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INTRODUCTION

In this chapter we review aspects of organization
and function of some of the many subcortical
structures that can be cunsidered us pans of the
visual system in primates (Fig. 1). The tusk is
enommous, akd we have necessarily limited the
review. We describe visual structures in a range of
primate species, but information is commonly ofien
available for only the primates typically used in
experimental investigations. Thus, most is known
from rescarch on a few species of macaque mon-
keys and from more limited work in squirrel mon-
keys. The review considers morphological and
physiological aspects of a number of visual struc-
turcs, bt much of the review is concerncd with
the tateral geniculute mucleus, the superior collic-
ulus, and the pulvinar complex, since these major
visual structures are involved in complex visual
behavior, including object vision and visual alten-
fon, We also discuss the visual structures with
direct retinal inputs that medisle more “suto-
matic” aspects of visual function, describe a num-
ber of siruciurcy that have connections with the
clearly visual nuclei of the brainsicm, and briefly
describe visuomugor cemlers,

THE LATERAL GENICULATE NUCLELUS
Introduction

In primates, the lateral geniculate nucleus {the
dorsal lateral peniculate nucleus) is the major tar-
get of the retina, and # is the primury source of
input to visual cortex. As such, the LGN is consid-
ered a relay sincleus, but it is important 1o siress
that LGN ncurons nn onty relay but modifly retinal
input. In this section, we describe the laminar

organization of the nucleus, connections, and neu-
fon propertics. We start by considering two nota-
ble aspects of the LGN in primaies, the
conspicuons lamination of the nucleus and the
marked vasiability in the laminar pattern across
primatc specics.

The Laminar Paitern

The lateral geniculate nucleus of all primates is
laminated—ic, cells are grouped into slabs or lay-
ers that arc stacked like slices of bread (Fig. 2).
Layers are ofien, but not always, separated by
narrow, celi-poor, interlaminar zones. The main
layers occur in pairs, with each pair differing from
other pairs by the sizes, coancctions, and respoase
propertics of the constituent neuroas. One member
of cach pair receives input from the contralaseral
eye, and the other member is activated from the
ipsilateral eye. A simplified LGN is shown in
Figure 2. This schematic LGN closely comre-
sponds o the rather simple pattern found in the
New World owl monkey (Aoiks), but the curva-
tures and the true proportions of the layers are not
accuraiely porirayed by the illustration. In owl
monkeys, the nucicus consists of two layers of
modium-size cells (the parvocellular layers), two
of large cells (the mugnocellular layers), and Iwo
thin, poorly scparated layers of small, pale-stnin-
ing cells (the freyuently ignored superficial or *S™
layers). Subdivisions of the parvocellular tayers
compticate the laminar struciure in anthropoid pri-
mates, while most prosimians have two sdditional
layers of small cells, the konioceliular layers in-
seried between the parvocellular layers, and lack
superficial layers. Each layer has the three-dimen-
sional form of an oval slab. In moakeys, apes, and
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Fig. 1. Anoverview of some of the structures in the
subcortical visual system of primates. The major
retinal projection is to the (dorsal) fascral geniculate
nucleus (LGN), and the next most significant target
is to the superior colliculus {§.C.). The retina also
projects to the suprachiasmatic nucleus (S.C.N) of
the hypothalamus, four pretcctal nucles, three nuclei
that make up the accessory oplic sysiem, the pregen-
iculate (or ventral latcral geniculate) nucleus, and

humans, the stack of layers is wrapped around a
ventromedially located hilus, whereas in prosimi-
ans, the stack of layers is arranged morc flatly.

The geniculate layers are distinguished by the
types of input they receive from the retina (Fig.
2). The X-like ganglion cells, important in form
vision (see below), project o the parvocellular
layers; the Y-like ganglion cells, important in visual
altention, project to the magnocellular layers; and
small, W-like cells, of uncenain function, project
1o the imeriaminar zones, the S layers, and the
koniocellular layers. In addition, the three types of
layers and the cells in the interlaminar zones pro-
ject vo distinct sublayers of cells in primary visual
cortex (Fig. 7). Thus, the lamination and projec-
tions of the lateral geniculate nucleus scgregate
different types of retinal information (X, Y, and
W) up to the cortical level.

The laminar paitern of the LGN varies consid-
erably across primate families {Fig. 3). The lateral
geniculate nucleus of all primates can be assumed
to have evolved from a more gencralized nucleus
where cells of different types were mixed and
where the only type of lamination was from the
partial scgregation of inputs from the ipsilateral
eye in the middle of the nucleus from surrounding

sometimes to pan of the pulvinar complex. Connec-
tions with these structures and visual cortex involve
parts of the basal ganglia, the pulvinar compiex,
parts of the thalamic reticular nucleus, the parabige-
minal nucleus, pants of the pons, oculomotor nuclei,
and ultiimately part of the cerebellum in the subcort-
ical visual system. The gremly simplified scheme of
connections shown is for structures, and single neu-
rons may not branch as shown. See lext.

inputs from the contralatcral eye; such a laminar
pattcrn ik apparcnt in a Fange of species of mam-
mats with poorly developed visual systems [Kaas
et al. 1972, 1978; Brauer, 1978). This simple pat-
tern gave risc to more complex pallerns seen in
the close relations of primates, the visual bats,
Mying lemurs, and tree shrews, and in the various
primates, but the intermediate steps in the evolu-
tion of more complex laminar palerns arc
uncertain.

Much of the variability in laminar patterns in
primates relates to differcnces in the parvocefiular
layers. The laminar patiern of the New World
{amarins, marmosets, and owi monkeys includes
two single parvocellular layers. However, in some
individual marmosets, there is a slight tendency
for pans of the external parvoceliular layer 0
protrude into the internal parvoceliular layer and
vice versa. This tendency is much more pro-
nounced in most other New World monkeys, s0
that the parvocellular layers partially divide and
interdigitate. it has been comimon 1o consider these
major protrusions as irue layers, ignore the exis-
tence of the narrow S layers, and describe four
parvoceltular and two magnoceliular layers for a
total of six in the LGN of New World monkeys.

-e
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Fig. 2. A simplificd schematic of the lateral genic-
ulate nucleus of a monkey. Stucked layers represent
the contratateral visual hemifield via projections from
the ipsilaterat or the contralacral eye. Much of cach
layer is devoted to central vision. (Note polar coor-
dinates 5° and 20° from gaze.) The zero horizontal
meridian (0-90°) separates the tateral representation
of the upper quadrant from the medial representation
of the lower guadrant. Most of the outer margins of
the layers correspond to the zero vertical meridian
through gaze (the line of retinal degussation). Layers
with inputs from the contralateral eye cxtend some-
what morc rostrally 10 represent the manocular cres-
cent of the contralateral hemificld. The bulk of the
nucleus consists of “internal™ and “externat” par-
vocellular layers (Pl and PE) with inputs from the

Because these protrusions are not complete layers
but are clearly exiensions of layers, we prefer o
distinguish them as leaflets of layers rather than as
lnyers |Kaas et al, 1972, 1978]. The significance
of these leaflets or incomplete layers is uncertain.
The parvocellular leaflets could have different
functional roles [see Schiller and Malpeli, 1978]
or they could simply reflect a developmental com-
promise between opposing tendencies of neurons
from the same eye to terminate together and Lo
terminate in specific locations {sce Constantine-
Paton, 1982, for general discussion]. The branch-
ing and interdigitation of the parvocellular mass is
more extensive in some Old World monkeys,
chimps, gorillas, and humans, so that up 1o cight
parvocellular “leaflets™ can be counted. A simpler

“primate beta” or “X-like” retinal ganglion cells
with medium-size axons and conduction velocities.
In most monkeys, the parvocellular layers subdivide
and interdigitate in the caudal half of the nucleus.
The smalier iniernal and external magnoceilular lay-
ers (Mt and ME) reccive inputs from the “primate
alpha™ or “Y-like” ganglion cells with thick axons
and fast conduction velocities. The superficial (S)
layers and interlaminar zones of small cells receive
“primate C” or “W-like" inputs via thin axons. The
interlaminar zomes also receive an indirect W-cell
relay from the superior colliculus. Some, but appar-
ently not all, of the Y-like input, and perhaps some
of the W-like input to ihe superior colliculus, is via
collatcrals.

pattern without subdivisions and interdigitation of
the parvocellular layess is found in gibbons and
tarsiers. The prosimian galagos, lorises, and le-
murs have the simpler “monkey™ pattern, so that
two parvocellular layers without leaflets are found,
but they have added two layers that are not found
in other primates. Two layers of extremely small
cells, the koniocellular layers, are inserted be-
tween the parvocetiusar layers. Thesc layers ap-
pear to have the functional role of the interlaminar
zones of monkeys in that they relate to the W-ccll
system (see below}).

Diurnal primates have proportionately more of
the LGN devoted to parvocellular layers [Hassler,
1966]. The bulk of the expansion of the parvocel-
lular layers is in the part of the nucleus represent-
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Fig. 3. The patterns of lateral geniculate nucleus
lamination in cxtant primates and the probable course
of evolution. The schematic layers are in cross scc-
tion along the representation of the zero horizontal
meridian (see Fig. 2) (modified from Kaas et al,
1978]. PE and PI, external and internal parvocellular

ing central and paracemtral vision, This greater
devotion to central vision is accomplished, in pant,
by a gradual thickening of the parvocellular layers
as they extend from the representation of periph-
eral to central vision. However, in most monkeys
and in hominids, the expansion of parvoceilular
regions devoted to central vision is considerable,
and it is accompanied by the formation of leaflets.

Prosimians. The laminar patterns of the LGN in
prosimians reflect their phylogenetic relationships.
Prosimians have long been divided into two subor-
ders, Lemuroidea and Tarsioidea [eg, Straus,
1949}. Of the two suborders, tarsiers may be more
closely related to simians Jeg, Petter and Petter-
Rousseaux, 1979, Goodman et al, 1983, and the
LGN of tarsiers more closely resembles that of
simians. Lemuroidca include lemuriforms and lor-
isiforms, and lorisiforms are ferther divided into
the loriscs and galagos.

The latgral geniculate nucleus of lorisiforms
(lorises and galagos) and lemuriforms consists of
six complete layers and one incomplete and vari-
able fragment of 2 layer next 1o the oplic tract
|Chacke, [954; Hasster, 1966, lonescu and Has-
sler, 1968; Kanagasuntheram et al, 1969; Giolli
and Tigges, 1970; Laemlc and Noback, [1970;
Compos-Ortega and Hayhow, 1970; Tigges e al,
1970; Kaas et al, 1978; Weller and Kaas, 1982,

layers: ME and MI, external and internal magnocel-
lular layers; for galagos, the rectangle under ME is
dMI, displaced scgment of the internal mugnoceil-
lar layer; KE and KI, ¢xternal and iniernal koniocel-
lular layers.

Casagrande and DeBruyn, 1982]. The basic pat-
tern scen in galagos (Fig. 4) is typical of prosimi-
ans. Thus, two thin magnocellular (M1 and ME)
layers are found ventrally, In addition, a superfi-
cial band of cells in the position of the S layers is
found between the magnocellular layers and the
optic tract in some individuals. This layer is not
an S layer, but rather it is a displaced portion of
the internal magnoceltular layer |Casagrande and
Joseph, 1980; Casagrande and DeBruyn, 1982
The main MI layer is correspondingly thin where
the displaced part of the MI layer occurs, and we
suggest the term “dMI™ for the displaced scgment
of MI. The dM1 has large cells, as in Ml and ME,
and receives input from the ipsilateral eye, as does
MI. However, the dMI does not appear to be
continuous with MI. More dorsally in the nucleus,
the internal parvocellular layer and the external
parvocellular layer are separated by two narrow
layers of small cells termed the koniocellular lay-
ers [see Kaas ct al, 1978]. Cell-poor zones separate
all of the layers, but this separation is least appar-
ent between the koniocellular layers, since these
layers and the cell-poor zones contain small, pale-
staining neurons. Measurements of neuron sizes
[Casagrande and Joscph, [980] indicatc that all
layers contain a range of cell sizes, but the koni-
oceilular neurons are, on the average, the smallest,
the parvocellular neurons somewhat larger, and
the magnoceliutar neurons the targest.

‘-

Fig. 4. A parasagittal section through the lateral
geniculate nucleus of a galago (Galago crassicusida-
tus). Rostral and ventral lateral geniculate nucleus
(pregeniculate nucleus) are on the right. Note that
the two relatively thin parvocellular layers (Pl and

There have been no experimental studies of the
lateral geniculate nucleus of members of tarsiers,
hut observations on the normal laminar pattern of
the LGN in tarsiers [Le Gros Clark, 1930: Chacko,
1954; Hassler, 1966; Kaas et al, 1978; Simmons,
1982] reveal that the pattern differs from that found
jn members of Lemuroidea. As in other prosimi-
ans, the LGN of the tarsier has a veatrally located
pair of large-celled. magrocetlular layers (ME and
MI) and a more dorsally situated pair of parvocel-
lular layers (PE and PI). However, the nucleus
lacks the koniocellular layers found in members of
Lemuroidea. There are many small, palc-staining
cells in the broad interlaminar zone between Pl
and M in addition to a diffuse concentration of
small cells between PE and P It is possible that a
similar sparse population of small ceills between
PE and PI preceded the smali-celled koniocellular
layers in the evolution of Lemuroidea. In the tar-
sier LGN, there is also a group of cells that lics
ventral to ME. Although similar in location o dMI
of Galage, the ventrally located cells in the tarsier
are small and pale-staining. thus resembling the
ventrally situated cells that comprise the more ex-

qgg“‘*ﬁ‘*‘?
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PE} arc separated by two koniocellular layers (KI
and KE) and that the cells in the magnoceilular layers
(MI and ME) are markedly diffcrent in size from
those in the parvocellular fayers.

tensive superficial or “S™ layers in anthropoid
primates (sec below).

Despite the lack of experimental material, the
retinal projections in tarsiers appear to distribute
contralsterally 1o PE and ME and ipsilaterally to
Pl and ML, This conclusion is bascd on the obser-
vation that, like contralaterally innervated layers
in other mammals, PE and ME are more extensive
than Pl and MI {Kaas ct al, 1978]. In addition, PE
has a cell-sparse discontinuity that, as in other
primates, corresponds to the blind spot of the con-
tralateral retina [Kaas et al, 1972, 1978].

New World Moakeys. The New World monkeys
have been traditionally subdivided into two major
families—Callithricidae, which include marmosets
and tamarins, and Cebidae, which include several
subfamilics and owl, squirrel, cebus, saki, and spi-
der monkeys.

The basic laminar pattera of the LGN in New
World monkeys is apparent in a somewhat simpli-
fied form in nocturnal owl monkeys (Aofus), a
member of Cebidac. The nucleus (Fig. 5) consists
of threc pairs of layers: the ventralmost, superficial
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Fig. 5. A parasagittal section through the lateral
geniculate pucleus of an owl monkey (Aotus trivir-
garus). There are no koniocellujar layers, but many
small cells occur in the interlaminar regions, espe-
cially between the parvocellular and magnocellular

or “S” layers, comprising small cells; the more
dorsal, magnocellular layers, comprising large
cells, and the dorsalmost parvocellular layers,
comprising medium-size cells [see Norden and
Kaas, 1978, for measuremenis]. Interlaminar zones,
sparsely populated by small cclls, separsie most of
the layers, except the S layers and the rostrat part
of the parvocellular layers, which appear fused. As
in othcr primates, each member of each pair re-
ceives either ipsilateral or contralateral retinal in-
puis. Contralaterat retinal fibers distribute to
external parvocellular (PE}, external magnocellular
(ME), and imternal S (SI) layers; the ipsilateral
retina innervates PI, MI, and SE |Kaas et al, 1978].
The interlaminar zones arc binocularly inncrvated
|Kaas et al, 1978]. X-like retina! information is
channeled 10 the parvocellular layers, and Y-like
information to the magnocellular layers in owl
monkeys [Sherman et al, 1976]. The response

layers. The superficial Jayers (S) are also composed
of small cells. The pregeniculate nucleus (PG) is
more dorsocaudal than in prosimians. Marker bar =
1 mm. Rostral is right.

propertics of the small cells in the interlamninar
zones and S layers have not been studied exten-
sively, but it is likely that they receive W-cell
information |see Weber et al, 1983; Sherman et al,
1976]. In contrast to most other monkeys, the par-
vocellular layers of owl monkeys are simple, show-
ing littie thickening toward the representation of
central vision and few signs of protrusions of PE
into PI or vice versa. Also, unlike other monkeys,
the interlaminar zoncs between M1 and Pl and the
S layers are denscly populated with neurons. Since
ihe imerlaminar zones and S layers are ussociated
with the Wcell system, the W-cell pathways may
be more important for nocturmal primates.

The laminar patiern has been studied in several
ofher New World monkeys. Squirrel monkeys dif-
fer from most other monkeys by having a large
parvocellular mass without visible lamination {Le
Gros Clark, 1941a; Walls, 1953, Chacko, 1954;

.-
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Fig. 6. A frontal section through the lateral genicu-
late nucleus of a mandrill baboon (Mandrillus
sphinx}. The parvocellular region is extremely large
and complexly subdivided into subluyers. Small cells
arc in the interlaminar and $ layer regions, The large
column of cellular degeneration, the result of a re-
stricted cortical lesion, shows the sharpness of the

Hassler, 1966]|. However, studies of retinal projec-
tions have revealed two parvocellular layers that
subdivide so that the most cawdal section of the
nucleus has four parvocellular leaflets of aliernat-
ing ocular input [Campes-Onega and Glees, 1967;
Tigges and O"Steen, 1974; Kaas 1t al, 1978). In

geniculostriate projections and the oricntation of the
projection columa. Note how many more parvocel-
lular than magnocellular neurons project to the same
region of cortex. The arrow marks the end of a
second column of degeneration related to a second
lesion. From Kass et al | 1972]. Mcdial, left.

addition to S layers of small cells, Fitzpatrick et al
[1983] noled that a displaced portion of MI is
sometimes found ventral to ME in squirrel mon-
keys. Laminar patierns of the LGN of two other
diurnal Cebidae, the spider monkey (Aleles} and
the saki monkey (Pitheciaj, are gencrally similar
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to that of squirrel monkeys. Weak interlaminar
zones are apparent in parts of the parvoceflular
mass, but retinal projections reveal two basic layers
with large leafiets in the caudal half of the nucleus
[Kaas et al, 1978; Florence et al, 1986).

The LGN of marmosets, members of Callithri-
cidae, has been described by Le Gros Clark [ 1941],
Chacko [1954], and Kaas et al {1978). The organi-
zation of the LGN of marmosets is generally simi-
lar to that described for squirrel monkeys, except
that the amount of interdigitation of leaflets of PI
and PE is not as extensive. In the S layers, only the
retinal input from the contralateral retina is distinct
{Kaas et al, 1978).

