the
animal several attempts before it learned how to get the reward without getting entangled. In
sharp contrast, capuchin monkeys (Klüver, 1933) and rhesus monkeys (Harlow and Settlage,
1934) readily pull the correct string among many to obtain a reward (Fig. 6-19 B). Monkeys
also select the right tools to solve problems. For instance, given the choice, macaques select
a sufficiently long stick to reach for a desired object, or use a short stick to pull in the longer
stick with which to reach the target, or even unhook a stick tied to a post with a rope (Klüver,
1933). Their advanced perceptual faculties, we propose, support the behavioral superiority of
monkeys.
Simian Progress From Phenomenal to Substantive Perception. As we noted earlier,
the primary function of the olfactory and gustatory senses is to acquaint the individual with
the organic properties of objects in their habitat, such as the location of nutrients and their
palatability, the presence of foul substances or toxic sites, the availability of sexual partners to
mate, and the like. The subjective experience these chemical senses provide—e.g., whether a
foodstuff is fragrant or putrid, sweet or bitter—we have called qualeous sensations. Qualeous
sensations play a vital role in promoting the gratification and safeguarding of an animal’s
existential needs, what to accept or reject, what to approach or avoid. However, from the
epistemological perspective of acquiring objective knowledge what the world is like, these
qualitatively unique sensations (unique odors, tastes, feels, colors) have their limitations
because they do not provide the experiencing subject with information what the world is really
like. In contrast, in addition to its existential uses, vision is a rich source of information about
the properties of objects, such as their size, shape, texture, distance, and location in space. That
is, visual images provide realistic pictorial representations—sketches, models, and portraits—
of what is out there. We called this faculty, phenomenal perception. But there is more to objects
than what the “eyes tell the brain.” Objects have many other important properties in addition to
their appearance. These properties can be ascertained by combining active vision (inspection)
with active touching (palpation and manipulation). While the cutaneous sensors scattered
over the body surface provide animals with vitally important information about features of the
objects they encounter—whether they are hot or cold, soft or hard, abrasive or comforting, and
the like—the same sensors concentrated in the palpating fingers of monkeys can do much more.
In combination with the scrutinizing eyes, they can provide information about the structural
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properties of objects, such as their strength, flexibility, brittleness, viscosity, and composition.
We called this ability substantive perception.
multimodal integration and substantive perception.

Vision is not, by itself, a fully
sufficient or even reliable source of information about the objective features and properties
of external objects and events. The deflection of light rays as they pass through different
media produce distortions, and mirroring surfaces produce illusions. Recall the behavior of
the Siamese fighting fish that, seeing itself reflected in a mirror, becomes aroused and lunges
at the mirror. Evidently, the fish treats its own reflection as if it were a real trespasser. The
experiment may be repeated day after day, and the fish responds much the same way. Such
visual illusions can be annulled by the brain if what is seen is incongruent with information that
the other senses provide. Thus, amphibians and reptiles learn more about the properties of a
thing they see by casting their sensitive tongue toward the target. Many mammals do the same
by using their whiskers, nostrils, tongue or mouth, to obtain confirmatory or contradictory
information about whatever they see. Consider the following personal observation. A puppy is
taken into a room with a floor-to-ceiling mirror and beholds for the first time its own image. It
becomes immensely excited, barks, wags its tail, and makes a great effort to interact with what
appears to be another dog. But after a few encounters with its reflection, the puppy stopped
paying any attention to its mirror image. Evidently, the image of a dog that does not smell and
feel like a dog is not something worth bothering about. (As we shall see later, chimpanzees,
though not monkeys, react quite differently to their mirror image by realizing that they see their
own reflection.)
Multimodal perceptual integration has an evolutionary history. In surface-feeding fish,
vision plays an important role in detecting and locating prey. However, snapping and ingestion
is not guided by vision because the laterally and posteriorly placed eyes are not in the proper
location in most fish to focus on the prey as it is caught and ingested. That requires successive
and separate olfactory and gustatory guidance. Due to this lack of concurrent multimodal
integration, fish, as well as amphibians and reptiles, will often ingest inedible substances or,
else, sort what they ingest in their mouths and eject what is inedible (Section 3.1.4). In sharp
contrast, when a monkey reaches for a fruit on a tree branch and brings it to its mouth, it
executes a complex series of moves guided by multisensory perception. Reaching for the
visible fruit and using haptic control, the monkey grasps it gingerly, twists it before tearing it
off, holds it with the correct amount of force not to squash it, uses visual guidance to remove
its skin, then smells it before ingesting it, and tastes it before swallowing. This sequence of
actions illustrates the momentous advance made by monkeys in the realistic appreciation of
the many different properties of objects. Monkeys can integrate information furnished by the
monitoring eyes, the palpating and manipulating hands and fingers, and the contributions made
by other sensory systems with information that is recollected from the past. The perceptual
world of monkeys is very rich and must be very similar to ours.
contributions of hand-eye coordination to substantive perception.

