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Introduction

Compared to most mammals, primates are highly visual. While the over 350 species of primates
vary in their behavioral adaptations and thus brain organizations, primates in general share a
number of distinctive features of brain organization and of visual system organization. Thus, an
experienced investigator, given any primate brain, can look at appropriately prepared brain
sections and say: yes, this is a primate. Here we review the features of the visual system of
primates that distinguish them from those of other mammals, consider the ways that visual
systems of primates are known to vary, and suggest how the distinctive features of the visual
systems of primates emerged in evolution and came to vary. To do this, we first outline the
evolutionary history of primates, starting with early mammals, mention some overall features of
primate brains that distinguish them from those of other mammals, and proceed to discuss the
major components of the visual systems (the retina, visual thalamus, superior colliculus, and

visual cortex) of primates in terms of what primates share and how primates vary.

What is special about primate brains?

Primate brains are different than the brains of other mammalian taxa, and many of these
differences relate to the visual system and the emphasis on vision that characterize primates. An
experienced comparative neuroanatomist can recognize a brain from being from one of the 350
or so primate species by its fissure pattern (always a lateral fissure and a calcarine fissure) and its
expansive occipital and temporal regions (containing visual areas). In a series of brain sections, a
distinctive pattern of lamination in the dorsal lateral geniculate (visual) nucleus most clearly

identifies the brains as from a primate, but other features are also characteristic of primates.

A fundamental difference in primate brains compared to the brains of other mammals is the
number of neurons they have, given the size of their brain (Herculano-Houzel et al., 2007). In
general, species with larger brains have more neurons, and by implication, more computational
power. However, the increase in neuron numbers with progressively larger brains in non-primate
mammals is less than that for primates with a similarly sized brain. For example, a primate brain
that is roughly the same size as that of a rodent has twice the number of neurons that are more
densely packed than other mammals with progressively larger brains. This is partly a result of an
increase in the average size of neurons in the brains of these non-primate mammals, but also
because the ratio of glia and other cells per neuron increases in non-primates. As an example of

this difference, the brain of a small monkey of about 16 grams has 1.5 billion neurons, while a



rodent brain of about the same size (18 grams) has only 0.9 billion neurons (Fig. 1). Even the
largest rodent that ever lived, the now extinct South American rodent, phoberomus, at 700 kg
(1540 Ibs.) had a brain with only an estimated 7.5 billion neurons, while a human of 81 kg. (180
Ibs) has a brain of about 86 billion neurons (Avzevedo et al., 2009). Elephants with brains three
times the size of a human brain, nevertheless fall short with about half the number of at least
cortical neurons as the human brain (Hart and Hart, 2007). Neuron densities are higher in
primate brains because neurons on average are smaller, although primates also have a great range
of neuron sizes, shapes, and functions (Sherwood and Hof, 2007). This seems to be especially
the case in neocortex, where primary visual cortex, V1, has very small neurons in layer 4, hence
the name, koniocortex. Yet, there are also a few very large pyramidal neurons (Meynert
neurons). Because differences in neuron sizes and packing densities vary across visual areas and

primate taxa (Collins et al., 2010), we return to this issue in the section on visual cortex.

In addition to differences in cellular composition, size and density, primate brains differ from the
brains of other mammals in a number of other ways. First, although variable across the primate
taxa, in general primates have more cortical areas compared to non-primate mammals, and this
difference is particularly noted in the visual cortex where well-studied macaque monkeys are
proposed to have more than 30 cortical fields (Felleman and Van Essen, 1991; Kaas, 1989.
Second difference is that matched cortical areas in the two cerebral hemispheres tend to
specialize in different ways, at least in the anthropoid primates with larger brains (Corballis,
2007). Obvious hemispheric differences in humans include left hemisphere specialization for
language and handedness, but right hemisphere specializations for face recognition and other
visual functions have been reported as well. Another important difference is in the size of the
peripheral olfactory system, which has gotten relatively smaller and less emphasized in primates
(Bhatnagar and Smith, 2007), while frontal and parietal networks for sensorimotor abilities have

expanded greatly, and diversified for a variety of primate lifestyles.

Primate Evolution

Before considering the evolution of visual systems of primates in detail, it is useful to briefly
outline the phylogenetic relationships of present-day primates and their close relatives, and how
they evolved. Early mammals gave rise to the six major branches of present-day mammals
including the early branches of the egg-laying monotremes, and the marsupials, which rear their

young in a pouch of skin or a pseudo-pouch where they are attached to the nipples and hang like



a cluster of grapes. The four main branches of placental (eutherian) mammals diverged over 90
million years ago (Fig. 2). While carnivores such as domestic cats have long been used in studies
of the visual system, and ferrets more recently, carnivores are not closely related to primates. As
members of the Euarchontoglire superclade, primates are most closely related to tree shrews
(Scandentia) and flying lemurs (Deromoptera). Despite this common name, flying lemurs glide,
rather than fly, and they are not lemurs. Rodents and Lagomorphs are the other members of the
Euarchontoglire superclade and thus more closely related to primates than carnivores. This
relationship implies that if we are interested in inferring what the brains were like of the most
recent non-primate ancestors of primates, we should look at the brains of tree shrews, flying

lemurs (largely unavailable for study), rodents, and rabbits.