01d Wortd Monkeys. These monkeys are usually
divided into two subfamilies—the Cercopithecinae
including macaques, baboons, patos monkeys, and
others, and the Semnopithecinae, including lan-
gurs, proboscis monkeys, and colobus monkeys.
Most reports on laminar organization have been
limited 1o members of a single genus, Macaca [Le
Gros Clark, 1932, 1941b; Le Gros Clark and Pen-
man, 1934; Chacko, 1948; Matthews et al, 1960;
Kanagasuntheram et al, 1969; Campos-Ortega and
Hayhow, 1970; Giolli and Tigges, 1970; Hendrick-
son et al, 1970; Hubel et al, 1977, Kaas et al,
1978]. The LGN of macaque monkeys resembles
that of squirrcl monkeys, except thal interlaminar
zones are distinct between the parvocellular layers
and the two parvocellular layers interdigitate to a
much greater degrec. At some levels, the two inter-
digitating layers appear as four laminae. In fact,
the macaque’s LGN has traditionally been de-
scribed as having four parvocellular layers. Al-
though Le Gros Clark [[941b] and Chacko [1948]
realized that the four parvocellular layers fused
rostrally to become two layers, the two layers were
regarded as composites of four, rather than subdi-
visions of two, probably because this number of
layers was essential for Le Gros Clark’s 11941a)
theory of color vision. The parvocellular leaflets
often, but not always, subdivide further to form
smaller interdigitating protrusions or subleallets
|Kaas et al, 1978] that Le Gros Clark and Penman
11934) recognized as subsidiary layers, Parvocel-
lular leafets and sublcaflets are also apparent in the
parvocellular mass of baboons (Fig. 6) [Kaas et al,
1972. Campos-Ortega and Hayhow, 1970} and
grivet monkeys |Kanagasuntheram et al, 1969). In
each of these monkeys, the leaflets and subleaflets
are separated by narrow, but quite distinct, cell-

poor interlaminar zones. The PI-MI interfaminar
zone is typically broad, and it contains a scattering
of lightly staining ncurons, whereas the S region is
indistinct and has only a few cells. However, sep-
arate groups of S cells with ipsilatcral or with
contralateral retinal inputs can be identified | Kaas
et al, 1978].

Apes and Humans. Besides humans, the homi-
noids include our close relatives, the chimpanzees
and gorillas: our more distant retatives, the orang-
utans; and our even more distant relatives, the
gibbons and siamangs. Gibbons and siamangs have
simple lamination patterns in the LON, without
inierdigitation of parvocellular layers, whereas
other hominoids have more complex panierns,
Armstrong |1979] compared the numbers of neu-
rons in the LGN of various hominoids and found
that humans and great apes do not differ signifi-
cantly in number {around 2 million), whereas gib-
bons have about haif as many neurons. Thus, it
appears that some time afler the divergence of the
line leading 1o gibbons, there was a stabilization of
the retinogeniculate system and the relay of visual
information to higher brain centers.

Chacko | 1934b] provided the first detailed de-
scription of the LGN of gibbons. More recent de-
scriptions include those of Kanagasuntheram et al
11969] and Kanagasuntheram and Krishnamurti
{1970] on the LGN of gibbons and siamangs. The
nucleus consists of two undivided parvocellular
tayers, with PE receiving input from the contralat-
eral cye as in other primates, and two magnocellular
layers. In pluces, the magnocellular layers appear
w subdivide. Chacko [1954c] illustrates a brain
section through the LGN of a gibbon where ocular
input was dermonstrated by degeneration after eye
removal and where a ventral group of large cells
whs related to the ipsilateral eye. Thus, a portion
of MI appeared to be displaced so that it was
ventral 10 ME, Smaller scattered cells ventral 1o
ME could represent greatly reduced S layers, but
this is wncertain. Kanagasuntheram et al [1969)
mted a narrow rim of cells over part of PE in
gibbons, and these cells, with demonstrated inputs
from the ipsilateral eye, could be a small leaflet as
displacement from the PI layer. However, except
for these minor complications, the LGN of gibbons
is one of the simplest in laminar structure.

Of the great upes, the chimpanzee has been most
studied. Chacko [ 1954b) gave a detailed description
and reviewed earlier studics. More recently, Tigges

et al [1977] labeled retinal termination from one
eye with an injection of radicactive proline and
provided an excellent serics of photomicrographs
of auorxliograms of sections through the LGN.
The two tayers, Pl and PE, subdivide to form large
Icaflets that inierdigitate 1o form leaflets and sub-
leaflets of allernating ocular input. The interlami-
nar zones are narrow in the parvocellular mass but
widet in the magnocellular region, where they con-
tain many small cells. Scattered cells ventral to ME
suggest an § region, and patterns of retinal input
suggest discontinuous, poorly develuped SE and SI
tayers with ipsilateral or contralaterul inputs.

The human lateral geniculate nucleus has been
described by Balado and Frank | 1937}, Chacko
[1948]. and Hassler [1959]. More recently, Hickey
and Guillery [1979] have illustrated the variability
that occurs in the [aminar patterns, and Hitcheock
and Hickey [1980) have outlined the prenatal de-
velopment of the laminar pattern. There are two
magnocelular tayers and two parvoceliular layers
that subdivide into Icaflets and subleaflets that in-
terdigitate. The caudal half of the nucleus has four
parvocellular leaflets, which sometimes further
subdivide to produce up to six leaflets and subleaf-
lets. The interfaminar zones are distinct and narrow
in the parvocellular mass. The interlaminar zones
are pencrally wider in the magnocellular region,
where they contain a population of small cells. A
scattering of small cells ventral 1o the magnoceilu-
lar suggests a poorly developed S region.

Histachemlstry

The concept that the parvocellulur layers, the
magnocellular layers, and the very small interlam-
inur zones and S fayers constitute thre¢ function-
ally distinct populations of cells is supported by
the histochemical distinctiveness of these groups.
Thus, faminzr differences in the distribution of
acetylcholinesterase, AchE (which hydrolyzes the
neurotransmitter, acetylcholine, and presumably is
distributed with cholinergic synapses), and the ac-
tivity-refated mitochondrial enzyme, cytochrome
oxidase (CO), have been reported, but the rejation-
ship is not a simple one. Diurnal monkeys, both
New World (squirrel monkeys) amd Old World
(macaque monkcys), have higher levels of AchE
activity in magnocellutar than parvocellular layers,
whereas nocturnal New World owl monkeys, noc-
turnal prosimian galagos, and nocturpal tarsiers
have denser levels of AchE in the parvocellular
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layers |Fitzpatrick and Diamond, 1980; Graybiel
and Ragsdale, 1982; Hess and Rockland, [983;
McGuinness and Allman, 1985). The AchE label
appears to be in the neuropil and not somata,
suggesting that it relates to an Ach input that poten-
tiates activity. Pseudocholinesterase (of uncertain
function) is most denscly distributed in the parvo-
cellular layers of at least macaque monkeys |Gray-
bicl and Ragsdale, 1982]. Finally, studies of the
distribution of cytochrome oxidase (CO) in the
LGN layers suggest that the magnocellular layers
have the highest level of maintained activity, the
parvocellular layers have the next highest, and the
S layers and interlaminar zones have the lowest.
Thus, in both squirrel and macaque monkeys, the
magnocellular layers stain the most densely for
CO, the parvocellular stain less densely, and the
interlaminar zones and the S layers show litile
reactivity for CO {Hess and Rockland, 1985; Ka-
geyama and Wong-Riley, [984; Kennedy, 1985].

Retinal Inputs

The laminar patterns of projections from each
eye are summarized in Figure 3. In brief, the
internal magnoceilular and internal parvocellular
layers receive inputs from the ipsilateral eye, and
the external magnocettular and external parvocel-
lular layers receive inputs from the contralateral
eye in all primates. Leaflets and subleaflets stem-
ming from these parent layers receive inputs from
the same eye as the parent layer. In prosimians
with koniocellular layers, KE receives contralat-
eral and KI receives ipsilateral inputs. When lam-
inar patterns of retinal input to the S region are
apparent, the contralateral input is internal {SI) to
the ipsilateral input (SE). Other retinal inputs ler-
minate in the interlaminar zones. This is most
obvious for the inputs from the contralateral retina
in the interlaminar zone between the magaocellu-
lar and parvocellular regions (Ipm) of both New
World and Old World monkeys [Kaas et al, 1978,
Fitzpatrick et al, 1983]. However, sparser inputs
from the ipsilateral retina also terminate in [pm.

It appears that inputs from three major classes
of ganglion cells are segregated in different lami-
nar regions of the LGN [see Rodieck, this volume,
for a detailed discussion of ganglion cell classes].
In galagos [Itoh et al, 1982}, monkeys {Leventhal
et al, 1981; Perry et al, 1984; Fitzpatrick et al,
1983}, and most probably all primates, larger cells
with thick axons project to the magnocellular fay-
ers, smaiter cells with thinner axons project (o the
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parvocellular layers, and the smallest cells with
the thinnest axons project to the interlaminar zones
and koniocellular layers. The large cells projecting
to the magnocellular layers have been called pri-
mate Y or alpha cells afier their apparent homol-
ogy with Y cells or alpha cells of the cat retina
{among the many types of evidence to support this
hypothesis, a monoclonal antibody that binds the
cells with alpha cell input in the LGN of cats also
binds 1o the magnocclular celfs in monkeys [see
Hendry et al, 1984]). Rodieck (this volume} refers
1o Y ganglion as parasol cells, and in macaque
monkeys they constitute about 10% of the ganglion
cells {Perry et al, 1984]. The Y cells also project
to the superior colliculus |eg, Perry and Cowey,
1984}, apparently ofien by collateral branches (Fig.
2) [see Weller and Kaas, 1984]. Likewise, the
medium-size cells projecting to the parvocellular
tayers have been called primate X or beta cells
afier X or beta cells in cats. Rodieck refers to
these X cells as midget ganglion cells. They appear
10 project exclusively to the parvocellular layers
and make up 80% of the ganglion cells in the retina
of macaque monkeys. Small cells in the retina
project to the koniocellular layers in galagos [lioh
et al, 1982] and, judging from the caliber of ter-
minals, probably to the interfaminar zones of mon-
keys and other primates. These cells have been
called W cells or C cells after a somewhat hetero-
geneous group of cells in the cat retina.

The distribution patierns of individual axons in
the lateral geniculate nucleus have been most ex-
tensively studied in macaque monkeys. While ax-
ons may branch before reaching the zonc of
termination, only singlc zones of terminal arbors
are formed |M. Conley and D. Fitzpatrick, per-
sonal communication]. Arbors in the thin magno-
ccllular layers generally fill most of the thickness
of the layer while being confined to the layer.
Arbors in the interlaminar zones appear o be con-
fined 10 those zones. Arbors in the parvocellular
layers arc typically restricted to par of the thick-
ness of a layer and even to part of the thickness of
a leaflet. All retinal inpwts, judging from the re-
stricted terminal arbors, would appear (o be capa-
ble of activating only a small lucal population of
celis. Retinal inputs are presumed o be excitatory,
and they appear (o provide the major driving input
to the LGN.

Other Inputs

In terms of numbers of projecting neurons, the
major input to the LGN is from visual cortex. This

input arises almost exclusively from neurons of
layer VI leg, Lund et al, 1975] of primary visual
cortex, arca 17, or area V-I {see Kaas, 1974; Weller
and Kaas, 1981; Allman, this volume, for details
on cortical visual areas). Neurons in layer Vi of
area 17 have complex reccptive field propertics,
large receptive ficlds, orientation specificity, and
ofien direction selectivity (eg, Dow, 1974]. In ma-
caque monkeys, pyramidal cclls in the upper half
of layer V1 project 10 the parvecelivlar layers,
whereas pyramidal cells in the deeper half of layer
VI project (o the magnocellular layers [Lund et al,
1975}. Terminations from area 17 are concentrated
in the parvocellular and magnocellular layers in
monkeys, but they are also found in the interlami-
nar zones and S layers [Lin and Kaas, 1977; Hol-
lander and Martinez-Millan, 1975; Hollander,
1974]. in galagos, terminations are dense in all
layers and in the interlaminar zonies |Symonds and
Kaas, 1978; Raczkowski and Diamond, 1978a).
The inpw to LGN from area 17 appears lo be
excitatory, but synapses on inhibitory neurons in-
directly produce inhibitory effects |sec Marrocco
and McClurkin, 1985]. The cortical inputs appear
to modulate the activity of LGN neurons and 10
contribute 1o excitatery and inhibitory surrounds
of receptive Ffields {Marrocco and McClurkin,
1985}.

Other cortical inpuls (o the LGN may include
arca 18 (V-11) and the middle temporal visual area
(MT). Lin and Kaas |1977; also scc Graham et al,
1979 reported that in owl monkeys, sparse projec-
tions from arca 18 and MT were distributed over
the magnocellular and S layers and the adjoining
interlaminar Zones. Projections from  prestriate
cortex to the LGN have also been noted in ma-
caque monkeys [Wong-Riley, 1977; Hendrickson
et al, 1978], and injections of horseradish peroxi-
dase in the LGN of macaque monkeys labeled a
few cells in the region of MT {Hendrickson el al,
1978]. However, projections from MT (o the LGN
were not seen in galagos [Wall et al, 1982 or in a
recent study of MT projections in macague mon-
keys [Underleider et al, 1984].

Ascending inputs from the brainstem to the LGN
have becn regarded as the substrate for modulation
of excitability associated with eye movements and
attention, Subcortical extraretinal inputs 1o the
LGN have not been exiensively studied in pri-
mates, but they have been reviewed for mammals
in general by Burke and Cole [ 1978] and deseribed
in cats by Hughes and Mulilikin {1984]. Important
visual inputs are from the superior colliculus and

pretectum. The projections from the superior col-
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Anather subcortical input is from the visual por-

liculus are of fine caliber and terminate in the tion of the reticular nucleus of the thalamus (see
interlaminar zones and S layers in monkeys and in  subsequent section for further description). These
the koniocellular layers and inicrlaminar zones in  neurons receive inputs from visual cortex and in-

galagos |Fizpatrick et al, 1980; Partiow et al,

hibit LGN neurons by releasing the inhibitory neu-

1977; Harting et al, 1978, 1986; Huerta and Hart-  rotransmitter, GABA [Hendrickson et al, 1983).

ing, 1984). Since the superior colliculus layers

Other inputs to the LGN are from structures that

projecting 1o the LGN receive retinal input (sce project broadly in the brainstem and are not strictly

below), the superior colliculus as well as the direct
retinal projections could be providing W-ccll in-
formation to the LGN |see Weber et al, 1983).
Projections from the pretectum are concentrated in
the parvocellular layers in galagos (Harting et al,
1986]. The nucleus of the optic tract provides a
major source of pretectal inputs, al least in cals
{Hughes and Mullikin, 1984]. Inputs from the para-
bigeminal nucleus, a visuomolor structure (see be-
low), are largely to the interlaminar zones and
koniocellular layers of galagos [Harting et al,
1986]. Inputs from the parabigeminal nucicus could
provide information abowt motor signals produc-
ing cye movements. Neurons in the parabigeminal
nucleus are positive for choline acetyliransferase
|Fitzpatrick et al, 1985], and they appear to be the
major source of lateral geniculate terminations us-
ing acetylcholine as a transmitter |see Fitzpatrick

and Diarmond, 1980).

visual. Neurons from the locus coeruleus, using
norepinephrine as a transraitier, project 1o the LGN
|Fitzpatrick et al, 1985] and (o cther brainstem and
cortical structures. Other inputs include the raphe
nuclei and pontine reticular formation neurons that
are part of a widely projecting serotonergic system
{Fitzpatrick et al, 1985].

Cortical Projections

The bulk of the neurons in the LGN of primates
project to primary visual cortex, area 17, or striate
cortex. A few neurons have projections 10 cxira-
siriale conex, at least in macaque monkeys, and a
small percent of the neurons do not project to
cortex, but are intrinsic neurons (sce below). The
details of the projection patierns have been deter-
mined for galagos, several species of New World
monkeys, and macaque monkeys. Most features of
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Fig. 7. Projection patterns from the lateral genicu-
late nucleus to cortex. The pattern shown for galagos
may apply to lorises and lemurs as well, and the
paticren shown for monkeys may also apply to apes
and humans. Layers in striste coriex have been
named differently by various investigators, so ter-
minations in lower layer Ll have been described in
the upper sublayer of layer §V by some authors. For
reasons outlined elsewhere feg, Weber et al, 1983,

we use Hassler's [1969] terminology rather than
Brodmann's [1909] for layers of cortex. Note that
the projections of the dilferent types of layers are
segregated in corlex and that the terminations of the
koniocellular layers of galagos resemble those of the
§ layers and interlaminar zones of monkeys. SC,
superior cofliculus inputs, Other conventions as in
Figures 2 and 3.
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these projection patterns probably apply to other
primates as well.

The two basic projection patterns from the LGN
to cortex are shown in Figure 7. In galagos |Glen-
denning et al, 1976; Casagrande and DeBruya,
1982; Diamond et al, 1986] and monkeys {Hen-
drickson et al, 1978; Winficld et at, 1981; Hubel
and Wiesel, 1972; Livingstone and Hubel, 1982,
Weber at al, 1983; Fizpatrick et al, 1983; Dia-
mond et af, 1986], the parvocellular layers, the
magnocellular layers, and the interlaminar zones,
together with the S layers and koniocellular layers,
all relay to different laminar levels in striate cortex
(Fig. 7). The parvocellular layers project to the
inner half of layer IV, less densely to inner layer
I in monkeys, and lightly 10 the inner part of
layer VI. The magnocellular layers project to the
outer half of layer IV and possibly in a minor way
to the outer half of layer V1. The interlaminar
zones, the S layers, and the koniocellular layers
contribute terminations to layer | and parts of layer
1. Thus, the parvocellular X-like, the magnocel-
lular Y-ike, and the koniocellular W-like inputs
are sepregated in striate cortex.

Although the segregation of functionally distinct
pathways to cortex seems to be a feature of the
geniculocortical relay in galagos, New World
monkeys, Old World monkeys, and probably all
primates, the details of how these inpuls terminate
in cortex vary according lo species. The most
notable variation is in the areal distribution of
inputs from the magnocellular and parvoceltutar
layers in cortical layers Il and IV. In some pri-
mates, these inputs are sharply segregated accord-
ing to the ocular inputs of the projecting geniculate
layers. Cells relaying information from the right
eye project to distinctively different groups of cells
from cells relaying information from the left eye.
In macaque monkeys, for cxample, inputs from
the left eye lerminate in parrow, 0.5-mm-wide
bands of layer [V cells that alternate with similar
bands of terminations related to the right eye. This
ocular segregation is the anatomical basis of the
well-known *“ocular dominance columns™ of cells
most activated by one eye or the other in the cortex
of many primates and cats [for review, sce Hubel
and Wiesel, 1977]. The ocular input paterns o
area 17 can be casily and clearly demonstrated by
geniculate or eye injections of certain tracers such
as tritiated amino acids or wheat germ agglutinin.
In typical fromal or parasagittal brain sections,
these alternating inputs often appear as “col-
umns,” but a complex arrangement of alternating

bands of right and left eye inputs is apparent in
brain sections cut parallel to the surface and
through layer V. All Ol World monkeys, apes,
and humans apparently have such strongly segre-
gated inputs in fayer IV {see Florence et al, 1986,
for review]. In contrast, ocular inputs from the
lateral geniculate overlap extensively in most New
World monkeys. At best, only a weak tendency
for ocular inputs to partially segregate and form
bands is apparent. An exception is that New World
spider monkeys demonstrate a modest tendency
for ocular bands 10 form, especially in regard 10
the inputs related to the ipsilateral eye. These col-
umns, less than 0.4 mm in width. are sornewhat
less wide than those in macaque monkeys. In other
New World monkeys, weak ocular bands can be
produced by disrupting the normal ocular balance
by rearing with one cye closed, thus suggesting
that a weak tendency toward ocular segregation
may normally exist [see Florence et al, 1986, for
further discussion|. Finally, a moderate amount of
segregation is found in the ocular inputs 1o striate
cortex of galagos. Overall, these findings suggest
that the potential or tendency for the segregation
of ocular inputs is ® primate characteristic and that
ocular bands in ¢briex evolved independently in
several lines of descent. The separation of inputs
into ocular dominance columns may not be related
to function in a simple way but may be the result
of general adjustments in the development of the
visual system |see Constantine-Paton, 1982; Kaas,
1936].