The vertebrate
retina is a thin, practically two-dimensional surface that registers emitted and reflected light that
originates in a three-dimensional world of great depth. To reconstruct what the world really is like,
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and thereby deal with it more effectively, requires extremely complex information processing.
Thanks to the retinal function called lateral inhibition, and further processing that proceeds in
the brain, the ever-changing kaleidoscope of optic radiation is turned into a detailed pictorial
representation of the multitude of objects that the environment contains and the complex events
that transpire in it. Small figures separated from their stationary background, are perceived as
objects, their displacement and transformation as events, and the wide-field optic flow across
the retina is interpreted as the individual’s self-induced movements (Gibson, 1950). Some of
the visual images formed are vivid, others barely discernible; some stand by themselves, others
overlap with their neighbors; some are perceived as nearby, others far away; some reflect
enduring events, others fleeting phenomena; and so forth. Notwithstanding these complexities,
lower vertebrates like fish devoid of a neocortical perceptual mechanism, construct a workable
representation of their external environment (Section 3.3.3). For instance, even though their
lateral eyes provide little or no stereoscopic vision, they can accurately estimate the size and
distance of the prey that they capture and ingest. Presumably, they rely on monocular depth
cues, such as textural detail and linear perspective, as we have described earlier. Animals with
frontal eyes can reconstruct depth and distance far more accurately. Focusing the two eyes on
a single target furnishes two disparate retinal images, and the central processing of these two
views, known as stereopsis, provides a powerful subjective impression of depth (Wheatstone,
1838) and the ability to compute distance accurately (Cutting and Vishton, 1995; Gillam,
1995). The possession of medial eyes is typical of carnivores that must gauge the distance
of prey and their three-dimensional configuration with great accuracy, and arboreal monkeys
with medial eyes have the same ability. Obviously, a jumping monkey that cannot estimate
the precise distance to the next tree and the exact size and shape of the branch it intends to
grasp when landing will not prosper. But the binocular vision of monkeys plays an even more
important role by guiding their hands and fingers to reach for, grasp, and manipulate objects.
The evolution of primate neocortical mechanisms that aid the integration of information that
the inspecting eyes and the dexterous fingers jointly provide is the foundation of substantive
perception, one of our most important simian legacies.
the expanding perceptual horizon of monkeys.

Not only can monkeys perceive the
substantive properties of the objects that they encounter, they can also behold a much wider view
of their world than most animals do. The eyes of an amphibian or a reptile that lies prostrate on
a supporting surface furnish it with a confined narrow-angle view of the environment. Although
a newt or a lizard can raise its head off the ground by extending its short forelimbs and neck,
and thus see what is beyond the leaf or the pebble that obstructs its view, it still perceives
only a sliver of its surroundings. The ability to get a wide-angle view of the world evolved in
dinosaurs with long necks and legs, and in birds and mammals. Limiting our consideration to
mammals, several bodily changes support this expansion of the visible world. These include,
in addition to positioning of the head on a longer neck and elongation of upright limbs beneath
the trunk, a better articulated trunk in some mammals, like felines and canines, which allows
the assumption of a squatting posture. This elevated stance with a diagonally- or verticallyoriented trunk and a forward-facing head allows mammals to comfortably look around and
behold an expanded horizon of the world they live in. And monkeys are better in that regard
than most mammals. They can sit comfortably on their buttocks, preferably on a tree branch or
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a protruding rock, and with or without forelimb support, scan their environment and perceive
in a realistic manner much of what transpires around them.

6.6 Our Simian Somatic, Neural, and Sensorimotor Legacies
In summary, the following simian somatic, neural and sensorimotor advances have been
conserved as important elements of our legacy.