Early primates emerged as a branch of the Euarchontoglire superclade over 80 million years ago
(Meredith et al., 2011). They diversified into several lines of archaic primates that became
extinct, and the euprimates, which led to the present-day lemurs, lorises, and galagos, the
visually specialized tarsiers, and the great radiation of anthropoid primates (New World
monkeys, Old World monkeys, apes, and humans). Early primates were small and resembled
present-day galagos and some of the lemurs in brain size relative to body size, although their
brains were somewhat smaller than those of present-day prosimians. Their fossil remains
indicate that they were likely nocturnal, and fed in the thin branches of bushes and trees on
insects, small vertebrates, fruits, and buds (Ross and Martin, 2007). Feeding while positioned on
thin, often moving branches and reaching for food implies that early primates had already
evolved neural networks for exceptional visuomotor control of hand movements (Block and
Boyer, 2002), one of the most distinguishing features of the behaviors of extant primates
(Whishaw, 2003). While present-day prosimians are varied, and some are now diurnal, galagos
and a few other prosimians, such as mouse lemurs, may have changed the least from the general
body form and brain organization of early primates. Galagos are African primates that are the
size of cats, or smaller, arboreal, nocturnal, and feed on fruits, gums, and insects. One line of
early prosimian primate evolution led to present-day tarsiers and anthropoids. Tarsiers are highly
specialized, small, nocturnal, visual predators of invertebrates and small vertebrates, and they
apparently eat no plants. The earliest anthropoids, as well as the shared ancestors with tarsiers,
were small, diurnal visual predators, with later stem anthropoids (monkeys) evolving larger body
sizes, and diversified diets that included fruit, leaves, and other parts of plants. Many of these

primates formed social groups, possibly as diurnal life made them less cryptic and more
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dependent on others for protection and warnings. A line of anthropoid monkeys some 25-30 mya

led to apes, which formed a successful radiation, occupying rainforest environments. One line of
apes diverged 6-8 million years ago into a branch that led to modern chimpanzees and bonobos,
and to bipedal primates - the hominins, including modern humans (de Sousa and Wood, 2007).
Hominins probably emerged as one line of apes adapted to a drier climate with grassland and
savannah. The early hominins, australopiths, roamed the earth about 5 million years ago. They
were bipedal, but they retained skeletal features for climbing trees. Their brains were about the
size of apes of similar body size. The genus Homo emerged about 2 million years ago with
Homo habilis, followed 1.7 million years ago by Homo erectus, which spread out of Africa, and
Homo sapiens, some 250,000 years ago. Other Homo species included Neanderthals, which died
out only 35,000 years ago. There is evidence for an archaic hominin population from Siberia, the
Denisovans, which also coexisted with modern humans (Skoglund and Jakobsson, 2011).

Extant primates constitute one of the most diversified taxonomic groups. It includes 14 families,
over 350 species, and a range of body sizes from the 40-gram mouse lemur to the 200-kilogram
male gorilla, a 5000-fold difference that is important as body size relates to brain size (Jerison,
1973). This variability in body and brain size makes a comparative study of primate brains a
challenging task, especially since all members of the remarkable and rapid hominin radiation are
now extinct except for us. Yet a wealth of recent studies has led to much progress, and a lot that
can be inferred about the brains of unstudied species.

The Eye and the Retina

The eyes and retinas of modern primates reflect their ancestral condition as well as subsequent
adaptations to new visual environments (Preuss, 2007). Ancestral primates were thought to be
nocturnal (crepuscular), being most active during the dim light just after sunset and just before
sunrise (Ross and Martin, 2007). Early primates, as well as extant primates, had large forward-
facing eyes, which favored stereoscopic vision and produced a sharper image for central vision.
Most extant strepsirhine primates have retained a nocturnal lifestyle, and their eyes have retained
visual specializations for functioning in dim light. Thus, the retina lacks a fovea, and even in the
central retina, there is a convergence of a number of receptors on bipolar cells to promote the
detection of light. In addition, the back of the retina is lined with a tapetum, a reflecting layer
absent in some modern prosimians (diurnal lemurs): this enables receptors to be stimulated by

reflected as well as direct light. Also, the retinas of nocturnal prosimian primates are dominated
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by rods, which are more sensitive than cones and responsive to a broader range of wavelengths.

As for most mammals, strepsirhine primates have two types of cones, the short wavelength-
sensitive or blue (S) cones, and the medium-to-long wavelength (green/red or M/L cones). The
S-cone pigment has been lost in some nocturnal primates (lorises, galagos and owl monkeys)
(Wikler and Rakic, 1990).

Tarsiers are haplorhine primates, as are anthropoid primates. The ancestors of tarsiers, in
common with all anthropoid primates, were probably diurnal, resulting in the loss of the
reflecting tapetum, an increase in the proportion of cones—to-rods, and a cone-dominated fovea,
all adaptations for higher visual acuity in bright light. When the more immediate ancestors of
tarsiers reverted to nocturnal life, they compensated for the lack of a tapetum by evolving very
large eyes, and by adding rods to a degenerate fovea. Despite their nocturnal lifestyle, present

day tarsiers retain a distribution of functional S cones (Hendrickson et al., 2000).

Early anthropoid primates (monkeys) retained the M/L and the S cones. The M/L gene is on the
X chromosome, and different alleles for this gene emerged to produce pigments with slightly
different sensitivities to wavelength. Thus, for some species of New World monkeys, females
may have different alleles on each of their two X chromosomes, which produce two slightly
different M/L. Having two classes of M/L cones as well as S cones allows some females to
function somewhat as trichromats. The males, with only one X chromosome, remain
dichromates. Whether this enables the females to better detect ripe fruit and other colored food is
unknown. However, one group of New World monkeys, the howler monkeys (Jacobs et al.,
1996), evolved a three-cone retina by duplicating the ancestral M/L pigment gene. Evolved
differences in the wavelength sensitivities of the pigments of photoreceptors, which were
produced by the duplicated genes on the same X chromosome allowed both males and females to
have trichromatic vision. A common ancestor of all Old World monkeys independently
duplicated the M/L gene to produce (green) M and L (yellow-green) pigment genes, and all
species of catarrhine primates (Old World monkeys, apes and humans) are trichromats. In some
humans, one of these genes may become non-functional, so that individuals are functionally
dichromates. As these genes are on the X chromosome, this condition is more likely to exist in

males (with only one X chromosome).