Species differences also have been noted in the
input from the W-cell relay to layer IIL. Inputs to
layer [l in galagos |Casagrande and DeBruyn,
1982}, squirrel monkeys | Weber et al, 1983; Fitz-
patrick et al, 1983], and macaque monkeys [Liv-
ingstone and Hubel, 1982) produce patches or
“puffs” of inputs to layer III. Each patch is sur-
rounded by cortex without this input, and each
patch overlaps a region of high metabolic activity
that can be revealed by the presence of high
amounts of the enzyme cytochrome oxidase (the
CO patches). The major feature of species differ-
ence is that these patches show no systematic re-
lationship 10 layer IV inputs in galagos and New
World monkeys, whereas they are arranged in rows
along the junctions of the ocular dominance bands
in macaque monkeys [see Carroll and Wong-Riley,
1984, for review].

In addition to neurons projecting to striale cor-
tex, the LGN of macaque monkeys, and perhaps
other primates, has a few neurons projecting o

extrastriate cortex, including the second visual area
(V-11), and cortex immediately rostral to V-11 |Be-
nevento and Yoshida, 1981; Fries, 1981; Yukie
and lwai, 1981; Bullier and Kennedy, 1983). Al-
though a few of these scaltered neurons with extra-
striate connections are found in the parvocellular
and magnocellular layers, the vast majority are
located in the interlaminar zones. Some of these
neurons alse appear to project via collaterals 10
striate coriex {Bullier and Kennedy, 1983}. Given
that the input to imerlaminar zones is directly or
indirecily from W-like cells, the projections o
extrastriate cortex from the LGN appear (o relay
largely Wcell inforrmation.

Morphological and Physiological Charactertstics of

Neurons

Neurons in the different sets of layers in the
LGN are morphologically and physiologically dis-
tinct. One traditional distinguishing feature is cell
size. The magnocellular and parvocellular layers
reflect the easily recognized difference in neuron
size in these layers. In addition, Le Gros Clark
[1941] and others also noted that the cells in the
interlaminar zones of monkeys are typically even
smaller than those in the main layers. Likewise,
neurons in the two layers inseried between the
parvoceflular layers in prosimians have been de-
scribed as smaller than in other layers [eg, Has-
sler, 1967). Because these tayers consisted of cells
smaller than the parvocellular layers, we intro-
duced the term koniocellular layers [Kaas et al,
1978], since the koniocellular divisions of cortex
are those with the smallest (powderlike) neurons.
Measurements have confirmed the observations
that layers have newrons of different sizes. The
laminar differences in average heuron size are
typically pronounced regardiess of species [see
Casagrande and Joseph, 1980; Norden and Kaas,
1978). In squirrel monkeys, for example, magno-
cellular neurons have a mean soma area of 154
um?; parvocellular layers, 119 pmz; and interlam-
inar neurons, 76 pm?® (Fitzpatrick et al, 1983]. In
galagos, the proportionate differences are similar,
though the overal! sizes of cells may be somewhat
larger (processing and measuring differences
across studies can contribute (o such apparent spe-
cies differences). Thus, reported values for gala-
gos are: magnocellular layers, about 450 um?®;
parvocetlular layers, about 360 gm?; koniocellular
layers, about 180 gm? [Casagrande and Joscph,
1980].
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Neurons in the parvocellular layers, magnocel-
fular layers, and interlaminar zones plus koniocet-
lular layers have distinctly different properties {see
Wiesel and Hubel, 1966; Dreber et al, 1976; Sher-
man et al, 1976; Norton and Casagrande, 1982;
Perrington and Lennie, 1984; Irvin et al, 1986] in
response to sensory stimuli, and these propertics
are consistent with the evidence that they ase acti-
vated by X-like, Y-like, or W-like retinal ganglion
cells, respectively (see Table 1). In the parvocel-
lular layers, most cells have a sustained discharge
to standing contrast (Fig_ 8). In addition, the re-
sponses of almost every parvocellular nevron show
lincar spatial summation for visual stimuli, a large
majority of parvocellular neurons in at least diur-
nal monkeys are color selective (color-oppenent}),
and parvocellular neurons have the smallest recep-
tive ficlds for given visual field locations. The
cells in the magnocetlutar layers are predominamly
phasic in response to standing contrast, exclusively
broad-band in spectral sensitivity, sensitive to rap-
idly moving stimuli and stimuli of low contrast,
have large receptive fields, and, because they are
activated by large-diameter Y-cell axens and pro-
ject over Jarge-diametcr axons to cortex, have the
shortest response latencies to electrical stimulation
of the optic tract or visual radiations. Because
there are few cells in the interlaminar zones and in
the S layers, the responses of these neurons have
not been extensively studied |sce Sherman et al,
1976]. The response properties of the neurons in
koniocellular layers and, to a lesser extent, the
interlaminar zones have been studied in galagos,
and they have “W-iike” properties {[rvin et al,
1986; Norton and Casagrande, 1982]. Whereas the
W-cell geniculate neurons are heterogeneous in
terms of many physiological properties, W-cells
are distinguished by long latencies to stimulation
of the optic tract and optic radiations (this is con-
sistent with having input from ganglion cells with
thin axons and projecting to cortex over thin ax-
ons), large receptive fields, low maintained dis-
charge rates, long response latencies to light, and
low peak firing rates. All or nearly all of these W-
like neurons in galagos appear to be influenced by
nonvisual (auditory and tactile) stimuli, whereas
only about half of the neurons in the parvocellular
and magnocellular layers are affected by nonvisual
stimuti.

Because W cells of the LGN project to pufflike
zones of layer 111 of cortex where the neurons lack
orientation selectivity and are highly selective for

color-spatial ineractions in macaque monkeys
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TABLE 1. Propertics of Lateral Geniculate Relay Celis [see Kaas, 1986, for references]

Anatomical

Physiological

Medium-size soma

Medium axons and restricted
terminal arbors in striate
conex

Restricted dendrites
sometimes clonguted in the
plane of isorepresentation

Parvo B (X-like)*

Magno A (Y-like) Large soma

Radially symmetric dendrites
in galago

More varicty in dendritic
arbors and many
translaminar dendrites

Lurge axons and teemingl
arbots in striaie cortex

Small soma
Thin dendrites and few
branches

Konio C (W-like)

Inerlaminar +5 Small soma

Most spectrally dependent and color opponent

Sustained response (o standing comrast

Smatler receptive ficlds

Medium latency (0 optic chiasm shock

Poor activation by fast-moving bars

Poor condrast sensitivity

Lincar spatial summation

No suppression to rondominant eye

Monophasic responsc to moving bar

Medium latency 10 optic chiasm shock

Medium velocity conducting &xons to conex

Specirally broad-band

Trunsien response to standing contrast

Large receptive fields

Short latency to optic chiasm shock

Vigorous response 1o fast-maving bars

Fast-conducting axons to corten

Piphasic (excitation und suppression) 10
muving bar with suppression from
nondominant cye

Both lincar and nonlinear spatial summation

High-conirast sensitivity

Long to medium optic chiasm shock laencies

Large receplive ficlds, heterogeneous
response propertics, brisk to sluggish
Fesponsiveness, many nonconceatric
recepiive fickds

*The cells in the parvocellular, magnocellular, and imterlaminar-koniocellular layers clearly differ, but opinions
vary on how o classify these neurons and if the parvocellular and wmagnocellular ncurons in primates are
homologous with X and Y neurons of cats, respectively (for an allernutive opinion, sec Kaplan and Shapley | 1982];
sec Stonc [1983] for an exicnsive discussion of the X, Y, and W classification).

[Livingston and Hubel, 1984], it is tempting to
infer that the W cells relaie only to color vision.
However, Irvin et al [1986] stress that color is
unlikely to play a major role in the vision of
noclurnal galagos in which the W-cell system and
the cortical puff regions are well developed. The
propertics of the neurons in the puff regions differ
greatly from those of W cells, and the direct W-
cell inputs apparently only modulate neurons ap-
parently activated by X-cell influences relayed
from cortical neurons outside the puffs. Although
neurons in the pulf rcgions appear to be color-
dominated in diurnal monkeys, this may not be the
case in nocturnal monkeys and prosimians.

As for other parts of the thalamus, neurons in
the LGN can be classified as interneurons with

connections confined to the LGN and relay (or
projection) neurons with axons that course to cor-
tex. Relay neurons, of course, rclay information
(o cortex, whereas interneurons presumably mod-
ulate and alter the outputs of relay neurons. The
percentages of relay and interneurons in the LGN
have been 3 matier of debate, and estimates have
been confounded by using indirect criteria such as
neuron size to indicate cell types. inicrneurons
tend 1o be smaller than relay neurons, but some of
the smallest neurons in the LGN project 1o cortex
[Norden and Kaas, 1978]. Relay (or projection}
neurons can be most refiably ientified by a clear
demonstration that they project to cortex. Thus,
injections of retrogradely transported Lracers into
visual cortex have been commonly used to identify
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Fig. 8. Responses typical of parvocellular (P} and
magnocellular (M) neurons in the lateral geniculate
pucleus. The responses to flashed bars of light arc
shown in the “response plane™ format on the lefi and
in the contour plane format on the right. The lower
trace indicates the onset and offsct of a 1-sec flash of
a bar of light, and each subsequent trace, from lower
to upper, indicates the averaged (25 trials) responses
of a ncuron relative to the stimulus. The first re-
sponse trace is for a stimulus location starting oulside
the receplive field, and subsequent traces wre for
subsequent positions moved into and across the re-

projection neurons. In owl monkeys, macaque
monkeys, and galagos, it appears that s many as
90-95% of the neurons in the parvocellular and
magnocellular layers project to striate cortex [Nor-
den, 1979; Norden and Kaas, 1978; Casagrande
and DeBruyn, 1982]. The percentages in the kon-
joceilular layers and interlaminar zones are also
high, but they may be somewhat less. Since pro-
jection ncurons also show degenerative changes
after cortical lesions, degeneration methods have
also been used to estimate numbers of projection
neurons. In macaque monkeys, such procedures
suggest that 95% of the parvocellular neurons are

astivlavinny
IR
1 ]
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ceptive field [see Felleman and Kaas, 1984, for de-
tails]. The contour plane shows only the locations of
the peak responses relative to the stimulus. The par-
vocellular neuron (upper) responded to the stimulus
onset and continued 1o respond at 8 reduced level
throughout the duration of the stimulus. The mag-
nocellular neuron (lower) responded only at the stim-
ulus onser and offset and had a larger receplive field.
[From Felleman and Kaas, unpublished experiments.
Sece Sherman et al, 1976, for similar results from
owl monkeys.]

projection ncurons but that only 85% of the mag-
nocellular neurons are projection neurons [Hamori
et al, 1983]. However, another way of estimating
proportions of relay and intrinsic neurons is to
identify neurons using the inhibitory neurofrans-
mitter gamma-aminobutyric acid (GABA). Projec-
tion neurons are regarded as providing excitatory
relays to cortex, whereas intrinsic (local circuit)
neurons are viewed as providing inhibition in the
thalamus. The distribution of neurons that are im-
muncreactive for glutamic acid decarboxylase
{GAD), the synthesizing enzyme for GABA, or
for GABA probably represents most or all of the
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distribution of intrinsic neurons. In agreement with
conclusions based on cortical injections, the vast
majority of ncurons in the LGN of monkeys {Hen-
drickson et al, 1983] and galagos |Fitzpatrick et
al, 1982] appear to be relay neurons on the basis
of not being GAD-positive. However, as many as
25% of ncurons may be GABA-positive, suggest-
ing a higher proportion of intrinsic neurons than
other procedures. Another obscrvation is that
GAD-positive terminations are denser in the mag-
nocellutar than in the parvocellular layers [Hen-
drickson et al, 1983; Montero and Zemple, 1986],
and this observation agrees with the evidence for
more inhibitory activity in the magnocellular lay-
ers |Rodieck and Dreher, 1979] and more inter-
neurons {Hamori et al, 1983].

In keeping with their proposed role as intrinsic
neurons, the GAD-immunoreactive neurons tend
to be smaller than non-GAD ncurons, and they
generally have fewer primary dendrites. In gala-
gos, the oricntations of dendrites of GAD-positive
ncurons depend on the geniculate layer [Fitzpa-
trick et al, 1982]. In the magnocellular layers,
GAD-positive ncurons have radially arranged or
obligue dendrites, the dendrites of such neurons
are perpendicular to the layers and along lines of
prujection in the parvocellular layers, and the GAD
dendrites are oriented parallel to layers in the kon-
iocellvlar layers. Thus, basic features of dendrites
of presumptive interneurons vary according to
layer.

Atternpts have also been made to identify relay
and intrinsic neurons in Golgs and ultrastructure
studies. In Golgi preparations of LGN cells in
primates and other mammals, it is common to
distinguish medium to large neurons with many
branching dendrites as typc | neurons, and small
ncurons with a few, smoothly contoured, and
sparsely branching dendrites as type [! neurons
{see Conley et al, 1985]. Ultrastructurally, type [
neurons are characterized by & rich rough endo-
plasmic reticulum, abundant polyribosomes, large
mitechondria, and numerous lysosomes, whereas
type 1f neurons feature pale cytoplasm, few organ-
elles, and small dense mitochondria jeg. Hamori
et al, 1983]. Type I neurons are thought (o be relay
neurons, and type 11 ncurons are thought to be
intrinsic neurons. Using differences in lipofuscin
pigment to identify type [ and type Il neurons,
Braak and Bachmann |[985] estimated that over
90% of the neurons in the human LGN were type
1 “projection™ neurons.

Retinotopic Organization

The lateral geniculate nucleus of primates, as
for other mammals [Kaas et al, 1972], represents
the contralateral visual hemifield in a systematic
manner. The LGN contains a first-order |Allman
and Kaas, 1971b] or topographic represemation,
in that adjoining locations in the visual hemifield
are adjacent in the represcntation, Thus, there are
no “breaks” or “discofilinuities™ in the represen-
tation. However, in all primates the representation
of the hemificld is greatly distorted so that rela-
tively large amounts of tissue are devoled to cen-
tral vision rather than peripheral vision. This is
especially true of diurnal primates with a fovea.

The right and lefi visual hemifields (Fig. 9) are
separated by a vertical line through the point of
fixation in the visual field. During fixation, the
area centralis or fovea of the retina of each cye is
centerad on the fixation point, and the ventical line
through fixation (the zero vertical meridian) cor-
responds 10 a line on each retina that divides neu-
rons in the temporal retina projecting to the
ipsifateral LGN from neurons in the nasal retina
projecting to the contralateral LGN (the line of
decussation of the rctina). However, the dividing
line is not precise, and ganglion cells in a narrow
1° or so strip along the “line™ can project ipsilat-
eraily or comralaterally [eg, Bunt et al, 1977].

Each tayer of the lateral geniculate receives a
topographically organized input from the nasal
contralateral retina or the temporal ipsilateral ret-
ina (Fig. 2, 5o that a systematic map of the retina
is formed, with the length of each layer corre-
sponding 1o the progression from central 10 periph-
eral vision, the width of the layer corresponding
to the progression from upper to lower field (see
Fig. 2}, and the depth or thickness of the layer
representing the same retinal locations (isorepre-
sentation). Matched visual field locations (rom the
two eyues dre preciscly aligned in adjoining LGN
layers |see Kaas et al, 1972]. To form the retino-
topic map of the visual hemifield in striate cortex,
neurons along “projection lines™ coursing perpen-
dicular to the geniculate layers project to single
locations in striate cortex. Projection lines or col-
umns are easily revealed by placing small lesions
in striate cortex and noting the resulting columm of
degenerated neurons in the LGN (Fig. 6) [Kaas et
al, 1972]. Because the nasal retina sees all of the
contralateral hemificld, including the peripheral
monocutar field (Fig, 10}, the maps in the genicu-
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Fig. 9. The visual fietd of an owl monkey as deter-
mined from recordings in the geniculostriate system.,
The line of decussation {LD) of the retina corre-
sponds o the zero vertical meridian through the
center of gaze. The visuat blind spot, 20° from paze

late layers with input from the contralateral eye
(nasal retina) are more extensive than those for the
ipsilateral eye. Since the maps for inputs from
each eye arc aligned, the larger maps from the
contralatcral eye are not matched by maps from
the ipsilateral eye in the portion of the LGN de-
voled to the monocular field (Figs. 2, 11).

The hasic retinotopic pattern in the LGN s sim-
ilar in all primates (Figs. 2, 11). Peripheral vision
is rostral, central vision caudal, the lower quadrant
medial, and the upper quadrant lateral in the rep-
resentation in the nucleus. The mujor variation is
that the LGN of prosimians is less rotzied from
the gencralized or primitive mammalian position.
Thus, the portion of the geniculate devoted to
central vision is dorsal and medial 1o the portion
devoted to peripheral vision. Another difference is
that more of the geniculate represents central vi-
sion i diurnal primates than in nocturnal primates
(Fig. I1}.
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in owl monkeys, corresponds to the optic disk (DISC)
of the nasal retina. As in other primates, most of the

hemificld is binocular. Modified from Kaas et al
(1972].

.The most detailed maps of the retinotopic orga-
nization of the LGN of primates are those that
have been obtained for macaque monkeys [Con-
nolly and Van Essen, 1984; Malpeli and Baker,
_1975; also see Kaas et al, 1972]. These maps
indicate that the layers with contralateral input
represent about Y0° of horizontal visual field, with
about half of the layer devoted 1o the first 15°, and
the layers with ipsilateral inputs represent about
70-80°. In the parvocellular layers, about {10,000
cells exist within the portion devoted to the first
2.5°, and an additional 1,000,000 cells represent
the other 87.5° or so of visual hemifield {Connolly
and Van Essen, 1984] 10 central vision. In the
magnoceliular layers, proportionately fewer cells
are devoted to central vision, se that 3, 100 neurons
represent the first 2.5° and 140,000 represent the
next B7.5°. Thus. roughly onc-tenth of parvocel-
lufar and onc-fifticth of magnocellular neurons are
devoted to central vision. This difference in the



GALAGO

Fig. 10. The retinclopic (visuotopic) organization of
the lateral peniculate nucleus in galagos, owl mon-
keys, and macaque monkcys. The fateral geniculate
nuclei are shown in parasagittal section. Lincs per-
pendicular to the layers in the lateral geniculate nu-
clei mark projection lines where neurons have
receptive ficlds centered 5°, 10°, 20°, 40°, 50°, or

emphasis of central vision is increased further in
cortex. In the projection 10 the map in siriate
conex, each parvocellular neuron terminates on as
many as an estimated 2,400 target cells for central
vision to as few as 30 for peripheral vision. For
comparison, each magnocellular neuron may ter-
minate on as many as 7,000 neurons for central
vision and as few as 45 for peripheral vision.

Development

Compared 10 many mammals, the visual sys-
tems of all primates are fairly well developed at
birth, so much of the development occurs pre-
natally. Primales are born with their eyes open and
with at least basic visval function. The lateral ge-
niculate nucleus is fully laminated, and the major
posinatal change seems to be an increase in genic-
ulate volume. In macague monkeys, the volume of
the LGN increases by 17% afier birth, but these
changes are complele by 4 weeks and depend com-
pletely on growth of the parvocellular layers [Gout-
lieb et at, 1985). Most of this growth in volume
results from an increase in the amount of neuropii,
since there is no apparent posinatal growth of the
cell bodies of parvocellular neurons and little of
magnocellular neurons (Headon et al, 1985), and
there is an aclual postnatal decrease, following a
prenatal increase, of length of dendrites [Leuba
and Gary, 1984]. For different primates, the time
course of such postnatal changes, of course, varies
with rates of maturation, since humans, apes, and

OWL MONKEY

MACAQUE MONKEY

BO® from the center of geze and roughly along the
zero horizontal meridian. In each geniculate, the
upper visual quadrant is medial and the lower visual
quadrant is lateral, as in Figure 2. Conventions for
layers are as in Figure 3. Moditied from Weller and
Kaas |1982].

some monkeys take years to reach adult size and
sexual maturity, whereas some monkeys such as
marmosets and prosimians in general are mature
in about | year. Lateral geniculate ncurons arc
mawre in morphological appearance in Golgi
preparations by two postnatal months in macaque
monkey, and by 9 months in humans |Courten and
Gary, 1982].