(i) Reduction of the snout. The shrinkage of the muzzle in monkeys, compared with
prosimians, reflects a further shift from ground sniffing for tracking prey, and scent marking
for communication, to the visual scanning of the environment and a close inspection of the
objects it contains. Monkeys can behold a wide-angle view of their environment, particularly
when they adopt a sitting posture, and with medially placed eyes and improved stereoscopic
vision they are able to closely scrutinize the physical properties of objects. Modification of the
muzzle, furthermore, is associated with a decrease in the importance of the mouth as a power
instrument of offense to one supplied with delicate mimetic muscles that are used in facial
expression for improved social communication.
(ii) Increased hand specialization. The prosimian hand with its sharp but insensitive
claws for grasping objects became transformed in monkeys into dexterous palpating and
manipulatory instruments. With their long fingers, flattened nails, and expanded skin pads
studded with cutaneous receptors, monkeys can palpate things, pick and shell fruits, and groom
themselves and others. In some species, the dexterous hands are also used for the manipulation
of sticks and stones to crack nuts and extract their nutritious kernel.
(iii) Sitting upright without hand support. The simian ability to brace the vertebral column
at the sacroiliac joint and hold the trunk upright without forelimb support had two important
consequences. First, the semi-upright posture with a flexible neck allows monkeys to easily
scan the wide horizon and, facing each other, use mimetic expressions for improved social
communication. Second, it made possible the liberation of the hands when picking and shelling
fruits, nursing one’s infant, and grooming oneself and others.
(iv) Reduction in the number of fetuses. There is a negative correlation in all mammals
between body size and the number of fetuses carried by the gravid female. For instance, small
mammals tend to have large litters (shrew, 5; rat, 8; rabbit, 8), whereas large mammals (cow,
horse, camel) carry only a single fetus. This relationship has become modified in monkeys in
that, irrespective of their size (be it the miniature marmoset or a large baboon), they typically
carry only a single young. This is one facet of the evolution of increased reproductive
investment in a single offspring as a precious individual.
(v) Prolonged gestation. Another facet of this investment in the individual as a precious
being is prolonged gestation. In all mammals there is a positive correlation between body size
and the length of gestation. The gestation period of small mammals is short (shrew, 20 days;
rat, 22 days; rabbit, 31 days), of midsize mammals intermediate (dog, 60 days; cat, 63 days;
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leopard, 90 days), and of large mammals long (cow, 280 days; horse, 330 days; camel, 390
days). Irrespective of their size, the gestation period of monkeys is long. For instance, the
gestation period of the small marmosets and tamarin is between 140-145 days, of the Western
tarsier about 180 days, and of pottos about 200 days.
(vi) Prolonged infancy and intensified parental care. Still another facet of reproductive
investment in the individual is the lengthening of infancy and childhood, the period when the
young remains under parental protection and tutelage. Instead of being nursed for a few weeks
and then weaned, like most small- or intermediate-sized mammals are, all monkeys are nursed
and nurtured for months and may not mature sexually for years. The prolongation of infancy
and childhood that characterizes the development of monkeys is correlated with their gradual
acquisition of a large perceptual repertoire and many behavioral skills.
(vii) Enlargement of the social group. Some monkeys live in family units or small social
groups but others, particularly those with semi-terrestrial adaptations, like macaques, baboons
and mandrills, live in large troops. The enlargement of the social group—which aids foraging
efficiency and enhances security—requires complex transactions among individual members
of the group. Simian socialization begins with the mother and kin caring for the young and
the playful interaction of juveniles with their peers. As they become older, the adolescents
establish their status within the hierarchical social order through an admixture of competitive
and cooperative activities, play fighting, threat displays and fights, and huddling together and
grooming one another.
(viii) Increased Encephalization. Such complex activities as object inspection and
manipulation, and the coordination of complex hierarchic social relations, require enhanced
multisensory perceptual integration and the patterning of ever more complex behavioral skills.
The expansion of posterior neocortical association areas in combination with the expansion of
the anterior premotor areas make possible the parallel and serial extraction of more and more
information from what the senses provide, and more accurate motor control of the eyes and the
hands for effective exploitation of environmental resources. Monkeys also display advances
in affective, mnemonic and cognitive abilities, mental functions that are mediated by their
greatly expanded limbic systems and temporal and prefrontal cortices. Consideration of these
advances is the subject of the following chapter.