The intrinsic connections of the retina produce three main types of retinal ganglion cells. The
midget ganglion cells for the parvocellular pathway (P), the much larger parasol ganglion cells
for the magnocellular pathway (M), and the small ganglion cells of the koniocellular pathway
(K). These neuronal streams from the retina are named after their targets in the parvocellular,
magnocellular, and koniocellular layers of the dorsal lateral geniculate nucleus. The three types
of ganglion cells appear to have homologues in other mammals, but their relative numbers and
targets differ. In many species of the K and M classes (also called W and Y) dominate
(Casagrande et al., 2007), while the P class (also called X) is small. In primates, the P class
includes about 80 percent of the ganglion cells, and the K and M classes are each about 10
percent (Weller and Kaas, 1989). In many mammals, most ganglion cells of the retina project to
the superior colliculus, but in primates only about 20 percent of the ganglion cells, the K and M
cells project to the superior colliculus. However, nearly all ganglion cells project to the lateral
geniculate nucleus, and most or all P cells appear to project exclusively to the lateral geniculate
nucleus (Weller and Kaas, 1989). Thus, the role of the P (midget) ganglion cells has vastly
changed in primate evolution compared to their non-primate ancestors, and the primary target of
the retina has moved from the superior colliculus to the lateral geniculate nucleus as cortical

processing of visual information became more important.

The Superior Colliculus

The superior colliculus is a laminated visual structure in the dorsal midbrain of all mammals. In
other vertebrates, the superior colliculus is called the optic tectum, and it is the major structure
for generating visual behavior. In primates, the superior colliculus is generally considered a
visuomotor structure, although it provides visual inputs to the lateral geniculate nucleus (Harting
et al., 1991) and pulvinar (Fig. 5) of the dorsal thalamus. In many mammals, the projections of
the superior colliculus activate pulvinar neurons that provide an important second source of
visual information to temporal visual cortex, thereby preserving some visual abilities after
damage to primary visual cortex. Primates appear to be much more dependent on primary visual
cortex for the activation of extrastriate cortex, suggesting that the role of the superior colliculus
in perception has diminished. Other outputs of the superior colliculus are to groups of motor
neurons in the brainstem that mediate eye and head movements, so that the eyes and central
vision are directed toward objects of potential interest. Visual and other information reaches the
superior colliculus via direct retinal projections (Kaas, 1978), and projections from visual and

visuomotor areas of cortex (Baldwin and Kaas, 2012; Collins et al., 2005).



The projections of the retina to the superior colliculus in all examined primates (e.g., Lane et al.,
1973) differ from all non-primate patterns in that only the “hemi-retinas” that are devoted to the
contralateral visual hemifield project to each superior colliculus (Fig. 3). This pattern must have
been present when the first primates evolved, but not much before, because tree shrews, rats, and
rabbits (close relatives of primates) all have the more generalized condition that includes inputs
from the complete retina of the contralateral eye (Kaas et al., 1974). It was once thought that
megachiropteran (fruit) bats also had the primate pattern, and this was considered evidence that
these bats might actually be primates (Pettigrew, 1986), but further study did not support this
conclusion (Thiele et al., 1991). For other reasons, bats are now placed on the Laurasiatheria
clade, and are no longer considered closely related to primates (Fig. 2). This primate
specialization of only representing the contralateral hemifield in each superior colliculus likely

relates to the emphasis on binocular and central vision that occurred in early primates.

The other major change that took place in the superior colliculus with the emergence of primates
was a dramatic increase in the inputs from the ipsilateral eye, so that the major portion of the
superior colliculus was responsive to both eyes. As the eyes rotated forward to create a large
binocular visual field in the evolution of early primates, an increased input from the ipsilateral
eye likely spread over most of the superior colliculus to terminate with a visuotopic pattern that
matched that of the inputs from the contralateral eye. In present-day galagos, the contralateral
retinal inputs to the superior colliculus terminate more superficially in the superficial gray layer
of the superior colliculus than the inputs from the contralateral eye (Tigges and Tigges, 1970). In
contrast, the retinal inputs from both eyes terminate at the same superficial level in New World
and Old World monkeys, but in a patchy pattern so that terminations from the ipsilateral eye may
alternate with those from the contralateral eye (Weller and Kaas, 1989). With either pattern,

terminations from the ipsi and contra eyes are at least partially segregated.

Another variable feature of the superior colliculus is in the input from cortex. All mammals with
functional visual cortex have projections from visual cortex to the superficial layers of the
superior colliculus, but most non-primate mammals do not have the vast array of cortical visual
areas present in primates (Felleman and VVan Essen, 1991). Thus, the number of visual areas
contributing inputs to the superior colliculus increased with the expansion and the expansion of

the visual cortex and an increase in the number of visual areas in the ancestors of early primates.
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Primates also differ from most non-primates in having a large region of posterior parietal cortex

that is involved in visuomotor functions (Kaas et al., 2011), and these visuomotor areas project to
the superior colliculus (Baldwin and Kaas, 2012; Collins et al., 2005). Although all primates
have a frontal eye field where electrical microstimulation evokes eye movements, this field does
not project strongly to the superior colliculus in prosimian galagos as it does in anthropoid
primates. This observation suggests that significant visuomotor projections from frontal cortex to
the superior colliculus were not present in early primates, but they emerged with the evolution of
the diurnal ancestors of anthropoid primates.