Experimental studics of the prenatal develop-
ment of the LGN of primates have largely been
based on macaque monkeys, whereas valuable ob-
servations on the prenatal development of the hu-
man lateral geniculate nucleus have been made on
normal material. The developmental sequences in
humans and macaque monkeys appear to be quite
similar |for review, see Hitchcock and Hickey,
1980; Rakic, 1977]. Early in prenatal develop-
ment, the LGN of these primates is completely
unlaminated and is in a dorsoventrally oriented
position in the latcral thalamus along the oplic
tract. This position and orientation correspond 1o
those retained in adult forms of many generalized
mammals, but in monkeys and humans there is a
progressive rotation, 50 the dorsal pole moves ven-
trally, laterally, and caudally while the ventral pole
moves dorsally, medially, and rostrally. Lines of
projection change from a more rostrocaudal ori-
entalion to a more dorsoventral orientation, and
the representation of the lower visual quadrant
changes from ventral to medial in the nucleus.
Layers siart to appear at about 90 days in macaque
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Fig. 11. Drawing of a Nissl-stained frontal section through the superior colliculus of a
macaque monkey. Seven collicular tayers (I-VIE) and central gray (CG) are indicated.
Note sublayers in layers Il and 1V. Medial is to the right, and dorsal 10 the top.

monkeys and at about 140 days in humans, and
they fully differentiate over a 3-week period. In
macaque monkeys, the retinal inputs from the two
eyes initially overlap, but these inputs become
segregated as the layers differentiate. The restric-
tion of ocular input o the individual layers de-
pends on the presence of input from both eyes
|Rakic, 1981]. Thus, after removing retinal input
from one eye early in development, magnocellular
and parvocellular regions appear, but all regions
receive input from the remaining eye. It appears
from related studics on trec shrews that layers of
different cell types, but not the interlaminar spaces,
develop even if retinal input is completely re-
moved [Brunso-Bechiold and Casagrande, 1981).

Functional Significance
The laieral geniculaie nucleus is the major source
of visual information to cortex. Almost all of the

relay is to one visual arca, the primary field, and
this field is directly or indirectly responsible for
activating almost all of the extensive array of ex-
trastriate visual areas [see Allman, this volume].
The geniculate relay includes all or nearly all of
the output of the retinal X cells, the W-cell influ-
ence from both the retina and superior colliculus,
and most of the Y cells of the retina. Some Y-cell
and W-cell information, first projected to the su-
perior colliculus, may reach cortex via the supe-
rior colliculus projections to the pulvinar,
However, disrupting the geniculocortical pathway
eliminates all X-cell information, perhaps all or
nearly all of the W-cell information, and most of
the Y-cell information from visual cortex.

Given the dependence of the cortical visual sys-
tem on the geniculostriate pathway, it is not sur-
prising that striale cortex or LGN lesions have
severe effects on visual behavior, Although litle
is known about the behavioral consequences of
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Jesioning the geniculostriate system in prosimians
and New World monkeys, the impairments pro-
duced by such lesions in macaque monkeys and
humans appear to be quite similar. [n both humans
and monkeys, object or form vision, as it is nor-
mally understood, is lost. Humans, at least, have
no awareness of seeing anything. Since some vi-
sually guided behavior is possible, the vision of
such patients has been referred 10 as “blindsight.”
However, some investigators believe that some of
the abilities attributed (o blindsight are attributable
to light scarter and the functions of spared parts of
the geniculostriate [seec Campion et al, 1983}.

Systematic studies on macaque monkeys indi-
cate that a few visual functions clearly remain afier
complete removal of the geniculostriate system
{see Pasik and Pasik, 1982, 1983]: 1) Pupillary
constriction to light remains, apparently as a func-
tion of the pretectum. 2) Blinks to increase in
illumination remain as a function of the pretectum.
3) Optokinetic nystagmus recovers as a probable
function of the accessory optic system. 4) Some
spatial localization recovers, apparently as a func-
tion of the superior colticulus. 5) The capacity for
discrimination of 1argets differing in brightress
and total luminous flux recovers, apparently as a
function of the accessory optic system. 6) Discrim-
inations of targets equated for total luminance flux,
but differing in brightness and area or total amount
of contour, recover, apparently owing to informa-
tion relayed from the superior colliculus to the
pulvinar and thereby to cortex. Although the relay
of retinal information is a major function of the
LGN, another, less understood function is to mod-
ify the information in the transfer process. Brain-
stem inputs to the geniculate may modify the
transfer with changes in oculomotor behavior,
atertness, and attention, and direct and indirect
contical feedback may selectively enhance or in-
hibit subsets of geniculate neurons.

THE SUPERIOR COLLICULUS
Introduction

The superior colliculus is a laminated structure
that occupies the rostral tecturn of the midbrain
and plays a dual role in vision: participating in the
transmission of visual information to thalamic
structures associaled with perception, and partici-
pating in the transformation of visual and other
types of information into signals controfling eye
amnl head movements. To some extent, these (wo
roles are comparimentalized within the superior

colliculus, so that the superficial layers may have
a role in perception and anention while deeper
layers mediate visuomotor functions. Although the
primate superior colliculus has not been studied as
exlensively as the (ateral geniculate nucleus, evi-
dence 10 daie suggests that its structure, connec-
tions, and functions are gencrally similar across
primates and across other mammals. The interspe-
cies differences that are apparent are discussed
below.

The Laminar Pattern and Histochemistry

Seven layers are traditionally recognized within
the superior colticulus of primates and other mam-
mals (Fig. 11)- These layers are arranged con-
centrically around the dorsolateral aspects of the
central gray and are consecutively numbered from
the superficial (layer 1) to the decp (layer VID
aspect of the tectum. Layers predominantly com-
posed of fibers alternate with more ccliular layers.
Thus, layers 1, I, V, and VIl are fibrous, and
layers 11, 1V, and V1 are celtuiar. Some collicular
layers can be further subdivided on the basis of
cytoarchitecture, histochemical characteristics, and
connections. The layers can be grouped into the
superficial layers (I-I10), intermediate layers v
and V), and deep layers (V1 and V. Neverthe-
fess, because of apparent conncctional and func-
tional similaritics, the intermediate and deep layers
are often considered together and can be referred
to as the deeper layers [Huerta and Harting, 1984).

Layer 1 (Stratum Zomale, or S7). Layer 1 lies
immediatcly bencath the pial surface, varies in
thickncess from 20 10 50 um, and is primarily com-
posed of myclinated axons {Lund, 1972] that ter-
minate deeper in the tectum. Most of these axons
course from rostrolateral to caudomedial across the
superior colliculus and are the processes of corti-
cotectal cells [Wilson and Toype, 1970; Lund.
1972; Hubel et al, 1975]. Layer I also contains
dendrites of neurons arising in decper layers
{mainly layer 11), a few small neurons in the range
of 10 gm in diameter, axon terminals, presynaptic
dendrites, and glial cells [Tigges and Tigges, 1975;
Tigges et al, 1973, 1977}

Layer 11 (Stratum Griseum Superficiale, or SGS).
Layer f1 is a 250- to 400-gm thick layer of densely
packed small cells just under tayer I Typicaily, two
sublayers are apparent, although the distinction is
more obvivus in some primates than others, Specif-

ically, in galagos, lorises, marmoscts, squirrel
monkeys, and macaque monkeys, the dorsal one-
half to two-thirds of the SGS is populated by closety
packed, round cells which stain darkly for Nissl
substance; the ventral one-thied 10 onc-haif of the
SGS is populated by somewhat larger, often oval-
shaped neurans which stain more lightly for Nissl
substance | Tigges and Tigges, 1970, Huera and
Harting, 1983].

Stains for cytochrome oxidase, an enzyme asso-
cialed with high levels of neural activity |sce Wong-
Riley and Carroll, 1984], uscfully identify the SGS
as a fayer with a high concentration of the cnzyme
with the superficial sublaycr staining more densely
than the decper sublayer. In macague monkeys and
humans, at lcast, the Layer 11 also staing densely for
acetyfcholinesterase [Graybiel, 1978, 1979; Stam-
palija and Kostovic, 1981].

The types of cells in the superficial gray layer
are fargely known from studics on nonprimate
mammals. Ramon y Cajal |1911] called the layer
the zone of horizontal ceils, and many of the neu-
rons within the layer have dendrites that are ori-
ented in the plane parallel to the layers. Many of
the neurons have restricted dendritic arbors, often
ariented vertically, whereas others have dendrites
that extend in all directions |see Huerta and Hanl-
ing, 1984, for review|. Neurons include a scatter-
ing of GABA-accumwlating types that presumably
arc inhibitory in function [Mize et al, 1982]. Some
of the ncurons appear to be intrinsic, with axenal
connections within amd below the SGS, and many
are projection ncurons with thalamtic connections
{sce below),

Layer III (Stratem Opticwmn, or $O). The stratum
oplicum is so named because it consists mostly of
axons of the retinal ganglion cells that course from
rostrolateral to caudomedial in the superior collic-
ulus to terminate in SGS. Because axons have 1o
terminate along the way, the stratum opticum Is
thicker rostrolaterally. The thickness of the layer
ranges from 200 ym in small prosimians and mon-
keys to 500 um in larger monkeys, apes, and hu-
mans. The stratum opticum contains relatively few
neurons, and these are typically of medium size.
The stratum oplicumn stains very lightly for cylo-
chrome oxidase.

Layer LV (Stratum Griseum Entermediale, or SGI).
Layer [V is the thickest layer of the primate supe-
rior colliculus, ranging in thickness from 800 um
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in galagos to 1,300 um in macaque monkeys. The
SGI contains a mixture of small to large neurons
that arc more densely packed in a dorsal than in a
ventral sublayer. The sublayers are also reflected
by denser cytochrome oxidase s:aining in the dorsal
sublayer. The lower cell packing and lower level
of cytochrome oxidase activity in the ventral sub-
layer are at least in part due to the mixture of axon
fascicles with the neurons. In macaque monkeys
and humans, at least, stains for acetylcholinesterase
reveal dense patches of activity within layer IV
[Graybicl, 1978b, 1979; Ishii and Friede, [967].
Possibly, these patches reflect the uneven distribu-
tion of one of the many afferents that distribute in
a patchy manner in this layer [Huerta and Hanting,
1984],

Layer V (Stratum Album Intermediale, or SAD.
Layer V is one of three deeper [ayers that tend to
merge  architectonically and that are therefore
somewhat difficult 10 separate. Together, they are
about as thick as layer 1V. Layer V is characterized
by axons of cells in layer TV that descend and
course laterally to brainstem targets. Thus, layer V
is thicker and more distinct laterally than medially.
Neurons are loosely packed in layer V.

Layer VI (Stratum Griceum Profundum, or SGP).
Layer VI is composed of looscly packed neurons
of a range of sizes intermingled with myelinated
fibers. The layer is higher in cytochrome oxidase
activity than adjoining layers.

Layer VII (Siratum Album Profundum, or SAP),
The deepest layer, the SAP, is adjacent to the
periaqueductal gray and largety consists of myelin-
ated axons coursing mediotaterally along the outer
margin of the periaqueductal gray, together with a
sparse scaftering of neurons of various sizes.

Connections of the Superficial Layers

Retinal Inputs. Ganglion cells of the retina pro-
vide the major input to the superficial layers of the
superior colliculus in primates and other mammals.
The inputs have a characteristic distribution in the
superficial layers that is somewhat variable among
species (Fig. 13). Patterns of retinal terminations
in the superficial layers have been described for
scveral prosimian primates (Galago [Tigges and
Tigges, 1970, Laemle and Noback, 1970; Weller
and Kaas, 1982; Huerta and Harting, 1984|, Per-
odicticus porto {Giolli and Tigges, 1970], Nyctice-
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Fig. 12. Retinotopy of the contralateral superior colliculi of cat, galago, owl monkey,
and macaque monkey based on recording of neural activity. Lines mark polar coordinates

from the point of fixatior.

bus coucang {Lacmle and Noback, 1970]), a range
of species of New World monkeys {Aofus frivirga-
tus [Weller and Kaas, 1982; Huerta and Harting,
1984], Saimiri sciureus [Tigges and Tigges, 1981;
Huerta and Harting, 1984, Ateles ater |Florence et
al, 1986, Pithecia pithecia |unpublished observa-
tions], Saguinus oedipus |unpublished observa-
tions]), Old Wotld monkeys (Macaca | Wilson and
Toyne, 1970; Hubel et al, 1975, Pollack and
Hickey, 1979; Cowey and Perry, 1980; Weller and
Kaas, 1982; Perry and Cowey, 1Y84]), and an an-
thropoid ape (Pan troglodytes [Tigges et al, 1977)).
In all these primates, the superior colliculus re-
ceives input from both eyes, and the distribution
from the ipsilateral eye differs from that from the
contralateral eye. Typically, the input from the ip-
silateral eye terminates deeper in the colliculus, is
less dense, and is more discontinuous in distribu-
tion (Fig. 13). The ipsilateral input, of course, does
not terminate in the cavdomedial pole of the collic-
ulus, where the monocular visual field i repre-
sented via projections [rom the contralateral cye
(ipsilateral retinal input does, however, reach the
rostrolateral pole, where the vertical meridian is
represenied; Fig. 12). In addition, a small, oval-

shaped region centered in the coiliculus has no
terminations from the contralateral eye. This oval
corresponds to the optic disk of the nasal retina,
which, of course, has no ganglion cells.

The major species differences in the patiems of
terminations are shown in Figure 13. In all prosim-
jans examined, the contralatceral input forms a fairly
uniform distribution throughout the most superfi-
cial third of the superficial gray (layer il). The
ipsilateral input, which is less continuous, fcrmi-
nates in a sublayer just under the contralateral in-
put. This strict segregation of inputs in different
levels of the superficial gray is not seen in other
primaics. The patterns of terminations from the
retina in New World monkeys, Old World mon-
keys, and apes appear 1o be roughly similar in that
both the ipsilateral and contralateral inputs are dis-
continuous, although the ipsilateral inputs are more
so, and the ipsilateral terminations tend to be deeper
but not completely segregaled at a deeper level
from the contralateral inputs. The rostrolateral col-
liculus, where central vision is represented, tends
1o have very sparsc retinal terminations, but this
feature is less marked in the nocturnal owl monkey
than in diurnal monkeys with foveal vision. The

Subcortical Visual Sysiem M9

Fig. 13. Schematic representation of distribution of retinal projections to binocular
portions of the colliculi of the cat, galago, owl monkey, macaque monkey, and chimpan-
zec. Drawing of chimpanzee material is after autoradiogram (level 699} in Tigges ct al

11977].

inputs to the rostrolateral colliculus are so reduced
in macaque monkeys, for cxample, that the first
studies with relatively insensitive tlechniques failed
to reveal any retinal terminations in the represen-
tation of foveal vision. This relative sparscness of
retinal input relates to an expansion of central vi-

sion in the tectum that is greater than the increase
in retinotectal projecting cells in the central retina
(see below).

Injections of retrogradely transported tracers into
the superior colliculus reveal that for galagos {un-
published observations], squirrel monkeys [unpub-
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lished observations), macaque monkeys [Perry and
Cowey, 1984}, and presumably all primates, the
projection to the superior colliculus is confined to
the nasal hemiretina of the contralateral eye and the
temporal retina of the ipsilateral eye, with a line of
decussation through the fovea or area centralis.
However, atong the line of decussation there is a
narrow strip of rctina where cells projecting to one
side of the brain or the other are mixed. These
studlies also indicate that only a minority of gan-
glion celis project 10 the superior colliculus, and
that the cells are only of cenain classes. In macaque
monkeys, for example, Perry and Cowey [1984]
estimate that only 10% of the ganglion cells (about
110,000 from cach eye) innervate the superior col-
licutus. Most of the retinal ganglion cells (R0% or
more) belong to the X-like class, and this class
projects exclusively to the parvocellular layers of
the lateral geniculate nucleus {see LGN section).
However, ganglion cells in the Y-like class project
to both the lateral geniculate nucleus and superior
colliculus, in part via collaterals. The heteroge-
neous W-like “class™ also provides inputs o both
the Tateral geniculate nucleus amnd the superior col-
liculus, Since the X-like cells rapidly increase in
both numbers and proportions toward centrat vi-
sion, the relative projections of the Y and W classes
are reduced. Since the propontion of the superior

dorsal lateral gebiculate.

colliculus devoted to central vision iy roughly com-
parable to that of the LGN, retinal terminations in
the representation of central vision in the rostrolat-
eral colliculus are sparser than elsewhere.

Coetical Inputs. Injections of retrogradely trans-
ported tracers into the superior colliculus indicate
that most areas of neocortex project to the superior
collicuius, and injections of anterogradcly trans-
ported tracers into cortical ficlds demonstrate that
many of the projections are o the superficial layers
of cortex. In general, the projections are from ncu-
rons in contical layer V, ipsilateral, topographically
organized, uniformly distributed across the hori-
zontal dimension of the colliculus, and related to
different depths in the superficial gray according to
cortical field. The major cortical inputs to the su-
perficial colliculus layers are from the subdivisions
of visual cortex.

Visual inputs

A larpe extent of the posterior half of ncocortes
is visual in function |sec Allman, this volume|,
and apparently all of this cortex projects to the
superior colliculus. In macaque monkeys, for ex-
ample, large injections of horseradish peroxidase
in the superior colliculus label neurons throughout

all known visual areas [Fries, 1984), and injections
in various subdivisions of visual corex in owl
monkeys [Graham et al, 19791 all demonstraie
terminations in the superficial layers of the collic-
ulus {Fig. 14). Most of the input is from ipsilateral
visual arcas, but some input is from contralateral
coricx |eg. Distel and Fries, 1982].

Collicular projections from primary visual cor-
tex have been well cstablished in a number of
primute species. In prosimians [Tigges ct al, 1973;
Symonds and Kaas, [978], New World monkeys
{Spatz et al, 1970; Graham et al, 1979; Tigges and
Tigges, 1981}, and Okl World munkeys [Wilson
amd Toyne, 1970; Ogren and Hendrickson, 1976],
this projection is homaotopic and overlaps the reti-
nal terminations in the stratum griscum superfi-
ciale. Cells projecting to the superior colliculus
arc largely layer V pyramidal cells with some layer
VI celis |eg, Fries, 1984). The layer VI cells
projecting to the superior colliculus include the
large Mcyncrt cells, which also project to the mid-
die temporal visual arca (Fig. 16) [see Allman,
this volume; Kaas, 1986]. At least half of the
Meynert cells project via collaterals the same in-
formation to MT and the superior colliculus [Fries
ct al, [985]. Since layer V cclls also project to the
pubvinar |eg, Lund et al, 1975] and (o the region
of the pons projecting to the cercbellum {Glick-
stein et al, 1980|, neurons projecting to these tar-
gets may have axons that also branch to the
superior colliculus. Apparently all of the informa-
tion projected 1o the superior colliculus from area
17 is from cells dominated by Y-like retinal gan-
glion cell influcnces and with orientation-sclective
and often direction-selective receptive ficlds |Fin-
lay et al, 1978; Schiller et al, 1979].

Projections from area IB (V-I1) to the superior
colliculus have becn described for New Waorld and
Old World monkeys |Graham et al, 1979; Tigges
and Tigges, 1981, Fries, 1984] and probably cxist
for all primates. The inputs from V-1l are humo-
topic (retinofopic), originate from layer V cells,
and terminate slightly decper in the superficial
gray than the inputs from VI (Fig. 14).