The Visual Thalamus: the dorsal lateral geniculate nucleus and the pulvinar

The main visual structures of the dorsal thalamus of all mammals are the dorsal lateral geniculate
nucleus, LGN, and the pulvinar complex. In primates, the target of almost all retinal ganglion
cells is the LGN (Weller and Kaas, 1989). All primates have a laminated LGN that reflects a
basic pattern of four main layers (Fig. 4). The two thinner ventral layers of large cells (the
magnocellular layers) next to the optic track receive inputs from the M cells of the retina, while
the two thicker dorsal layers of smaller cells (the parvocellular layers) receive inputs from the
much more numerous P ganglion cells. The outer (external) layers of each pair receive inputs
from the contralateral eye, and the inner (internal) layers receive inputs from the ipsilateral eye.
However, there is some evidence for a modification of this pattern in tarsiers so that the external
magnocellular layer receives inputs from the ipsilateral eye (Pettigrew et al., 1989). The K
ganglion cells of the retina project to a distinct pair of koniocellular layers of small cells in the
LGN of prosimian primates, and in other primates, project to a scattering of small cells between
layers. The P-cell layers divide to form additional sublayers in the LGN of some of the New
World monkeys, all of the Old World monkeys, and the great apes and humans.

In cats, the results of early studies of the response properties of retinal ganglion cells led
investigators to define X, Y and W cell classes, which are very similar to the P, M, and K classes
of primates, and likely represent homologous classes of cells in perhaps all mammals
(Casagrande et al., 2007). Allowing for this premise, we can use comparative evidence to
reconstruct the probable evolution of the laminar organization of the LGN from early mammals
to present-day primates. Early mammals, as for many species of present-day mammals, likely
had only weakly differentiated layers in the LGN (Kaas, 2007), with cryptic lamination revealed

as a central pocket of inputs from the ipsilateral eye bordered on each side by tissue with inputs
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from the contralateral eye (Fig. 4). The contra layer most distant from the optic tract likely had a

mixture of P (X) and M () retinal inputs, as did the central ipsi layer. The larger layer near the
optic tract had K (W) retinal cell inputs, or a mixture of M (Y) and K (W) inputs, and was
dominated by inputs from the contralateral eye, with some inputs from the ipsilateral eye,

perhaps forming an ipsilateral region central in this layer, as in some rodents.

The closest relatives of primates, the tree shrews and flying lemurs, also have a laminated LGN,
but they differ in the arrangement of inputs from the two eyes (Fig. 4). In addition, LGN layers
in tree shrews segregate inputs from classes of ganglion cells in a different way than primates.
Most notably, the neurons with P (X) and M (YY) retinal inputs are mixed in the same layers,
while those P and M neurons that respond to light onset (ON cells) are in different layers than the
layers that have neurons that respond to light offset (OFF cells). Thus, distinctly laminated LGNs
evolved independently and differently in tree shrews, flying lemurs, and primates. The early
primates likely evolved a basic four-layer pattern from a more generalized LGN, with some
segregation of inputs by eye of origin and some segregation by type of input from ganglion cell
classes. Specialized layers for K-cell inputs were probably part of this early pattern, but these
layers were diminished or lost as diurnal primates emerged, so that LGN K cells were scattered
between layers. Tarsiers did not regain K layers with a return to nocturnal life, but tarsiers and
the only nocturnal monkey, the owl or night monkey, evolved a thick K-cell region, but not
distinct K-cell layers, between the P and M layers. In anthropoid primates, the emphasis on
diurnal vision resulted in a great increase in the proportion of the LGN devoted to P-cell inputs.
These layers became thicker, especially in parts representing central vision, and they subdivided
to form four or more P “layers” (actually partial layers or leaflets of layers). The appearance of
four leaflets of P layers over the part of the LGN representing central vision, plus the two M
layers led to the description of the LGN as having 6 layers. However, in apes and humans, even
sub-leaflets of leaflets can be found and this would lead to an even greater number if counted as
full layers. A more parsimonious interpretation is that the LGN of primates has two M cell
layers, two P cell layers that sometimes subdivide, and various distributions of K cells that are
more pronounced in nocturnal primates, where the distributions of K cells are sometimes

recognized as forming layers.

The comparative evidence on the relative sizes and types of LGN layers in primates is consistent

with the view that the P system is critically involved in detailed vision, and in the use of cone
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mediated sensitivities to color differences (Casagrande et al., 2007). Thus, P-cell information

from the retina goes exclusively (or nearly so) to the LGN in anthropoid primates (Weller and
Kaas, 1989). The smaller M system is used to detect change in the visual field, usually produced
by object or self-motion. This retinal information goes to both the LGN and superior colliculus,
likely via collateral branches of the same axons. The small K cell retinal output goes to both the
LGN and superior colliculus via collaterals. Some K cells carry information from the short S-
wavelength cones of the retina (White et al., 1998). K cell layers and neuron distributions in the
LGN also receive projections from the superior colliculus (Harting et al., 1991), and they project
both to layer 3 of primary visual cortex, but also to other extrastriate visual areas such as the
middle temporal area, MT (Sincich et al., 2004; Stepniewska et al., 1999). These features suggest
that the functions of the K cell system are quite distinct from those of the P and M cell systems.
While the proportionately larger K cell layers and regions in nocturnal primates indicate that K
cell inputs are likely important in vision in dim light, the roles of the K cell system in vision

remain uncertain.