The middle temporal arca (MT) is the only other
visual area that has been identified with certainty
in a range of primate species. Projections from
MT to the superior colliculus have been demon-
strated for galagos [Wall ct al, 1982), New World
monkeys [Spatz and Tigges, 1973; Graham ct al,
19794, and Old World monkeys |Ungerleider et al,
1984]. The projections are in topographic register
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with the retinotopic organization of the superior
volliculus, originate from layer V cells, and ter-
minate deep in the superficial gray. Neurons pro-
viding this inpw, judging from the response
characteristics of 95% of the ncurons in MT [uee
Kaas, 1986; Allman, this volume, lor review], are
oricntation- and direction-selective, are not color-
coded, and appear to represent a higher level of
processing of Y-like ganglioa cell information.

Less is known about the contributions of uther
areas of visual conex to the superior colliculus.
Apparently, layer V cells in all parts of visual
cortex provide some input [eg, Fries, 1984]. In
addition, inputs of extrastriate visval areas termi-
nate deeper in the superficial gray than do the
inputs from V-II and V-I |Graham et al, 1979]
(Fig. 14).

Auditory, somatoserwory, molor, and other inputs

In macaque monkeys, there is evidence that both
primary and other auditory ficlds project 10 the
superior colliculus [sce Fries, 1984]. Anterior pa-
rietal cortex, including somatosensory fickls 3a,
Ib, I, and 2, does not appear to project to the
superior colliculus, but some layer V celis in the
region of the second and other somatosensory areas
in the lateral fissure do. Other inputs are from
maotor and premotor areas and frontaf eye fields.
However, the contribution of the motor areas and
frontal eye ficlds is largely or completely to the
deep layers of the colliculus (see below), and the
auditory and somatoscnsory inputs are probably
largely or completely to the deeper layers as well,

Other Inputs. (nher inputs Lo the superficial lay-
ers have not been well documented in primales.
Data from work in cats indicate that pretectal nuclei
and the parabigeminal nucleus project specifically
10 the superficial layers [sce Huerta and Harting,
1984, for review]. A pretectocollicular projection
has been reported in the rhesus monkey [Benevenio
et al, 1977}, and our unpublished prefiminary re-
sults indicate that pretectal nuclei and the parabi-
geminal nucleus also innervate the superior
colliculus of the galago. bul our work docs not
reveal which layers reccive these afferents.

In summary, the superficial collicular layers re-
ceive affercnts from the retina, a variety of visual
cortical arcas, the parabigeminal nucleus, and the
pretectal nuclei. Many of these projections occupy
a panticular zone (which may cross laminar bound-
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aries; Fig. 14), and, except for the apparently inter-
digitating inputs from contralateral and ipsilateral
retinase in simians, most distribute uniformly
throughout sublamina. It is likely that all of these
inputs are topographically organized.

Outputs. The efferent connections of the superfi-
cial layers appear vo be gencrally similar in species
studied so far (Table 2; Fig. 14). The superficial
layers ipsilaterally innervate the parabigeminal nu-
cleus, pretectal nuclei, inferior pulvinar complex,
dorsal lateral geniculate nucleus, and veniral lateral
geniculate nucleus (the pregeniculate nuclevs) in
prosimians [Glendenning et al, 1975, Fitzpatrick et
al, 1980; Harting et ai, 1986], New World monkeys
[Lin and Kaas, 1979; Mathers, 19711, and Old
World monkeys [Harting et at, 1978, 1980; Partlow
et al, 1977; Benevento and Fallon, 1975; Huerta
and Harting, 1984]. Sparse projections to the lat-
cral pulvinar have been noted in some studies on
monkeys |Harting et al, 1980}.

Cells of origin of some of the efferent connec-
tions of the superior colliculus are largely restricted
to sublayers (Fig. 14), so neurons projecting o the
lateral geniculate nucleus occupy the dorsal hall of
layer 1l, and those projecting to the inferior pulvi-
nar are sitvated in the vemtral hatf of layer II
[Raczkowski and Diamond, 1978b; Benevento and
Standage, 1983; Huerta and Harting, 1983]. Pro-
jections to the interfaminar zones and S layers of
the lateral geniculate nucleus in simians and the
interlaminar zones and konioccllular layers in pro-
simians are via thin axons that appear to reflect
relay of W-like ganglion cell information (see Lat-
eral Geniculate section). Projections to the pulvinar
complex seem likely to relay Y-cell inforrnation
(see Pulvinar section).

In summary, the efferent connections of the su-
perficial Jayers appear gencrally similar across the
primate species studied thus far (Table 2; Fig. 14).
These layers innervate pretectal nuclei, the dorsal
and ventral lateral geniculate nuclei, the parabige-
minal nucleus, parts of the inferior pulvinar com-
plex, and, in some primates at least, part of the
lateral pulvinar. Cells of origin of particular super-
ficial tectofugal pathways are often restricted to
specific sublaminae (Fig. 14).

Connections of the Deeper Layers

Inputs. The deeper layers (IV-VII) of the supe-
vior colliculus comprise an important center for
visuomotor integration [Wurtz and Albano, 1980;

Stein, 1984; Schilier, 1984]. Despite their impor-
tance, vastly less is known about the afferents 1o
the deeper layers than is known about inputs to the
superficial layers in primates. In fact, a compre-
hensive list of subcortical inputs has not yet been
published for any primate. Nevertheless, recent
preliminary (unpublished) studies in our laboratory
reveal that most of the deeper collicular afferents
described for the cat [Edwards et al, 1979] are also
present in the galago. As depicted in Table 2, the
deeper collicular layers receive input from a large
number of subcortical structures which are func-
tionally diverse [also see Beckstead and Frank-
furter, 1982, 1983; Hikosaka and Wurtz, 1983a-d].
Such inputs may provide visual, auditory, and s0-
matosensory as well as motor-related information
to the deeper layers.

Several studies have shown that the prearcuate
cortex, including the frontal eye field and area 8 of
Brodmann {1905}, projects heavily, and in a mot-
tled manner, to layer [V and, to lesser exients, to
the remaining decp collicular layers of macaque
monkeys, squirrel monkeys, and owl monkeys
[Kunzle et al, 1976; Leichnetz et al, 1981; Lynch
e al, 1985; Komatsu and Suzuki, 1985; Astruc,
1971; Kunzle and Aken, 1977; Huerta et al, 1986].
A similar projection arises from the inferior bank
of the intraparietal sulcus in macagque monkeys
Lynch et al, 1985}. Like prearcuate coriex, this
cortical region has also been implicated in visuo-
motor function |eg, Hyviirinen, 1982; Mountcastle,
19811.

Other corical inputs to the superior colliculus
arc best known for macaque monkeys. The audi-
tory, posierior parictal, inferior temporal, and fron-
tal premotor areas of cortex appear o project o the
decper layers of the superior colliculus |Fries,
1984]. These contical areas are thought to be in-
volved in selective attention, visuomotor and motor
functions, “spatial™ and “object” vision, audition,
an! somatosensation {see Fries, 1984, for discus-
sion]. Virtually alf of the cortical cells that inner-
vate the decper layers occupy layer V oof their
respective cortical areas |Fries, 1984]. In summary,
& large number of cortical and subcortical struc-
tures carry a great variety of types ol information
to the deep layers of the superior colliculus (Table
2.

Outputs. The outpuls of the deep layers have
been studied in prosimian galagos and Old World
monkeys. In galagos, layers 1V and V have been

reported (o project to the contralatcral brainstem
tegmentum via Lhe predorsal bundle {Glendenning
et al, 1975|. Ipsilateral projections from layers 1V
amd V reach the mesencephalic reticular formation,
intralaminar nuclei, nuclei of the posterior group,
nucleus limitans, and zona incerta [Glendenning el
al, 1975{. It appears that the deeper layers in the
palapo also project to the lateral portion of the
medial dorsal nucleus, subthalamic regions medial
to the zona incerta, and, very sparsely, the lateral
pulvinar [Glendenning et ai, 1975].

In macaque monkeys, the efferent connections
have been studied in more detail. Descending tec-
tofugal axons from the deeper layers reach much
of the brainstem tegmental reticular formation via
two major bundles. The first courses along the
latcral extent of the central gray, crosses the mid-
line in the dorsal tegmental decussation, and travels
ventrocaudally in the predorsal bundle (or tecto-
spinal tract) just off the midline [Harting, 1977].
From this bundle axons distribute to the parame-
dian pontine reticular formation (ie, medial por-
tions of nuclei reticularis pontis oralis and caudalis)
and to nucleus reticularis tegmenti pontis. Further
caudally, deep collicular fibers exit the predorsal
bundle to project to subnucleus b of the medial
accessory olive [Harting, 1977]. The second major
hundle of descending tectofugal fibers travels in the
lateral portion of the ipsilateral tegmentum, distrib-
wting to the mesencephalic reticular formation, ros-
trolateral portions of nucleus reticularis pontis
orafis, the capsule of the inferior colliculus, the
cunciform nucleus, the dorsolateral pontine gray,
and nucleus reticularis tegmenti pontis |Harting,
1977]. Many of these targets relay to the cerebel-
lum; others have connections with oculomotor nu-
clei |see Fuchs et al, 1985; Brodal, 1982].

The deeper collicular layers in macaque monkeys
project 1o a large number of rostral targets, many
of which receive inputs from the fromtal eye fields
and are known or thought to panicipate in visuo-
motor activity |see Huena et al, 1986; Schlag-Rey
and Schlag, 1984; Schlag and Schlag-Rey, 1984].
These include the medial, lateral, and anterior sub-
divisions of the pulvinar; the nucleus limitans-su-
prageniculate complex; lateral portions of the
medial dorsal nucleus; the parafascicular nucleus;
the nucleus of the posterior commissure; the zona
incerta; the rostral interstitial aucleus of the mediat
longitudinal fasciculus; the paracentral nucleus; and
the magnocellular part of the ventral antcrior nu-
cleus [Bencvemo and Fallon, 1975; Partlow et al,
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1977; Benevento and Standage, 1983]. In recent
unpublished swdies, we have found that the ascend-
ing and descending projections of the decper colli-
cular layers of the squirrel monkey strongly
resemble those of macaque monkeys.

In summary, the deeper collicular layers project
to a large number of rostral and caudal targets,
many of which panicipate in visvomotor function
(Table 2). These include parts of the pons that in
turn project to cerebellar zones implicated in eye
movement functions. parts of the pons and mid-
brain with connections with oculomotor nuclei, and
thalamic nuclei thought fo have visuemotor
functions.

Morphological and Physiological Characteristics of
Neurons

The superior colliculus of primates contains neu-
rons of several morphological and physiological
types. The morphological types of neurons in the
primate superior colliculus have not been exten-
sively studied outside the reports of Laemle [ 1981,
1983, but it appears from the studies on humans,
macaque monkeys, and squirrel monkeys that these
primates differ little in the basic types of neurons
and that the neuron types are those also found in
other, more commonly studied mammals such as
cats and rats. Common neurons are stellate or
multipolar cells with primary dendrites lacking
specific orientation, Stellate neurons are distrib-
uted throughout both superficial and deep layers,
but they tend to be much smaller in the superficial
layers, where they are sometimes referred to as
granute cefts. Both projection neuwrons and local
circuit neurons are thought to be of the stellate
morphology. They are suited to gather information
locally over a limited space. Ventical or spindle-
shaped neurons differ by having dendritic orienta-
tions perpendicular to the layers. They, too, are
thought to be both projection and local-circuit new-
rons. Vertical cells gather information over a lim-
ited retinotopic zone and are found in both
superficial and deep layers. Large multipolar neu-
rons with verticaily and horizontally oriented den-
drites occur in the deeper layer, where they have
been catfed pyramidal newrons. They gather infor-
mation over larger portions of the colliculus and
are likely to contribute to descending projections.
Finally, horizontal cells are characterized by a
soma that is fusiform and orientated parallel to the
layers. Dendrites originate from each pole and
extend 500 um or more along the layers. They are
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found in both superficial and decp layers, and they
are likely to be inhibitory interncurons, since they
have Mal synaptic vesicles [Tigges and Tigges,
1975] and conain GABA in cals a1 least {Mize et
al, 1982].

The response propertics of neurons in the supe-
rior colliculus have been studied rather exiensively
[for review, sec Goldberg and Robinson, 1978;
Waunz and Albano, 1980; Sparks and Mays, 1983a;
Schiller, 1984; Chalupa, 1984; Sicin, 1984). Most
of the information comes from studies on macaque
monkeys, and there is little comparative informa-
tion on specics differences.

Superficial Layers. Neurons throughout layers
[-11] are responsive to visual input, and the re-
sponses arc basically consistent with the propertics
of the Y-like ot “broad-band” and W-like or
“poarly responding™ retinal ganglion cells that are
known to project to the colliculus [Schitler and
Malpeli, 1977; Marrocco and Li, 1971]. In keeping
with the Y-like inputs, neurons typically are not
color-selective [however, sce Kadoya et al, 1971b],
have a relatively short latency to visual stimulation,
and respond in a transient manner (0 stimulus onset
or offset.

The receptive fields of superficial collicular neu-
rons are larger than their retinal or dorsal lateral
geniculate nucleus counterparts. As in other visual
structures, the size of the receptive ficld varies as a
function of location in the representation of visual
space, being smaller near the representation of cen-
tral space and larger near the representation of the
periphery [eg, Cynader and Berman, 1972; Lane et
al, 1974). In addition, celis deeper in the superficial
layers have larger receptive fickds than do cells in
less decp parts, even though the receptive field
center occupics the same point in space.

The typical receptive ficld of a neuron in the
superficial layers has a center from which visual
stimuli evoke responses at onset and/or offset and
a suppressive surround or flank which, when stim-
ulated in conjunction with the center, decreases the
response but which, when stimulated alone, does
not produce a response |Schiller and Koemer, 1971;
Goldberg and Wurtz, 1972a; Cynader and Berman,
1972, Updyke, 1974; Schiller and Malpeli, 1977).
In the squirrel monkey, receptive fields with seg-
regaled “on™ and “off™ regions have also been
reported [Kadoya et al, 1971a). Morcover, these
units are concentrated in a specific intermediate
sublamina of layer 1l [Kadoya et al, 1971s]. In

addition, neurons respond to moving stimuli. In
macaque monkeys, onc-fifth or less of the neurons
demonstrate some preference for a particular direc-
tion of movement [Cynader and Berman, 1972;
Goldberg and Wurtz, 1972a; Marrocco and Li,
1977; Schiller and Stryker, 1972; Schiller and Ko-
emer, 1971]. In squirrel monkeys |Kadoya et al,
1971a,b], there may be a somewhat stronger ten-
dency for collicular cells 10 be selective for the
direction of stimulus movement; in the latier mon-
key, units that respond to stationary stimuli are
concentrated in the upper part of layer II, whereas
those responding to moving stimuli are most prev-
alent in the lower pant of layer I and in layer [N
[Kadoya et al, 1971a,b].

The majority of superficial collicular neurons
respond 1o stimuli presented lo cither eye, with one
cye usually being more cffective than the other in
driving responses [Schiller and Koerner, 1971; Up-
dyke, 1974; Marrocco and Li, 1977). Since the
contralateral and ipsilateral retinal projections ap-
pear to be somewhat segregated in the superficial
layers, it might be expected that this binocularity is
conferred upon the superficial neurons by the affer-
ents from striate cortical neurens (which are binoc-
ular) [Finlay et al, 1978]. The binocularity of
neurons in the superior colliculus of cats, in fact,
does depend on visual cortex [Wickeigren and Ster-
ling, 1969]. Despite this expectation, inactivation
or abolition of striate cortical input has litilc effect
on most properties of superficial collicular cells,
including their binocularity [Schiller et al, 1974].
However, il seems possible that the propeny of
direction selectivity, which is present in cortical
cells projecting to the superior colliculus [Finlay et
al, 1978] and not in ganglion cells, is dependent on
cortical inputs. In cats, the direction-sclective prop-
erties of neurons in the superior colliculus depend
on visual cortex [Wickelgren and Sierling, 1969].

In addition o “passive™ physiological propertics
such as those described above, the responses of
superficial collicular neurons to visual stimuli are
also modulated by the behavior of the animal. Su-
perficial cells cither exhibit an increased (en-
hanced) or a decreased (suppressed) response 1o
visual stimuli in relation to saccades. The enhance-
ment is spatially and temporally specific, whereas
the suppression is not spatially specific and may be
the product of corollary discharge [Goldberg and
Wurtz, 1972a,b; Richmond and Wurtz, 1977}
Thus, the visual response is enhanced when an eye
movement is made o the location of the neuron's
receptive ficld, whereas the activity of superficial

cells decreases when the animal makes a saccade
of any size or direction {Geldberg and Wunz,
1972a).

Deeper Layers. As might be expected from the
diversity of cortical and subcortical inputs, the
deeper collicular layers are multimodal. Individual
neurons in these layers respond to auditory, so-
matosensory, or visual stimuli either alone or in
various combinations [eg, Cynader and Berman,
1972, Stein, 1984; Updyke, 1974). These inputs
are represented topographicatly, with the map of
visual space being the same as that present in the
superficial layers and with the size of visual recep-
tive fields positively correlated to depth in the su-
perior colliculus [eg, Updyke, 1984; Sicin, 1984,
Cynader and Berman, 1972]. Unlike those of the
superficial layers, visual responses of neurons in
the deeper collicular layers are dependent on corti-
cal input [Schiller et al, 1974).

Although the intermodal relationships have been
studied more extensively in nonprimates [see Mer-
edith and Stein, 1986, for review], the activity of
deep collicular neurons in relation to eye move-
ments has been stressed in primates. In studies
using awake, behaving rhesus monkeys, deeper
collicular neurons respond prior to saccadic eye
movements of particular sizes and directions [Moh-
ler and Wuniz, 1976a; Schiller and Koerner, 1971;
Schiller and Stryker, 1972; Mays and Sparks,
1980a,b; Wurtz and Goldberg, 1972a], Such cells
usually have a visual receptive ficld, and the loca-
tion of the receptive field is related to the saccade-
related discharge. Specifically, a ncuron will dis-
charge priof to an eye movement if the saccade is
made 1o the region of visual space where the visual
receplive field of that cell is Jocated; this is called
the cell's “movement field.” Moreover, electrical
stimulation in the region of a particular neuron will
elicit & conjugate saccade to the rcgion of visual
space that contains the neuron’s visual receptive
field leg, Schiller and Stryker, 1972]. Thus, move-
ment ficlds are topographically orgunized similar
1o the map of visual space [Wurtz and Goldberg,
1972a; Mohler and Wuriz, 1976a; Schiller and Ko-
emer, 1971; Schiller and Stryker, 1972], although
a relationship between saccades and visuotopic or-
ganization is not a simple onc [Jay and Sparks,
1984; Harris et al, 1980; Sparks and Mays,
1983a,b, Mays and Sparks, 198Ua,b; Sparks and
Ponier, 1983]. The timing of collicular activity in
relation to szccadic eye movements is related to the
depth of the cell in the superior colliculus. Typi-
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cally, celis located in superficial parts of the deeper
layers (eg, in the dorsal part of layer IV) discharge
tens of milliscconds prior to an eye movement.
Neurons located more deeply discharge bundreds
of milliseconds before the saccade. Such evidence
has led some to suggest that the efferent eye move-
ment signals arise from the superficially located
cells of the deep layers [eg. Mohler and Wunz,
1976a.

The eye movement-related activity of deeper
collicular neurons is consistent with the known
pattemns of outputs and inpuis. The deeper layers
project to numerous structures that are known, or
thought, to be involved with eye movements. In
addition, visuomotor cortical areas in prefrontal
cortex (cg. the frontal eye field) and parietal cortex
(the inferior bank of the intraparietal sulcus) also
innervate the deeper collicular layers [cg, Lynch et
al, 1985; Leichnetz et al, 1981; Komatsu and Su-
2uki, 1985; Kunzle et al, 1976; Huerta et al, 1986].

Retinotopic Organization

The organization of the visual input in the supe-
rior colliculus has been studied in a number of
primates including prosimians (Galago [Lane et
al, 1973]), New World monkeys (Saimiri [Kadoya
et al, 1971a], Aotus [Lane et al, 1973], Cebus
{Updyke, 1974]), and Old World monkeys (Ma-
caca [Cynader and Berman, 1972]). In all of these
primates, the superior colliculus contains a topo-
graphic representation of the contralaieral visual
hemifield via both eyes (see Fig. 12 for galago,
owl monkey, and macaque monkey). Central or
foveal vision is represented at the rostrolateral pole
of the superior colliculus, and successively more
peripheral parts of the contralateral visual hemi-
field are represented in a caudaiward progression
across the colliculus. The upper visual quadrant is
represented medially, and the lower visual quad-
rani projects Jaterally. As in other visual struc-
tures, the representation of central and paracentral
vision is proportionately cxpanded in the superior
colliculus so that much of the rostral pole is de-
voted to the central 5° of vision. This feature is
species-variable, so diurnal monkeys with a well-
developed fovea have more of the superior collic-
ulus devoled to the central few degrees of vision
than nocturnal monkeys and prosimians (Fig. 12).
Because of the expansion of central vision, most
of the outer boundary of the superior colliculus
corresponds 1o the zero vertical meridian through
gaze (the line of decussation of the retina), and
only the caudal pole corresponds to the extreme
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periphery, the 10° o so of the contralateral visual
hemifield that is seen only by the contralateral eye.
“This portion of the superior colliculus, of course,
is activated by only the contralateral eye. The
same orderly representation of visual space that is
found in the superficial layers is also present in the
decper collicular layers, except that receptive fields
are larger and the topography is therefore coarser
feg. Updyke, 1974; Stein, 1984a; Cynader and
Berman, 1972).

As stressed above, the superior colliculus of
primates, like the lateral geniculate nucleus, rep-
resents only the contralateral visval hemifield and
does so via both cyes. This type of organization
was lang thought to be present in the superior
colliculus of all mammals. Surprisingly, this has
not proved 1o be the case. The superior colliculus
of most mammals receives input from all parts of
the retina of the contralateral eye and represents
the whole visual field of the contralateral eye,
including the portion of the ipsilateral hemifield
that is seen by that eye [see Lane et al, 1974; Kaas
et al, 1974, for review)]. The inputs from the con-
tralateral eye typically dominate the sparser or
even absent inputs from the ipsilaterat eye. Thua,
in nonprimate mammals, the line of decussation of
the retina relates to the retinogeniculate rather than
the extended retinocollicular projection. Anexcep-
tion may be the megachiropteran bats, where the
superior colliculus appears to represent only the
contralateral hemifield, as in primates [Pettigrew,
1986). The significance of this similarity is uncer-
tain, but bais are generally thought to be more
closely related to primates than most mammals
|see Kaas et al, 1978; Pettigrew, 1986).

Auditory, Somatosensory, and Motor Maps

Whereas the superficial layers (1-111) are exclu-
sively visual, the deeper collicular layers (IV-VII}
teceive visual, auditory, and somatosensory inpiils
and contain neurons related to eye and head move-
ments. The visual, awditory, somatoscnsory, amd
motor modalities are represented topographically
within the deep layers, and thesc represeniations
are in spatial register with each other {eg, Cynader
and Berman, 1972; Stein, 1984; Updyke, 1974,
Mays and Sparks, 1980a,b]. Thus, the rostral pole
of the superior colliculus i3 activated by visual
stimuli in the center of the visual field, auditory
stimuli originating from sources near the midline,
and somatosensory stimuli on the face. Electrical
stimulation (used to reveal motor topography) of

the rostral pole of the colliculus results in almost
no eye movement when the animal is already fix-
ating on central visual space. In contrast, the cau-
domedial pole of the decper collicular layers
contains neurons that are activated by visual and
auditory stimuli presented in the contralateral pe-
riphery and by somatosensory stimuli on the hind
limb, and electrical stimulation of the caudomedial
pole resuits in rather large eye movemems directed
toward the contralateral periphery.

Devalopment

The cmbryonic development of the superior col-
liculus has been extensively studied only in ma-
caque monkeys [Cooper nnd Rakic, 1981, 1983].
In macaque monkeys, which have a gestation pe-
riod of 165 days, the cellg of the superior colliculus
are generated from embryonic days 30 to 56, 90%
of the cells are generated between embryonic days
36 and 48, and over half of the collicular neurons
are born between embryonic days 38 and 43. There
are only slight differences in when cells for differ-
ent laycrs are generated. Specifically, neurons for
deeper layers of the superior colliculus begin being
generated at embryonic day 30, whercas neurons
of layer Il begin generating somewhat later, after
embryonic day 36, In addition, whereas neurons
born from embeyonic days 30 1o 40 are uniformly
distributed rostrocaudally, there are more ncurons
born caudally than rostrally during embryonic days
43-56.

Despite the relatively homogeneous neurogene-
sis of the rhesus monkey's superior colliculus,
lamination is apparent in the rostral tectum by
embryonic day 4. A darkly stained ventricular
zone and central gray and a more lightly stained
superior colliculus can be discerned in Nissl-
stained material. Within the superior colliculus
proper, three zoncs are apparent |Cooper and
Rakic, 1981]. The most superficial is extremely
thin, void of cell bodies, and may correspond 10
tayer [ of the adull. Subjacent to this fiber zone is
a layer of small neurons that stain darkly and that
may contribute mostly to layers [1 and IIl of the
adult. The remaining, deeper part of the superior
colliculus is populated by larger, pale-staining,
round cells. One week later, at about embryonic
day 54 or 55, the superior colliculus has thickened
considerably, and the ventricular zone has thinned
considerably. In addition, a cell-sparse zone, which
corresponds. to layer VI, is obvious just superfi-
cial to the ceniral gray, and layer VE is becoming

distinct from the overlying layer V. Also at this
time, the superficially sitvated band of darkly
staining cells is becoming cytoarchitectonically
diffcrentiated. Specificatly, at rostral levels, the
medial and lateralmost regions of the band remain
composed of small, darkly stained neurons,
whereas a region between these regions is com-
posed of larger neurons which stain more faintly
and which are more loosely packed. The differen-
tiation of the superficial band of cclls (which will
form layer Il and contribute cells to layer III)
continues caudally, medially, and latcrally, so that
by embryonic day 81, most of the superficial band
is composed of large, loosely packed, rclatively
pale-staining neurons. Also by embryonic day 81,
all of the layers present in the adult can be distin-
guished in Nissl-stained material [Cooper and
Rakic, 1983].

Although there is no experimemal information,
the superior colficulus of the human appears to
develop similarly to that of mucaque monkeys.
However, the human development is delayed com-
pared to that of monkeys. Thus, at 9 weeks' ges-
tation the superior colliculus of the human
resembies that of the rhesus monkey at embryonic
day 47 |Stampalija and Kostovic, [981; Cooper
amd Rakic, 1983]. Specifically, in the 9-week fetus
there is an acellular “marginal zone™ superficially;
beneath this zone is a densely and uniformly packed
“cellular plate,” and the decpest region is com-
posed of a “transitional layer™ that comprises less
densely packed cells [Stampalija and Kostovic,
1981}. At L5 weeks' gestation, the marginal zone
has widened, the cellular plate has differentiated
into a dark layer and a light lnyer, and cells have
aggregated into islands within the transitional jayer
|Stampalija and Kostovic, 198[]. Such an aggre-
gation of cells has not been reported in the rhesus
monkey [Cooper and Rakic, 1981, 1983]. One to
two weeks later, a cellular layer [1 and a fibrous
layer Itl are apparent, as arc a “decp cellular
layer,” which contains cell-dense and cell-sparse
islands and which probably corresponds to layer
IV; a “transitional layer,” which may correspond
1o layers V and VI; and a “layer of commissural
fibers,"” which may comrespond to layer VII | Stam-
palija and Kostovic, 1981]. By gestation week 24,
the adult pattern of lamination, with seven clearly
defined layers, is present in the superior colliculus
of the humans [Stampalija and Kostovic, 1981].

The postratal development of the superior col-
liculus has not been well studied in primates. Stein
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[1984b] has recently reviewed the postnatal devel-
opment of the superior colliculus in mammals,
where much of the relevant data have been col-
lecled from cats and rodents. Several general con-
clusions are likely to apply to primates, which
have well-developed visual systems at birth. 1}
Adultlike patterns of retinal inputs and hence retin-
olopic maps are typically present at birth. These
patterns includc adultlike segrepation of ipsilateral
and contralateral retinal inputs (nonprimates with
jong postnatal periods of development before eyes
open may be exceptions {see Cusick et al, 1982]).
Prenatally, retinal projections are widespread and
thus restrict t) form the proper retinolopic maps.
2) Efferents responsible for eye movements are
targely or completely in place by birth. 3) The
response properties of neurons are probably im-
mature, especially in regard to those imposed by
cortical inputs, and they gradually mature,

Functional Significance

The two basic types of outputs of the superior
colliculus suggest a duat role in visual behavior.
The predominant ascending projections of the su-
perficial layers of the colliculus are to the lateral
geniculate nucleus and the inferior pulvinar com-
plex, and these structures, via interconnection with
visual cortex, are critical for object vision, percep-
tion, and visual attention. Thus, the superficial
layers could have a role in perception and atten-
tion. The decper layers of the colliculus, in con-
trast, proiect largely to brainstem centers involved
in generating signals for eye and head movements.
Thus, the deeper layers of the colliculus are im-
portant in visuomotor behavior, The role of the
superficial layers in vision is less certain than the
role of the deeper layers, but other types of evi-
dence further support and elaborate be th roles.

The superficial layers of the colliculus receive
inputs from visual cortex and from the retina, and
the neurons appear to be exclusively or nearly
exclusively visual. Basic respouse features of the
neurons appear to be more dependent on the direct
visual input from the retina than the indirect visual
input from the cortex, but the cortical input may
add imporiant response features such as directional
selectivity. The retinal inputs are from the Y-like
and the W-like classes of ganglion cells, The input
from striate coriex, at least, appears to be from
neurons exclusively influenced by the relay of Y-
like ganglion cell information to striate cortex by
the magnocellular tayers of the lateral geniculate
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nucleus. The overall properies of Y-like newrons,
with rapidly conducting axons and high sensitivity
to contrast change, suggest a role in visual aten-
tion and the localization of moving and changing
objects in the environment |cg, see Kaas, 1986).
The sluggish responses of W cells would seem to
limit their possible role in attention to rapid change,
but they could have a role in persisting changes in
levels of aaention or other aspects of vision [sce
Stone, 1983, for review of hypotheses]. The relay
of the supecficial layers of the superior colliculus
to the lateral geniculate nucleus is from neurons
with thin axons, as for W cells of the retina, and
is to portions of the geniculate nucleus with direct
W-cell inputs. It thus seems likely that the superior
colliculus provides a second, perhaps modified
source of W-cell information to the lateral genicu-
late nucleus. The significance of the subsequent
role of the relay of W-cell inputs to the cytochrome
oxidase “puffs™ and layer | of striate cortex is
unclear, but it scems likely (see section on the
lateral geniculate nucleus) that these inputs modu-
late the responses of cells in the object vision
subsystem related to X-like cells of the retina.

The projection of the superior colliculus to the
pulvinar complex may depend more on the Y-cell
inputs from the retina and projections from striate
coriex from Y-cell-dominated layer V neurons.
The superior colliculus inputs to the pulvinar com-
plex appear to modulale neurons projecting to wide
regions of striale and extrastriate cortex. The Y-
cell system is thought to be important in visual
atlention [eg, Stone, 1983; Kaas, 1986], and thus
the projection of the superficial layers to the pul-
vinar could have a role in visual auention. Lesions
of the superior colliculus produce some deficits
that arc consistent with possible roles in visual
perception and attention. Thus, such lesions pro-
ducc a decrease in the frequency of saccades to
behaviorally irrelevant stimuli in the peripheral
visual space {Albano et al, 1982], a decreasc in the
detection of visual stimuli briefly presented in pe-
ripheral vision [Butier et al, 1978], and an increase
in the time it takes 1o find a visual target hidden in
visual noise {Lauo, 1978].

The role of the superior celliculus in visuomotor
behavior is betier understood. The decper layers
of the superior colliculus receive visual informa-
tion, in part apparently from the superficial layers,
awditory inputs, and somatosensory inputs that in-
dicate where objects worthy of visual attention are

Fig. 15, Major subdivisions of the pulvinar com-
plex. Drawings from fromal brain sections show the
relative pogitions of the lateral (PL), medial (PM),
and inferior (Pi) divisions of the pulvinar in a ma-
caque monkey (Macaca fuscata; Horsley-Clarke
planc A8), an owl monkey {Aotus trivirgatus), and a
galago {Galage senegalensis). The cytoarchitectonic
border of PL with PM is not distinct and is only
approximate in the figures, The anterior or oral di-
vision of the pulvinar is anterior (o the thalamic
levels shown. Other abbreviations are CC, corpus
callosum: Hb, habenula; LG, lateral geniculate; MG,
medial geniculate: R, reticular nucleus; SC, superior
colliculus. Medsal is right.

located. This information is inlegrated by neurons
in the deep layers that project to brainstem struc-
tures that generate the outputs essential for eye and
head movements that allow the foveation of atten-
tion-getting objects (the target localization or fov-
cation hypotheses {see Schiller, 1984, 1972;
Robinson, 1972, for review|). An altemative path-
way with the ability o partially compensate for
damage to the superior colliculus appears 10 be
from the frontal eye fields (o some of the same
brainstem structures innervated by the superior
colliculus [Schiller et al, 1980}. In suppont of the
foveation hypotheses, lesions of the superior col-
liculus produce a general decrease in the frequency
of eye movements [Anderson and Symmes, 1969;
Rosvold et al, 1958; Schiller et al, 1980] and
decreases in saccade velocity, size, and fixation
accuracy [Pasik et al, 1966; Anderson and
Symmes, 1969; Wurtz and Goldberg, 1972b; Keat-
ing, 1974; Mohler and Wuriz, 1976b; Kunz and
Butier, 1980; Schiller et at, 1980]. Deficits in eye
movements are most pronounced immediately after
inactivating the superior colliculus, showing that
other structures rapidly compensate for damage
[Hikosaka and Wunz, 1985, 1986).

THE PULVINAR COMPLEX
Introduction

“Pulvinar” is an eld term, first applied o the
large protrusion from the posterior surface of the
human thalamus [see Jones, 1985, for review].
Most modern workers recognize four divisions
(Fig. 15}, or “nuclei,”™ within the pulvinar com-
plex of at least macaque monkeys—the anterior (or
oral} pulvinar, the medial pulvinar, the lateral pul-
vinar, and the inferior pulvinar [eg, Olszewski,
1952). Since the anterior pulvinar seems {0 merge
with the medial pulvinar, some investigators have
not separated the two, and other investigaiors have
simply distinguished superior (including medial,
laeral, and anierior “nuclei™) and inferior divi-
sions of the complex. In nonprimates, it ia com-
mon to call some part or most of the pulvinar
complex the “lateral posterior” nucleus. However,
in primates, the lateral posterior nucleus is another
thalamic region that is basically somatosensory in
function. Experimental evidence from studies of
connections and electrophysiclogical mapping
studies have greally added to an understanding of
the pulvinar complex, and it is now clear that at
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lcast some of the four main “nuclei” should be
regarded as divisions rather than nuclei, since at
least the inferior and lateral pulvinars appear (o
contain functionally distinct subdivisions that qual-
ify as nuclei. However, our discussion is orga-
nized around the four traditional divisions. Because
information is limited, we do not discuss the de-
velopment of the pulvinar complex. However,
Rakic [ 1974] has described the development of the
human pulvinar.

The Inferior Pulvinar

Architectonic Subdivisions. The borders of the in-
ferior pulvinar are relatively standard, since parnt
of the border is formed by the outer margin of the
thalamus, and ventral and dorsal fiber bands mark
other borders. Archilectonically, the division is
associated with darkly stained and densely packed
neurons, but a number of investigators have noted
that the division is not uniform in appearance. For
example, Hassler [1959] described two divisions
of the inferior pulvinar in the human thalamus.
Other researchers have commonty distinguished a
“posterior nucleus™ on the medial margin of the
inferior pulvinar of monkeys [eg, Mathers, 1971],
and Glendenning e al [1975] noted a separate
“transitional region™ within the inferior pulvinar
of galagos. Our current understanding of the or-
ganization of the inferior pulvinar resulted when
paticrns of connections with subdivisions of visual
cortex and the superior colliculus were related to
thalamic architecture in owl monkeys. This re-
search led to the conclusion that the inferior pul-
vinar contains three separate nuclei—~the central
nucleus of the inferior pulvinar (Plc}, the medial
nucleus of the inferior pulvinar (Ply), and the
posterior nucleus of the inferior pulvinar (Plp)
{Fig. 16). These three nuclei are described first for
New World monkeys and then for other primates.

New World rmookeys

The position of the inferior pulvinar complex
(P1) relative w the lateral pulvinar and other tha-
lamic structures is shown for an owl monkey in
Figure 15. PI is distinguished by the densely
packed and darkly stained neurons, and fiber bands
scparate Pl from the medial geniculate nucleus and
the lateral geniculaie nucleus. The fiber band sep-
arating the superior from the inferior pulvinar is
less apparent, but it is reasonably clear.



Fig. 16. Some connections of the three nuclei of the
infcrior pulvinar in owl monkeys. The Y-like and
W-like, but not the X-like, ganglion cellz of the
retina project to the superior colliculus, which in
torn projects to the posterior (Plg) and central (Pic)
nuclei but not the medial nucleus (Ply) of the infe-
tior pulvinar complex. Plc relays to caudal visval
arcas including primary (V-1) and secondary (V-11)
felds, the dorsolateral (DL) and dorsomediat (DM)
arcas, and probably other ficlds. Ply relays largely
to the middle wmporal visual area (MT), whereas
Plp projects to cortex rosiral to MT. Subdivisions of
cortex with input from P1 also project back 1o Pl (see
text). The drawing of the inferior pulvinar complex
is based on a fromal section with medial to the left.
Ply, protrudes dorsally past the encapsulating fiber
band scparating the inferior from the lateral pulvinar
(PL). In Pl¢, central vision is represented dorsally;
peripheral vision, ventrally; the Jower fickd, medi-
ally: and the upper ficld, laterally. Plyy may have a
parallcl organization with central vision represented
dorsally. Cortical fields include the dorsointerme-
diate arca (D1), caudal, rosiral, and polar divisions
of inferiotemporal cortex (1T, ITg. 1T}, posterior
parictal cortex (PP), temporal posterior cortex (TF),
and ventral visual cortex {V).