The other major visual structure of the dorsal thalamus is the pulvinar complex. It consists of
several subdivisions or nuclei that are considered visual because they receive inputs from the
superior colliculus or visual cortex, and project to visual cortex (Fig. 5). The pulvinar complex of
primates has been traditionally divided into the inferior pulvinar, the lateral pulvinar and the
medial pulvinar. The medial pulvinar is connected with multisensory and other regions of cortex,
and is not considered to be a strictly visual structure. A proposed dorsomedial division of the
lateral pulvinar is also not solely a visual structure. The pulvinar was once thought to be a part of
the thalamus specific to primates, and this incorrect assumption is responsible for parts, or all, of
the pulvinar complex being called the lateral posterior nucleus or nuclei in non-primate

mammals.

Subdivisions or nuclei of the visual pulvinar in anthropoid primates have been revealed by
differences in the expression of different substances (acetylcholinesterase, calbindin, glutamate
transporters, cytochrome oxidase, etc.) and differences in connections, as well as by having
different representations of the contralateral visual hemifield (Kaas and Lyon, 2007). All
anthropoid primates appear to have the divisions of the visual pulvinar illustrated in Figure 5, but
the relative sizes and positions of the nuclei differ. For example, nuclei projecting to primary

visual cortex are proportionately larger in primates that are diurnal and have emphasized foveal
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vision (i.e., nuclei more related to the ventral stream cortical processing). Unfortunately, the

histological preparations, which have been so useful in revealing subdivisions of the visual
pulvinar in anthropoid primates, have been less useful in prosimian primates, such that clear
homologues of nuclei are less apparent (Wong et al., 2009). However, two large regions of the
pulvinar in prosimian galagos that project to primary visual cortex (V1) appear to be homologous
with the ventrolateral division of the lateral pulvinar (PLvl) and the central lateral division of the
inferior pulvinar (Plcl) of anthropoids, while a caudal division of the pulvinar complex of
galagos with inputs from the superior colliculus appears to be homologous to the posterior and
central medial divisions of the inferior pulvinar of anthropoids. If so, the mediodorsal position of
the caudal pulvinar in galagos is positioned much as the dorsal pulvinar nucleus is in tree shrews
(Lyon et al., 2003) and the caudal pulvinar nucleus in squirrels (Baldwin et al., 2011). All these
nuclei receive inputs from the superior colliculus and project to temporal visual cortex. Thus, we
are beginning to be able to relate divisions of the pulvinar complex in primates to those of
rodents and tree shrews, and infer how differences might have evolved. For now, it seems that a
caudal nucleus in rodents, tree shrews, and galagos, and possibly many other mammals, is
homologous to parts of the inferior pulvinar in anthropoid primates.

Visual Cortex

Early primates were characterized by a large expanse of visual cortex that was divided into a
number of visual areas. Because the areal organization of visual cortex is not fully understood in
any primate, much less in a range of primate species, only limited comparisons across members
of the major branches of primate evolution are possible. Thus, the arrangement and number of

cortical visual areas of early primates can only be inferred in part.

All primates have a large primary visual area, V1, which is rotated by the expansion of
extrastriate visual cortex and posterior parietal cortex from its common caudal-dorsal position in
other mammals to occupy the caudal pole of the hemisphere. As a result, much of V1 is on the
ventral surface and medial wall of the hemisphere, and in the calcarine sulcus, a fissure found
only in primates. Primary visual cortex in extant primates is approximately two to three times
larger than would be expected for mammals of a similar body size, but V1 is smaller in
prosimian primates than in simian primates of similar size. Primates tend to devote one-third to
one-half of V1 to the first 10 degrees of central vision, with this expansion of central vision

being more pronounced in diurnal primates (Rosa et al., 1997). All primates have a similar
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projection pattern from LGN layers to V1 to that inputs from M layers terminate in a sub-layer of

layer 4 that is external to the sub-layer with P layer inputs (Casagrande and Kaas, 1994). All
primates appear to have a modular subdivisions of layer 3 such that a dot-like pattern of
cytochrome oxidase (CO) dense “blobs,” which receive afferents from the K cells of the LGN
(Casagrande and Kaas, 1994), and non-blob surrounds (Preuss and Kaas, 1996) are visible. Tree
shrews do not have the CO blob pattern, although myelin stains reveal a pattern of myelin-poor
regions that are blob-like (Lyon et al., 1998). Both primates and tree shrews have orderly
arrangements of orientation-selective neurons in V1 (Bosking et al., 1997). As this arrangement
is not found in rodents, systematic arrays of orientation selective “columns” of neurons likely
evolved in the common ancestors of tree shrews and primates. However, carnivores appear to
have independently evolved an orderly arrangement of orientation-selective “columns” or
modules in V1 (Kaschube et al., 2010).

Primates are unusual in that LGN inputs related to the contralateral and ipsilateral eyes tend to
terminate in layer 4 of V1 in separate bands or clusters, forming the basis for the ocular
dominance columns. However, the patterns created by the segregation of these inputs are quite
variable across primate species, and even within a species (Adams and Horton, 2003). Such
variability likely reflects the interplay of changing neural activity patterns, the proportions of
axon terminals related to each eye, and the chemical signals that guide termination patterns
(Kaas and Catania, 2002). Ocular dominance columns, or bands, are not found in the closest

relatives of primates (tree shrews, rodents and lagomorphs).

The major cortical outputs from V1 in all studied primates (Lyon and Kaas, 2001; Lyon and
Kaas, 2002a; b; c) are in decreasing magnitudes to V2, V3, MT, and DM (Fig. 5). Most of the
projections to MT are from deep layer 3 (3C, incorrectly identified as layer 4B in most studies;
(see Casagrande and Kaas, 1994), while the middle of layer 3 (3B) provides most of the
projections to the other cortical targets.