In frontal sections, three subdivisions of the in-
ferior pulvinar are apparent (Fig. 16), especially
in sections stained for fibers, since each subdivi-
sion is somewhat encapsulated by fibers [see Lin
and Kaas, 1979]. Differences in connections sug-
gest that each subdivision is a separate nucleus.
The large central nucleus of the inferior pulvinar,
Plc, occupies T0% of the complex in owl monkeys
arxl perhaps as much as 90% in diumnal monkeys.
Thus, Pl is likely to be “the inferior pulvinar™ of

most studies. Ply is distinguished from the rest of
the inferior pulvinar by encapsulating fibers. In
addition, the ncurons in Ply appear 1o be more
densely packed, somewhat larger, and more darkly
stained. A portion of Ply exicnds above the tradi-
tional dorsal border of the inferior pulvinar, the
fiber band between Pl and the superior pulvinar,
so that a part of Ply protnkies into the lateral
pulvinar. This dorsal part of Ply has the same
connections as other parts [Lin and Kaas, 19791,
and it is necessary to complete the retinotopic map
in Ply. In owl monkeys. Ply occupies about 20%
of the PI complex. Ply can be identified in diurnal
New World monkeys, such as squitre]l maonkeys,
where it is clearly smaller. Plp corresponds to a
small group of cells on the posteromedial margin
of the PI complex. Plp is separated from Ply; by a
fiber band, and Plp has more scattered and less
denscly stained cells than Ply. In owl monkeys,
Plp occupies about 10% of the complex, but it is
smaller in diurnal monkeys. Becausc the cells are
more scattered, a number of investigators have
distinguished Plp in New World monkeys as the
“posterior nucleus” {eg, Mathers, 1971, Spatz,
19751.

O World monkeys

The organization of the inferior division of the
pulvinar in Old World monkeys is simitar to that
of New World monkeys with one complication: a
portion of the lateral pulvinar extends ventrally in
the lateral and caydal thalamus to form part of the
lateral border of the pulvinar complex (Fig. 16)
[Bender, 1981; Ungerleider et al, 1983, 1984].
Most investigators have not subdivided the inferior
pulvinar or have only distinguished Plp as the
posterior nucieus. Overall, the architectonic ap-
pearance of the Pl complex is more uniform in
Old World monkeys, and differences are difficult
to distinguish. However, connection patterns and
microelectrode mapping procedures (see below)
have demonstrated the existence of Ply, Pic, and
Plp.

Plp makes up the bulk of P! in macague mon-
keys. This nucleus corresponds to a systematic
represcntation of the visual hemifield referred to
as Pl by Ungerleider ct al [1984]. As in owl
monkeys, Plc stants rostrally as the nuclear mass
between the lateral geniculate nuclens and mediat
geniculate nucleus. More caudally, the latcral pul-
vinar extends along the |ateral margin of Pl and

Py (referred to as P3 by Ungerleider et al | 1984])
and is a small division just mediwat 10 Ple.. Cau-
dally, Plyy expands to replace Pl and border the
lateral pulvinar. As illustrated by Ungerleider et al
[1984], Pty (P3) is proportionately larger in ma-
caques than in owl monkeys. As for Ply of owl
monkeys, Ungerleider et al [1984) note that “P3™,
on the basis of connection patterns, clearly extends
across the brachium of the superior colliculus into
the lateral pulvinar. Likewise, Standage and Be-
nevento | 1983 describe a “crescent-shaped”™ sub-
division (our Ply) that is set off from the rest of
the inferior pulvinar by a fiber network. As for
Pipy of owl monkeys, this crescent extends dor-
sally into the lateral pulvinar, Thus, Ply in ma-
cagues as well as owl monkeys extends above the
fiber band usualiy used to delimit the inferior pul-
vinar. The Plp nucleus, equivalent to the “poste-
rior nucleus™ of some investigators |eg, Harting et
al, 1980], is a small nucleus on the mediopasterior
margin of Ply.

Prosimians

Symonds and Kaas [1978] have described Pl¢,
Ply. and Plp in galagos. The large Plc occupies
much of the total volume of the pulvinar complex
(Fig. 18). Most of the medial border of Plc is
formed by the smaller Ply,, which is distinguished
by a slight increase in cell packing and slightly
larger cells. At the dorsoposierior extreme of the
complex, a small region, Plp, is most reliably
distinguished by a dense input from the superior
colliculus (see below) rather thar any notable
change in cywarchitecture.

Connections. Some of the major visual connec-
tions of the three nuclei of the inferior pulvinar are
summarized in Figure 16. At leust some of these
connections are found in both New World and Old
World monkeys and in prosimisns. An important
source of visual input to Pl ix from the superior
colliculus. The superior colliculus projects denscly
to Plp and more diffusely to Pi: in galagos (Glen-
denning et al, 1975}, New World monkeys [Lin
and Kaas, 1979; Mathers, 1971, anl Old World
macaque monkeys [Harting et al, 1980; Benevento
and Fallon, 1975]. The medial margin of Plc, just
along the lateral gentculate nucleus, and more lat-
eral locations, possihly in Plyy, may receive sparse
input directly from the retina in macague monkeys
[Mizuno et al, 1982; Nakagawa and Tanaka, 1984;
Itaya and Van Hoesen, 1983]. Other visual inputs
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are from subdivisions of visual conex (Fig. 16)
|see Allman, this volume]. ,

The thatamic projections of primary visual cor-
tex and the middle temporal visual area (MT) have
been studied in a range of primate species. In all
species stwlied, primary coriex projects in 2 topo-
graphic patiera 1o Pl (macaque monkeys |Cam-
pos-Ortega and Hayhow, 1972; Graham, 1982;
Ungerleider et al, 1983{, owl monkey [Lin and
Kaas. 1978], squirrel monkeys |Ogren and Hen-
drickson, 19761, galagos [Symonds and Kaas,
19781). Primary visual cortex (V-I) also projects in
a topographic pattern 1o Pl in galagos and owl
monkeys, but a projection from V-1 to Pl has not
been reported for macaque monkeys [see Ungerlei-
der et al, 1983). V-I does not appear to pruject 1o
Plp. MT projects densely to Ply, and sparscly lo
Plc in all primates studied [eg, Lin and Kaas, 1979;
Symonds and Kaas, 1979. Ungerleider et al, 1984].
Other cortical inputs to the inferior pulvimar com-
plex arc known largety from studies on owl mon-
keys [Lin and Kaas, 1979]. A number of caudal
visual areas (arcas M, PP, DM, PL, V-II, and V-
I; sec Fig. 16) project to both Plyy and Plc. Theseé
same visual areas do not project 1o Plp, but instead
Plp receives input from visual areas just rostral to
MT (including ST, ITc, and I'Tg).

The cortical projections of the PI complex have
been determined only in part (Fig. i6) {Lin and
Kaas, 1980]. Pl projects t0 a number of visual
arcas in the occipital lobe [see Ogren and Hen-
drickson, 1976; Curcio and Harting, 1978; Sy-
monds and Kaas, 1978; Benevento and Rezak,
1976, Perkel et al, 1986]. These projections appear
to largely terminate in Yayer | of primary visual
cortex and in a patchy fashion in similar layers of
prestriate cortex |eg, Ogren and Hendrickson,
1977; Rezak and Benevento, 1979]. Ply projects
densely to MT and perhaps only to MT {Lin and
Kaas, 1980; Lin et al, 1974; Standage and Bene-
vento, 1983]. In facl, Ply i1s most easily defined by
dense reciprocal connections with MT. The tha-
lamic extent of these connections completely sup-
ports the architectonic evidence that Ply extends
dorsally past the brachium of the superior collicu-
lus into the region traditionally considered to be the
lateral putvinar. Plp projects to regions of visual
cortex rostral 1o MT [Lin and Kaas, 1980].

Retinotopic Organization. The large Pl forms a
rather precise map of the contralateral hermifield: a
somewhat cruder map appears to exist in Ply. Plp
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may have only very crude retinoiopic organization
or nonc. Most information is available for Plc,
which occupies most of the inferior pulvinar and
can be considered to be equivalent to the inferior
pulvinar in most swdies of retinolopic organiza-
tion. Campos-Oniega and Hayhow [1972] first dis-
cerncd the retinotopic organization of PI (Plc) in
the macaque monkey by sudying the termination
paticrn of projections from different locations in
primary visual cortex (striate cortex). By knowing
the retinotopic organization of striate cortex and
assuming that connections are between matched
retinotopic locations, the retinotopic ofganization
of Plc was deduced. In a similar but less precise
manner, projections from locations in the retino-
topic map in the superior colliculus to Ple have
revealed aspects of retinolopic organization |Be-
nevento and Fallon, 1975; Partlow et al, 1977).
More recently, microclectrode mapping methods
have been used (0 reveal the retinotopy of Plc more
fully |Allman et al, 1972; Bender, 1981].

Anatomical studies {eg, Symonds and Kass,
1978; Perkel et al, 1985] best reveal the lines of
isorepresentation (or lines of projection). All cells
in a line or column of isorepresentation coursing
through Plc represent the same location in the
visual field, and adjacent cofumns represent adja-
cenl locations. Anatomical studics reveal that the
columns of isorepresentation |see Kaas ct al, 1972]
course through Plc of both galagos (Fig. 16) and
macaque monkeys in roughly a rostrocaudal direc-
tion. Thus, a single location in visual space is
represented over a sequence of rostrocaudal loca-
tions in Plc. In macaque monkeys, the lower visual
quadrant is represented dorsomedially and the up-
per visual quadrant ventrolaterally, so that the rep-
resentation of the zero horizomal meridian courses
from central vision to peripheral vision through Ple
from near the lateral geniculaie nucleus o near the
medial geniculate nucleus. Plc has a similar orga-
nization in New World owl monkeys |Aliman et al,
1972] and cebus monkeys [Gattass ¢t al, 1978].
The main difference is that in owl monkeys, Pl is
rolated clockwise in the frontal plane so that the
representation of the horizontal meridian is nearly
dorsoventral (Fig. 17}, rather than oblique. In gal-
agos, the retinutopic organization of Plc is similar
to that of monkeys, but the relationship of Pl to
the LGN is somewhat differemt |Symonds and Kaas,
1978). Bacause the LGN cxtends under Ple some-
what, the more caudal portions of the LGN border
parts of Pl representing paracentral sather than
central vision.

Fig. 17. A parasagittal brain section through the
lateral pulvinar (PL) and inferior pulvinar (PI) of a
galugo. Injections of radioactive praline in primary
visual coricx were placed into the representation of
the visual field 5° (A) and 30° (B) from the center
of gaze. The resulting bands of label in the thalamus
show where 5° and 30° are represented in the lateral
geniculate nucleus (LGN), the central nucleus of the
inferior pulvinar {Plc), and the lateral nucleus of the
latcral pulvinar (PLy). The lengths of the bands
indicate lines of isorcprescntation. Note the mirror
image retinotapic organizations of Pl and PLy. The
caudal inferior pulvinar, without input from primary
visual cortex, probably corresponds 1o the posicrior
nucleus {Pip). The unlabeled caudal portion of PL is
probably the medial division, PLy. Based on Figure
17 of Symonds and Kaas [1978]. The ventral (B)
band of label in the LGN actually occurred on a
brain section adjacent to the one drawn. Other label
was on the drawn section.

The organization of Ply, is best known from its
connection pattern with the representation of the
contralateral visual hemificld in visual areas MT
and primary visual conex, Because it is difficull to
restrict injections to only small parts of MT, studies
of connections with MT have provided only crude
information. Conneclion patierns in macaque mon-
keys led Ungerleider ct al [1984] o suggest that
there is a convergence of inputs to “P3” (Ply)
from MT and thus little or no retinotopic organi-
zation. Connection pattetns in owl monkeys [Lin
and Kaas, 1979, 1980] support the view that central
vision is dorsal and peripheral vision ventral in Ply
but provide little information on the representation
of the upper and lower quadranis. in galagos |Sy-

monds and Kaas, 1978}, it also appears that central
vision is represemed dorsal to peripheral vision
in Pl

Plp is small, and projections from the superior
colliculus have not revealed any clear retinotopic
organization. Cortical connections are not well es-
tablished and have not been studied for retinotopic
patterns.

Neuron Properties. The morphological and phys-
iological properties of neurons in the inferior pul-
vinar have been studied only to a limited extem.
The Golgi studies of neuron marphology feg, Ogren
and Hendrickson, 1979; Campos-Ortega and Hay-
how, 1973] indicate that the inferior pulvinar con-
tains two main types of multipolar neurons. A
larger type of ncuron has up to ten primary den-
drites thal subsequently form secondary arboriza-
tions. These are by far the most common of the
two types, and they are assumed 0 be relay or
projection neurons. A smaller type of ncuron has
6-8 primary dendrites that, after an initial bifurca-
tion, do not arborize further. However, these pre-
sumably intrinsic neurons can have very long
dendrites.

Bender [1982] has reviewed the response prop-
erties of neuroas in the inferior pulvinar of both
New World and Ol World monkeys. The vast
majority of Pl neurons are responsive to visual
stimuli, even in anesthetized preparations. Neurons
have well-defined receplive fields, ranging from a
few degrees to 10 or more in diameter, with re-
ceptive ficlds generally being somewhat smaller for
macaque than squirrel monkeys. Neurons sensitive
to oricntation or direction of movement are mixed
with those insensitive to those variables. Most cells
can be driven by either eye. Some neurons suppress
visual responsiveness during eye movements [Ro-
binson and Peterson, 1985]. There is no cvidence
of neurons being activated by awditory or somalic
stimuli, although such stimuli could alter the pat-
tern of spontaneous activity and respensiveness (o
visual stimuli.

The responsiveness of Pf neurons seems largely
to depend on inputs from striate cortex [Bender,
1983]. Lesions of the superior colliculus have linle
cffect on the responses of Pl neurons, though striale
cortex lesions eliminate responsiveness to visual
stimuli. Afier a recovery period of 3 weeks follow-
ing striate conex lesions, some responsivencss (o
visual stimuli recovers, presumably because of an
enhancement of the effectiveness of superior collic-
ulus inputs. However, there is no return of sensitiv-
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ity w0 stimulus orientation and direction of
movement, well-known properties of layer V cells
of striaie cortex that project to PL

Functional Significance. The inferior pulvinar has
three diffcrent nuclei, each apparently comtributing
to vision in its own way. Plc neurons largely reflect
the properties of striale conex neurons, although
they are subject 10 modulation by superior collicu-
lus inputs. Both Plc [Bender, 1983] and the pre-
striate visval arcas with inputs from Pl |Desimone
et al, 1979] depend on striate conex for activation.
The principal role of Plc appears to modulate vi-
sual processing within a number of areas of pre-
striate areas. In addition, Pl feedback provides
information 1o layer | of siriate cortex.

The possible functions of Ply, are less clear.
Neuron properties have not been specifically stud-
ied. The only visual input appears to be from visual
cortex, and the major visual input is from the
middle temporal visual area (MT), a processing
station in the “visual attention™ sequence [see Kaas,
1986|. Thus, we would expect Plyy neurons to be
much like MT neurons, to be insensitive to color
as a variable, and 1o be orientation- and direction-
selective, The major output of Ply is MT, so Ply
can be viewed as an adjunct 10 MT, receiving visual
input from MT and projecting back to modify vi-
sual neurons in MT.

Plp receives dense projections from the superfi-
cial layers of the superior colliculus, and presum-
ably Plp neurons could be activated by this input.
Since Plp projects to cortex rostral to MT in the
general region of polysensory coriex that remains
responsive (o visual stimuli after lesions of striate
corex [Desimone et al, 1979], Plp could provide
the major or sole source of visual information to
cortex afier striate cortex lesions. Pasik and Pasik
11982] provide evidence that certain visual discrim-
inations of lotal amount of contour or differences
in arca depend on a pulvinar relay afier siriate
conex removal. Perhaps the pulvinar relay depends
on Plp. However, it is likely that this pathway
would preserve little retinotopic infermation and
would function peorly for form vision,

Lesion siudies of the inferior pulvinar provide
litle information on its possible functions in vision.
A number of such studies have reported impair-
ments in tasks that require shifis in atiention and
movement of eyes. However, such impairments
apparently depend on disruptions of corticotectal
fibers rather than destroying neurons in the inferior
pulvinar, because lesions produced by kainic acid,
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which leave fibers largely intact, do not produce
such impairments [Nagel-Leiby et al, 1984].

The Lateral Pulvinar

The lateral puivinar varies in size and location
relative 1o other structures such as the inferior
pulvinar in primates. Its cells are similar in size
and general distribution to those of the medial
pulvinar, so a dividing line between the two divi-
sions is difficult to determine. In humans, apes,
and most monkeys, the lateral pulvinar is greatly
expanded, so it extends ventrally and caudally to
form the caudolateral border of the thalamus and
partly engulf the inferior pulvinar. Because a dense
array of corticotectzl and other fibers course
through the lateral portion of the nucleus in these
primates, the neurons are broken up into largely
horizontal rows and columms of neurons. The me-
dial part of the lateral pulvinar, by being less
disrupted by fibers, has a more uniform distribu-
tion of cells.

In nocturnal owl monkeys. the lateral pulvinar
is less expanded than in divrnal monkeys, and it
occupies a position that is largely dorsal (superior)
10 the inferior pulvinar (Fig. t5). In addition, the
cells are not as disrupted by bundles of fibers.
Finatly, it is more abvious in owl monkeys than
macaque monkeys that the neurons of the lateral
pulvinar stain less densely than those of the infe-
rior pulvinar. As in other monkeys, a clear divi-
sion between the medial and lateral pulvinar is not
apparent in owl monkeys. Because of this lack of
a clear distinction of lateral and medial divisions
of the pulvinar and because of the position of the
lateral pulvinar over the inferior pulvinar, it is
sometimes convenient to refer (o the lateral pulvi-
nar as the superior pulvinar [eg, Allman et al,
1972], with or without an attempt to distinguish a
medial pulvinar.

In galagos and lorises, the lateral pulvinar is
dorsal and somewhat rostral to the inferior pulvi-
nar (Figs. 15, 17), and thus the term “superior
pulvinar” [eg, Symonds and Kaas, 1978] scems
quite appropriate. As in owl monkeys, the neurons
of the lateral pulvinar in these prosimians stain less
densely than those of the inferior pulvinar, and
there is little disruption by coursing bands of fi-
bers. Neurons of the medial pulvinar are similar
in appearance and distribution, so a clear border
between the two divisions is not apparent.

Suhdivisions and Retinotopic Organization. Part of
the lateral pulvinar receives input from siriate cor-

tex, and part does not {eg, Fig. 17). Thus, there
are at least two subdivisions or nuclei. Further-
more, the projection pattern shows that the subdi-
vision with striate cortex input is retinotopically
organized. Because this nucleus is in the lateral
pant of the lateral pulvinar in galagos aml owl
monkeys and in the lateroventral part in Old World
monkeys, we use the term PLy for lateral nucleus
of the Imeral pulvinar. In galagos, PL_ has been
called the “central” nucleus of the supcrior pulvi-
nar, PS¢ |Symonds and Kaas, 1978], and in ma-
caque monkeys PL; has been termed “pz"
(Ungerleider et al, 1984].