The laminar and sub-laminar specializations of V1 vary somewhat across primates, with layers
being least distinct in prosimian primates and layers and sublayers being most distinct in tarsiers,
where V1 occupies proportionately more neocortex than in any other primate (Collins et al.,
2005). Humans have a specialization of a sub-layer of layer 3 that suggests a role in the

magnocellular processing stream involved in motion analysis (Preuss et al., 1999). Across
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primate taxa, V1 gets bigger with brain size, but only up to the great apes, as the much larger

human brain has a V1 about the same size as in chimpanzees. Thus, the size of V1 relative to the
rest of neocortex actually decreases in humans compared to other primates. Over a range of
primate species from small prosimian brains to the large baboon brain, the ratio of V1 neurons to
LGN neurons increases, so that as V1 increases in size, each LGN relay neuron relates to a larger
number of V1 neurons. In addition, V1 of primates differs from V1 of other mammals by having
more neurons for its size. Thus, V1 of primates has 3-4 times more densely packed neurons than
other cortical areas. This difference is the least pronounced in prosimian galagos, more so in
New World monkeys, even more in macaques and baboons (Collins et al., 2010). Such
differences in neuron packing densities are not marked in non-primates. As high densities of
small neurons provide a framework for preserving the details of visual scenes, V1 is specialized
for detailed vision in all primates, with this feature much enhanced in Old World monkeys, apes
and humans. In these anthropoids, even V2 has more densely packed neurons than most cortical

areas.

Most of the outer border of V1, is formed by a narrow belt-like second visual area, V2, in all
extant primates. This outer border of V1 represents the line of decussation of the retina (the zero
vertical meridian), which corresponds to the full extent of the V1/V2 border. The rest of V1,
corresponding to the temporal margin of monocular vision, is bordered by a small, poorly
understood area, the prostriata (Rosa et al., 1997). Early primates, as in present-day nocturnal
prosimians, devoted less of V1 to the representation of central vision. As a result, less of the
border of V1 corresponded to the vertical meridian and a shared border with V2. Thus, V2 was

less elongated than in extant diurnal primates.

In monkeys, V2 is characterized by a modular organization that is revealed by stains for CO as
they mark alternating CO-dense and CO-light bands crossing the rostrocaudal extent of V2. The
CO-dense bands appear to be of two types, “thick” and “thin”. Each of three types of bands is
thought to have different connections with V1 modules and sublayers and with other visual areas
(Hubel and Livingstone, 1987; Krubitzer and Kaas, 1990; Roe, 2004). Such a pattern of modular
organization is less apparent in prosimian primates, although CO-dense bands may be weakly
apparent in favorable material (Preuss et al., 1993; Preuss and Kaas, 1996). However, modular
differences in connections of V2 of galagos suggest that an anatomical framework for bands

exists in V2 (Collins et al., 2001). Tree shrews also have a banding pattern of V1 connections in
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V2 (Lyon et al., 1998; Sesma et al., 1984), but the functional significance of this segregation is

not clear. These observations suggest that V2 had modular subdivisions in early primates, but the
modules may have been less regular and distinct than in present-day simians. Nevertheless, a
specific pattern of modular processing in V2 was part of the visual specializations of the primate

branch of mammalian evolution.

The outer border of V2 is bordered by V3 in all primates. The extent of VV3 with its shared
boundary with V2 was previously contentious in that some investigators considered ventral V3
as separate visual area (VP), differing from dorsal V3 by its lack of connections with V1 (Lyon
and Connolly, 2011). But now there is compelling evidence for dorsal V3 and ventral VP being
parts of the same visual area, with evidence of matching V1 connections to ventral and dorsal V3
in galagos, several species of New World monkeys, and macaques (Lyon and Kaas, 2001; Lyon
and Kaas, 2002a; b; c; Lyon et al., 2002). Given this broad distribution, early primates
undoubtedly had a V3. However, there is no clear evidence yet for a V3 in tree shrews (Lyon et
al., 1998), or in rodents and rabbits (Rosa and Krubitzer, 1999), so V3 may not have been present
in the common ancestors of primates, tree shrews and rodents. This conclusion should be held
cautiously, however, as further study could provide evidence for V3 in tree shrews and other
mammals. As a primate-like V3 has been described in cats, this difference in distribution

suggests that V3 in primates and cats evolved independently.

A similar conclusion relates to the evolution of the middle temporal visual area (MT). MT is
easily identified in primates by its projection pattern from V1, dense myelination, retinotopic
organization, and neurons that are dominated by a relay of the M-cell pathway though V1
(Casagrande and Kaas, 1994). This distinctive visual area has been found in galagos (Allman et
al., 1973) and in all other studied primates, including humans, but not in tree shrews, rodents, or
rabbits (Kaas, 1997). Because of this distribution, MT appears to be a visual area that first
evolved with the early primates. Thus, cats are unlikely to have a homolog of MT, as is
sometimes postulated.

Finally, in all primates, much of posterior parietal cortex is involved in processing visual
information so that separate domains within this region can help plan, initiate, and guide adaptive
movements of eyes, hands, and other parts of the body (Kaas et al., 2011). Some of these

domains, including those for grasping, reaching, defense of the face and eye movements (Fig. 5)
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have been defined by microstimulation in galagos, New World monkeys, and macaques, and

they likely exist in all primates. Such movement domains do not appear to be present in posterior
parietal cortex of tree shrews and rodents, which have very little posterior parietal cortex. Thus,
this large region of cortex, with movement specific domains must have emerged in the
immediate ancestors of the first primates. However, the region differs in organization and
complexity, as primates differ in the skilled use of their hands, and more functional domains

likely exist in humans than in prosimians and monkeys (Orban et al., 2006).

Toward a further understanding of how the human visual system evolved

Despite much progress, we are at the early stages of fully describing the organization of the
human visual system, and we know little about the visual systems of apes. Members of the
major branches of primate evolution cover a range of body and brain sizes, and they are
specialized in various ways, so we can expect variations in the visual system within as well as
across taxonomic groups. In Old World monkeys, over 30 visual areas have been proposed
(Felleman and Van Essen, 1991), and these primates have greatly expanded regions of visual
cortex in the temporal and parietal lobes compared to most New World monkeys and all
prosimians. Quite possibly, Old World monkeys have more visual areas than most or all New
World monkeys. Further increases in overall brain size and the total extent of visual cortex
undoubtedly occurred in apes and in our early hominid ancestors. Possibly there was a further
increase in the number of visual areas, but this is uncertain. What is clear from the fossil record
is that our ancestors of only 3 million years ago had brains only slightly larger (600 — 800 cc)
than those of present-day African apes (Kaas and Preuss, 2012), and these brains may have

resembled those of African apes in general organization.

Over the last two million years, the brains of our ancestors increased rapidly in size to the present
volume of about 1400 cc, but we know little about the structural changes in brain organization
that occurred during that time. What is known from comparing human brains with those of apes
is that the easily identified primary visual area increased only slightly in absolute size while
occupying proportionately much less of the total neocortex. This observation is consistent with
the conclusion that the number of cortical areas, including visual areas, has increased with the

evolution of modern humans.
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Changes in the numbers and sizes of cortical areas in primate evolution have functional

consequences. The functions of cortical areas are altered as they change in size (Kaas, 2000). In
smaller cortical areas, individual neurons are activated by a larger proportion of inputs. Thus,
neurons in small cortical areas represent proportionally more of the inputs, and smaller cortical
areas have intrinsic connections that cover more of the cortical area. These differences in
connections make neurons in smaller areas more suitable for global comparisons as they have
larger receptive field centers and surrounds. In contrast, large areas, such as V1, have mainly
neurons that receive proportionally few of the inputs, as these neurons have smaller dendritic
arbors (Elston, 2007). Thus, larger areas are good for processing the local detail of a stimulus,
and smaller areas more broadly integrate information. This may be why the large human brain is
not simply a larger version of a monkey brain. V1 and at least several other areas did not
increase proportionately in size as brains became larger and new areas were likely added. Only a
few visual areas would need to be large, and preserve detailed information about the visual scene
while smaller visual areas could be specialized in various ways. The evolution of the complex
human brain may have depended on the addition of gene copies that subsequently differentiated
and acquired new functions (Ohno, 1970), possibly including those that increased the number of
visual areas. The addition of new cortical areas allowed both added and original visual areas to

differentiate, specialize, and mediate new capacities (Kaas, 1989).

Presently, we know that human brains are about three times as large as those of the African apes,
but we still know very little about how human and ape brains differ structurally. Histochemical
and traditional architectonic approaches can help identify nuclei and cortical areas that apes and
humans have in common (Hackett et al., 2001; Qi et al., 2007), specialized features of those
areas (Preuss et al., 1999), and possibly nuclei and areas unique to humans. The goal of
determining the similarities and differences in cortical organization across primates has been
expressed from the time of Brodmann (1909), but now we have powerful modern methods to add

force to such studies.

Finally, much can be learned about the evolution of complex visual systems from theoretical
approaches that examine scaling issues related to brain size (Herculano-Houzel, 2011), as well as
from our growing understanding of the modes of brain development and how development can
be altered in evolution (Molnéar, 2011). Comparative studies of areal differences and similarities
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in the histochemistry and patterns of gene expression of visual cortex of humans, apes and other

primates are also of great value (Preuss et al., 2004; Takahata et al., 2011).
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Figure Legends

1. Differences in the number of neurons in the brains of about the same size from a small
monkey and a large rodent. Primates’ brains of comparable sizes have more neurons than
rodent brains, and this difference increases with greater brain size. This difference is even
greater when neuron numbers are related to body size. The largest rodent that ever existed
(now extinct) had a body size of 700 kg (1540 Ibs.) while having an estimated 7.5 billion
neurons, while the brain of an 81 kg (180 Ib) human would have roughly 100billion neurons.

These estimates are based on neuron scaling rules from Herculano-Houzel et al., (2007).

2. The emergence and radiation of the four major clades of placental (eutherian) mammals. In
each clade, a few representative present-day species and other groups are listed. Primates are
part of the Euarchontoglire radiation. The illustrated phylogenetic relationships suggest that
inferences about the visual systems of early primates would be most productive when the
visual systems comparisons are made with other members of the Euarchontoglire clade.
Time on the left is in millions of years ago (mya). Based on Murphy et al., 2004.

3. All primates share a unique type of retinotopic organization in the superior colliculus. In all
primates, the left superior colliculus receives superimposed inputs from the nasal hemiretina
of the right (R) eye and the temporal hemiretina of the left (L) eye, resulting in a
representation of the right hemifield that is largely binocular. The right superior colliculus
(SC) has a comparable pattern of inputs from the left and right eyes. In other studied
mammals, the complete retina of the contralateral eye projects to the superior colliculus,
even though the temporal retina also projects ipsilaterally to the LGN, as in primates. The
temporal retina may also project weakly to the ipsilateral superior colliculus in a species-
variable manner. In nonprimate mammals, the superior colliculus represents the complete
visual field of the contralateral eye, including the binocular part of the ipsilateral hemifield.
LD, line of decussation of retinal projections to the two hemispheres. See Kaas and Preuss
(1993).

4. Laminar patterns of the dorsal LGN in primates. The schematics are of the laminar patterns in
brain sections cut across layers that are stacked like slices of bread from ventral (or along the

optic tract) to dorsal (near the pulvinar). Early mammals had a simple pattern of LGN
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lamination that segregated inputs from the ipsilateral retina in a central region between outer

regions with inputs from the contralateral retina. All primates have a more elaborate pattern of
four basic layers that evolved with the first primates. Close relatives of primates, tree shrews
and flying lemurs, evolved different patterns of lamination. In flying lemurs, layers have been
identified histologically and by having inputs from the contralateral (contra) or ipsilateral
(ipsi) eye (Pettigrew et al., 1989). In tree shrews (Norton, 1982), microelectrode recordings
suggest that M and P-cell (termed Y and X) inputs are mixed in the same layers, unlike
primates, while ON and OFF ganglion cell inputs are segregated in different layers (Norton,
1982), unlike in primates. ON retinal ganglion cells respond to the onset of light in the
receptive field center, while OFF cells respond to diming or offset of light. Other layers
appear to have K-cell inputs. The basic primate pattern of lamination includes two
parvocellular (P) and two magnocellular (M) layers, with the longer (for the monocular field)
outer (external) layers receiving from the contralateral retina (PE, ME) and the shorter inner
or internal layers (P1, MI) from the ipsilateral eye. Present-day tarsiers may have a modified
pattern, as there is evidence that the two M layers have a reversed pattern of input in regard to
eye of origin, so that ME receives input from the ipsilateral retina (Pettigrew et al., 1989). All
prosimians have an extra pair of layers, the koniocellular layers (KE and KI). In other
primates, K cells are scattered between layers where they do not form distinct layers. In many
anthropoid primates, the parvocellular layers divide to form sublayers and leaflets of
sublayers. In the diagram, the layers with input from the ipsilateral eye are shorter as they

represent less of a contralateral visual hemifield (0°- 90°). Modified from Kaas et al., 1978.

5. Proposed subdivisions (nuclei) of the pulvinar complex which are likely common to most or
all primates. Two large, retinotopically organized nuclei, the central lateral nucleus of the
inferior pulvinar (Plcl) and the ventral lateral nucleus of the lateral pulvinar (PLvl) project to
visual areas early in cortical processing (V1-V3) and areas in the ventral processing stream
(caudal DL or V4 and caudal inferior temporal cortex), and are activated by inputs from early
cortical areas. Two nuclei with dense inputs from the superior colliculus (SC), the posterior
and central medial nuclei (Plp and Plcm) of the inferior pulvinar project to a collection of
visual areas in the dorsal stream of visual processing (MT, dorsal and ventral divisions of
FST, MST, MTc, DM or V3a, and rostral DL or rostral VV4). Comparative evidence suggests
that Plp and Plcm differentiated from a single caudal pulvinar nucleus, with superior

colliculus inputs and projections to temporal cortex, in the non-primate ancestors of primates.
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The dorsal medial nucleus of the lateral pulvinar (PLdm) has frontal and parietal lobe

connections, while the medial pulvinar (PM) has connections with frontal, cingulate, insular,

and temporal cortex. Based on Kaas and Lyon, 2007.

Proposed subdivisions of visual cortex in a prosimian primate (galago). Other areas are
included for reference. A dorsolateral view of a galago brain is on the lower left. On the
upper right, the cortex from the left hemisphere has been flattened so that subdivisions on
hidden surfaces are visible. The dashed line on the flattened cortex outlines cortex that is
visible on a dorsolateral view of the intact hemisphere. The areas shown here are common to
all studied primates, and likely existed in the first primates. The primary visual area, V1, is
characterized by a distribution of cytochrome oxidase (CO) dense patches of cortex known as
blobs. These appear to exist in all primates, but not the close relatives of primates tree shrews
and rodents). The second visual area, V2, has a sequence of myelin-dense bands crossing the
width of the area. In anthropoid primates, these bands are of two functional types, thin and
thick, bands are only weakly apparent in prosimian primates. V2 is bordered by a narrow V3.
Other areas common to primates include the dorsolateral visual area, DL, also known as V4,
the middle temporal visual area, MT, the MT crescent (MTc), the fundal area of the superior
temporal sulcus (FST), the medial superior temporal area (MST), and the dorsal medial
visual area, DM. The caudal half of posterior parietal cortex (PPC) is primarily visual, but
functional subdivisions are unknown. The rostral half is visual and somatosensory, with
subdivisions (domains) for guiding grasping (G), defense (D), reaching (R), and other
movement sequences. The frontal eye field (FEF) is involved in eye movements. Inferior
temporal (IT) cortex is visual, but functional subdivisions are unknown. Prostriata is a visual
area common to mammals. Motor areas include primary motor cortex (M1) ventral (PMV)
and dorsal (PMD) premotor cortex, the supplementary motor area (SMA) and ventral (CMv),
rostral (CMr) and caudal (CMc) cingulate motor areas. Somatosensory areas include areas
3a, 3b, 1 (or 1 plus 2) of Brodmann, the second area (S2), the parietal ventral area (PV), a
ventral somatosensory area (VS), and a proposed gustatory (G?) area. Auditory areas include
primary (A1) and rostral (R) auditory areas, and the auditory belt (AB) and parabelt (PB).
Retrosplenial cortex includes granular (RSg) and agranular (RSag) areas. Frontal cortex
includes granular frontal cortex (gFC) and ventral (OFv) and medial (OFm) orbital frontal

areas.
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