PL,_ has a somewhat simpler retinatopic organi-
zation in galagos |Symonds and Kaas, 1978] than
macaque monkeys |Bender, 1981, Ungerleider et
al, 1983). In galagos, PLy lies immeduitely over
Pl¢, and the retinotopic organization of PLy mir-
rors that of Pl {Fig. 17). Thus, central vision is
represented ventrally in PLy, and dorsally in Plc,
and peripheral vision is represented dorsally in PLy,
and ventrally in Plc. In both nuclei, the lower
visual quadrant is represented medially, the upper
visual quadrant laterally, and lines of isorcpresen-
tation course rostrocaudally with a slight dorsal-
ward progression (Fig. 17). This type of
representation. without a split or disruption, ks sim-
ilar to that found in the lateral geniculate nucleus
and has been referred to as a topological or “first-
order” representation [Aliman and Kaas, 19744

In macague monkeys, the retinotopic organiza-
tion of Pl is more complex [Bender, [981; Un-
gerleider et al, 1983}, The nucleus has rotated and
enlarged so that it is lateral and caudal to Plc.
However, Pl has also rotated so that the mirror-
image reversal of retinotopy is maintained. Thus,
ceniral vision is represented medially in PLg, and
laterally in Pl¢ so that the border between the two
structures is retinotopically matched. The upper
visual quadrant is ventral and the lower visual
quadrant is dorsal in both structures. Lines of iso-
representation course mainly in the dorsocaudal
direction. However, unlike Pl¢ in macaque mon-
keys, the representation of the horizontal meridian
only bisects the representation of the first few de-
grees of central vision. For paracentral and periph-
eral vision, the representation in PLy_ is split along
the horizontal meridian so that the horizontzl me-
ridian forms the outer boundary of PL; and loca-
tions in the lower visual quadrant but ncar the
horizontal meridian are displaced dorsally, and
matched locations for the upper visual quadrant are
displaced ventrally. Thus, the representation is

partly “split” atong the horizontal meridian so that
adjuining locations in the visual ficld can be gquite
distant in the representation. Such a split represen-
tation occurs for several contical representations,
such as V-II, and has been termed a “second-
order” representation [Allman and Kaas, 1974b].
Since a “split” is not evident in PLy, of galapos,
the second-order representation in PL;_of macaque
maonkeys may result from restraints imposed by the
rotation and cnlargement of the lateral pulvinar
while maintaining retinotopically congruent bor-
ders with Ple-.

A representation of the contralateral visual hem-
ificld in part of the lateral pulvinar has also been
demonstrated by microelectrode mapping methods
in New World cebus monkeys [Gattass et al, 1978,
and connection patterns with striate cortex indicate
a represcntation in the lateral portion of the lateral
pulvinar of squirrel monkeys [Ogren and Hendrick-
son, 1976] and owl monkeys [Graham et al, 1979).
Thus, New World monkeys have a PLy nucleus,
and the retinotopic organization roughly matches
that of macaque monkeys.

In monkeys and galagos there are parts of the
latcral pulvinar that arc cutside of the retinotopic
map and do not receive input from striate cortex.
This portion of PL is largely medial 1o PLy, and
we refer to it as PLyy without implying that it is
functionally homogeneous and a “nucleus.™ PLy
also extenxds dorsal and caudal to PLy in both
prosimians and monkeys.

Connections. In monkeys and galagos, PL re-
ceives a major visual inpul from layer V cells of
striate cortex. In galagos, the inputs include those
from portions of striate cortex at least as far out
imo the representation of peripheral vision as 40°
|Symonds and Kaas, 1978]. However, Ungerleider
et al [1983) were able 1o demonstrate such connec-
tions only from the part of striate cortex represent-
ing the first 7° in macaque monkeys. Thus, there
seems 0 be a striking species difference in input.
Other inputs to PLy are from MT [see Wall et al,
1982; Ungerleider et al, 1983, for review]. Studics
of six cortical visual areas in owl monkeys [Gra-
ham et al, 1979] indicate that the second visual
arca, V-II;, the dorsomedial area, DM the medial
area, M; and posterior parietal visual cortex, PP,
all project to PL; . Other inputs are from the dor-
solateral visuval area, DL |Weller and Kaas, unpub-
lished|. Inputs from V-1l and *“V4" (the
dorsolateral visual arca of owl monkeys) have been
demonstrated in macaque monkeys [see Ungerlei-
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der et al, 1983, for review]. Thus, PlLy receives
cortical inpui from a number of visual areas. In
macaque monkeys, a sparse input o [Py has been
demonstrated from the superior colliculus [Huena
amnl Harting, 1983; Harting et a', 1980}, The pro-
jections of PL;_ have not been fully determined. A
projection 10 Yayer | of striate cornex from PLy
appears 10 be less dense than that from Plc [see
Ogren and Hendrickson, 1977} Ancther projection
of PLp is to V- or arca 18 [Wong-Riley, 1977;
Winfieid et al, 1975; Curcio and Harting, 19781,
where terminations in middle layers form afternat-
ing bands. Other targets are less certain, but it
appears that PLy prodects broadly to a number of
extrastriate visval arcas. In owl monkeys, projec-
tions to areas 17, 18, DM, DI, and DL have been
demonstrated [Lin and Kaas, 1980).

The connections of parts of the lateral pulvinar
that are outside the retinotopic map that is coinci-
dent with the inputs from areas 17 and 18 are not
well known. However, in owl monkeys, areas MT,
DM, M, and PP ali appear to project to both PLy
amd PLyy |Graham et al, 1979]. Thus, PLy, like
PL; . receives input from a number of visual areas.
However, unlike Ply, PLyy does not have input
from areas 17 and 18. Injections in the most cau-
domedial portion of the lateral pulvinar result in
projections to lateral “V4" and adjoining caudal
portions of inferotemporal cortex in macaque mon-
keys |Benevento and Rezak, 1976; Benevenio and
Davis, 1977). However, the labeled terminations in
inferotemporal cortex may have resulted from in-
volving the medial pulvinar in the injections [see
Weller and Kaas, 1986].

Besides the connections discussed above, all parts
of the lateral pulvinar appear to get inputs from the
thalamic reticular nucleus and the claustrum [Tro-
janowski and Jacobson, 1975).

Neuron Properties. The responses of neurons in
the lateral pulvinar to visual stimuli undoubtedly
depend on inputs from visual cortex, since there is
no other major source of visual inputs. PL, with
inputs from striate cortex, arca I8, and other visual
areas, may have neurons with sormewhat simpier
response propertics than Pl without V-l and V-H
inputs but with inputs from higher-order visual
arcas. Some physiological evidence supports this
view. Bender {1981} found that neurons in the
tateral pulvinar (PLy) had restricted receptive
fields, were typically binocular, and were often
sefective for orientation and direction of move-
ment. However, neurons outside the caudal pole of
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the lateral pulvinar (PLay) often had large receptive
ficlds that included the fovea and sometimes €x-
tended into the ipsilateral visual hemifield and had
complex binocular interactions |Benevento and
Miller, 1981]. Other response properties, such as
color sensitivity |Felsten ct al, 1983], have becn
found for neurons throughout the lateral pulvinar.
Some neurons in the lalcral pulvinar arc reported
to be responsive o somatosensory stimuli and not
to light, or to both [Mathers and Rapisardi, 1973].
The source of somatosensory activation could be
from inputs from posterior parietal cortex.

Functional Significance. The major function of the
lateral pulvinar appears to be to relay visual infor-
mation from striate and extrastriate visual areas to
other visual areas. Via direct cortical connections
and indirect connections through the lateral pulvi-
nar, each extrastriale visual area is subject to a
multitude of influences from other visual areas.
The lateral pulvinar has a lateral division mainly
related 1o “lower-order™ caudal visual areas and a
medial division or divisions related 0 “higher-
order™ rostral visual areas. The sparse inputs from
the superior colliculus and pretectum probably have
minor roles in the functions of the lateral pulvinar,

The Medial and Anterior Divisions of the Pulvinar

The other two major divisions of the pulvinar
complex do not appear 1o have simple roles in
vision. Bender [1981] excluded the medial pulvi-
nar from the visually responsive pulvinar in ma-
caque monkeys, and Acuna et al [1983] found
neurons in the anterior and medial pulvinar that
were activated during eye and arm movements.
Connections include sparse inputs from the decp
layers of the superior colliculus and interconnec-
tions with visuomotor areas of the frontal lobe Jeg,
Trojanowski and Jacobson, 1974; Huera et al,
1986}, the superior temporal gyrus and polar re-
gions of the temporal lobe |Burion and Jones,
1976; Markowitsch et al, 1985}, wwo subdivisions
of inferolemporal cortex [Weller and Kaas, 1986},
insular coriex {Mufson and Mesulam, 1984], him-
bic cortex [Baleydier and Mauguiere, 1985, and
amygdala [Jones and Burton, 1976}. The connec-
tions with the temporal lobe and the amygdala
supgest that the medial pulvinar may relate to the
final stages of object recognition and visual mem-
ory [see Kaas, 1986]. More specifically, the con-
nections and neural properties of the medial
pulvinar are consistent with a suggested role in

mediating intenticnal movements toward objects
of interest [Baleydier and Mauguicre, 1985].

The anterior {oral) pulvinar is a rostromedial
extension of the medial pulvinar, without an ob-
vious histological boundary. The anterior pulvinar
is distinguished by connections with subdivisions
of parietal conex, including regions of posterior
parictal cortex that may also have visual funclions
|see Pons and Kaas, 1985, for review|. The pre-
dominance of connections with cortex that is con-
sidered somatosensory in function suggests that the
anterior pulvinar has no major role in visual
processing,

OTHER TARGETS OF THE RETINA
Introduction

Several relatively small brainstem structures re-
ceive direct retinal input and are involved with
regulatory, automatic aspects of visual behavior.
These structures include the preectal complex,
which mediates the pupillary light reflex and pos-
sibly has oculomotor and other functions; the ac-
cessory optic nuclei, which are involved in
oculomotor funclions; the ventral latcral genicu-
late nucleus, which relates to visual reflexes; and
the suprachiasmatic nucieus, which has pacemaker
cells for a biological clock and the regulation of
circadian rhythms. These three systems with reti-
nal inputs are bricfly discussed.

The Pretectum

The pretectal complex comprises several small
nuclei with somewhat indistinct boundaries best
defined by multipie criteria. Recently, Hutching
and Weber {1985] used cytoarchitectonic, mye-
loarchitectonic, and connectional features 1o define
the pretecial nuclei in squirrel monkeys. In addi-
tion, they aticmpted to establish a much needed
standard nomenclature for the pretectal nuclei in
primates. Hutchins and Weber [ 1985) defined five
nuclei: the antcrior pretectal nucleus (sublentiform
nucleus of Benevento and Siandage |1983]), the
posterior pretectal nucleus, nucleus of the optic
tract, the pretectal olivary nucleus, and the medial
pretecial nucleus (nucleus of the pretectal area of
Benevento and Standage | 1983]). Although the nu-
cleus of the posterior commissure is sometimes
included in the pretectal complex, il is not one of
the pretectal nuclei according to Hutchins and We-
ber [1985]. The locations of the five pretectal nu-

Fig. 18. The location of pretectal nuclei (blackened)
in the macaquc monkey as viewed in frontal sections
through the mesodicncephatic junction. APN, ante-
rior pretectal nucleus; BSC, brachium of the supe-
rior colliculus; IC, inferior colliculus; ! Pul, inferior
pulvinar; LGN, lateral geniculate nucleos; Li, nu-
cleus limitans; LP, lateral posterior aucleus; L Pul,

clei in the brain of Macaca fuscicularis are shown
in Figure 18.

The besi-documented afferents to the pretectal
complex are from the retina; a retinopretectal pro-
jection has been demonstrated in all primates thus
far studied, including prosimians, New World and
Old World monkeys, and the chimpanzee [eg,
Giolli and Tigges, 1970; Tigges and Tigges, 1970;
Tigges et al, 1977; Benevenio and Standage, 1983;
Hutchins and Weber, 1985; unpublished observa-
tions]. The most recent evidence availuble for
squirrel monkeys indicates that retinal axons reach
alt pretectal nuclei |Hutchins and Weber, 1985]. 'n
macaque monkeys, the medial pretectal nucleus
was considered to be devoid of retinal input {Be-
nevento and Standage, 1983], but unpublished ob-
servations from our laboratory suggest that very
sparse inputs (rom the contralateral retina exist. In
both squirrel and macaque monkeys, the oplic tract
nucleus and the olivary nucleus receive very dense
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latcral pulvinar; MD, medial dorsal nucleus; MG,
medial geniculate; MPN, medial pretecial nucleus;
M Pul, medial pulvinar; NOT, pretecial nucleus of
the optic tract; ON, ofivary pretectal nucleus; PPN,
posterior pretectal nucleus; SC, superior colliculus;
Sg. supragenicutate nucleus; 11, 1V, VI, layers of the
superior colliculus.

bilateral retinal afferemts. Moreover, in both pri-
mates, input from each eye to the olivary nucleus
is segregated into laminac that are also apparent in
Nissl and myelin preparations |Bencvento and
Standage, 1983; Huichins and Weber, 1985; un-
published observations]. In macaque monkeys, a
particular class of large ganglion cells has been
found to project to the olivary nucleus [Perry and
Cowey, 1984). The retinal innervation of the re-
maining pretectal nuclei is primarity contralateral
and is considerably less dense than thal to the
olivary pretectal nucleus or the nucicus of the oplic
tract.

Other subcortical afferents include the superfi-
cial collicular layers which, in macaque monkeys,
project heavily to the nucleus of the optic tract and
the posterior pretectal nucleus and sparsely to the
anterior pretectal nucleus |Harting et al, 1980].
The deep collicular layers send a moderate projec-
tion 0 the medial pretectal nucleus. Axons arising
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from the superior colliculus in macaque monkeys
do not innervate the ofivary pretectal nucleus
{Harting et al, 1980]. Similar pathways exist in
squirrel monkeys, although they have been studied
less extensively |Huerta and Harting, 1983).

With regard to cortical innervation, the pretectal
nuclei of ow! monkeys receive axons arising from
cells in al least six visual areas. Specifically, areas
V-I, V-11, MT, DM, M, and PP each project to
the posterior pretectal nucleus and/or the nucleus
of the optic tract [Graham et al, 1979]. In conirast,
the anterior pretectal nucleus receives input from
only areas M and PP. Visual area MT has also
been shown 1o project to the pretectal complex in
galagos and marmosets |see Wall et al, 1982] but
not in macaques [Ungerleider et al, 1984]. How-
ever, the pretecium of macaque monkeys has been
shown to receive fibers from area V-4 | Dineen and
Hendrickson, 1983) and the frontal eye field
[Huerta et al, 1986]. The frontal eye ficld also
inncrvates pretectal nuclei of ow! and squirrel
monkeys |Huerta et al, 1986].

The efferent conncctions of the pretectal com-
plex have been studicd refatively little. In accor-
dance with its function in the pupillary light reflex,
the olivary pretectal nucteus in macaque monkeys
projects to the Edinger-Wesighal complex, which
houses the preganglionic parasympathetic neurons
that innervate the ciliary ganglion of the eye [Car-
penter and Pierson, 1973]. The olivary nucleus
also projects 1o the contralateral olivary nucleus,
the medial pulvinar, and accessory optic nuclei
|Carpenter and Pierson, 1973). The medial pretec-
tal nucleus innervates the nucleus of the posterior
commissure and the anterior and/or posterior pre-
tectal nuclei [Carpenter and Pierson, 1973]. The
nucleus of the optic tract and the anterior andfor
posterior pretectal nuclei send axons to the nucleus
of the posterior commissure, the inferior and me-
dial pulvinar nuclei, the pregeniculate, and the
dorsal lateral geniculate nucleus in macaque mon-
keys [Carpenter and Pierson, 1973]. Recent data
from macaque monkeys reveal that the pretectum
also innervates the lateral pulvinar and suggest that
the pulvinar zones that receive input from the
superior colliculus also receive pretectal input [Be-
nevento and Standage, 1983).

A comprehensive analysis of the efferent con-
nections of the pretectum has not been carried out
in any primate. However, a detailed study in the
tree shrew (Tupaia) indicates that pretectal nuclei
project to structures associated with eye move-

ments including the nucleus of the posterior com-
missure. the somatic cell colurnn of the oculomo-
tor nucleus, a zone adjacent to the trochlear
nucleus, and the nuclei of Darkschewitsch and
Cajal [Weber and Harting, 1980]. Pretectal nuclei
akso innervate precerebellar relay nuclei (the infe-
rior olivary complex, the medial terminal nucleus,
and the pontine gray) as well as the lateral nucleus
and reticular nucleus, the zoma incerta, and the
intralaminar nuclei of the diencephalon {Weber
and Harting, 1980].

The pretectum has long been thought 1o play a
major role in the pupillary light reflex |see Weber,
1985). There is also evidence for a role in per-
forming eye movements and maintaining body
posture |Pasik et al, 1969]. Recent lesion studies
mote specifically suggest that the nucleus of the
optic tract represents a first relay station in the
cireuit for horizontal opiokinctic nystagmus [Kato
e al, 1986]. The diversity of targets of the pretec-
tal complicx suggest that it has other funclions as
well,

The Accessory Optic System

Like the pretectum, the accessory optic system
comprises several small nuclei that receive retinal
input |for recent reviews see Weber, 1985, Simp-
son, 1984; McKenna and Wallman, 1985]. In most
mammals, threc retinorecipient nuclei constitute
the accessory optic system: the dorsal terminal
nucleus, the lateral terminal nucleus, and the me-
digl erminal nuclevs [eg, Hayhow, 1959, (966;
Hayhow et al, 1960; Campbell ct al, 1967; Tigges,
1966; Weber, 1985; Oyster et al, 1980; Erickson
and Cotter, 1983]. In primates, however, the me-
dial terminal nuctcus is often difficult 1o identify,
a8 is its retinal innervation |Campos-Ortega and
Glees, 1967; Campbell, 1969, Giolli, 1963, Giolli
and Tigges, 1970; Lin and Giolli, 1979; Tigges
and Tigges, 1969, 1970; Tigges and O'Stecn, 1974;
Tigges ct al, 1977]. Nevertheless, recent evidence
strongly suggests that the medial terminal nucleus
reccives input from the retina in primates {ltaya
and Van Hoesen, 1983; Cooper, 1986; Weber,
1985 Weber and Giolli, 1986; see also Gillian,
1941; laya and Van Hoesen, 1983].

In primates, the dorsal terminal nucleus is lo-
cated in the Lateral midbrain tectum just caudal to
the medial geniculate nucleus and ventrolateral to
the brachium of the supcrior colliculus feg. Lin
and Giolli, 1979). In the slow loris, the dorsal
terminal nucleus has been shown to have only

contralateral retinal input; in rhesus monkeys this
nucleus receives primarily contralateral input, but
an ipsilateral retinal projection has also been sug-
gested {Lin and Giothi, 1979].

The lateral terminal nucleus is wedged between
the brachium of the inferior colliculus and the
ventromedial aspect of the medial geniculate nu-
cleus at the mesodiencephalic junction. This nu-
cleus is the most obvious of the three accessory
optic nuclei in primates, but it 18 relatively incon-
spicuous in nonprimale mammals {Lin and Giolli,
1979}. In the squirrel monkey and the rhesus mon-
key, the latcral terminal nucleus reccives contralat-
eral and, 0 a lesser extent, ipsitateral retinal
afferents fWeber and Giolli, 1986 Lin and Giolli,
1979].

The medial \erminal nucleus, which is located
in the mescncephalic tegmentum just medial to the
cerebral peduncle at a level immedintely rostral to
the exit of the oculomotor nerve {Weber and Giolli,
1986], receives sparse input from the contralateral
eye in the slow loris, mouse lemur, marmoset
monkey, squirrel monkey, cynomolgus monkey,
and rhesus monkey [Weber and Giolli, 1986; ltaya
and Van Hoesen, 198); Cooper, 19886).

Although there are only limited data regarding
efferent connections and the functions of the acces-
sory optic system, it is thought that these nuclei
participate in viswomotor activity. Specifically, in
the rabbit the accessory optic nuclei innervate a
portion of the inferior olivary nucleus which, in
turn, innervates the focculonadular lobe of the
cerebellum [Maekawa and Simpson, 1972, 1973;
Takeda and Maekawa, 1976; Mackawa and Tak-
eda, 1979]. Other projections are 10 the nucleus of
the optic tract and vestibular nucleus. Physiologi-
cal and ablation-behavioral studies suggest that
these connections function in swabilizing the retinal
image |see Simpson, 1984].

The Pregeniculate Nucleus (Ventral Laterat
Genlculate Nucleus)

The ventral lateral geniculate nucleus of mam-
mals is a derivative of the ventral thalamus rather
than the dorsal thalamus and is thus quile distinct
from its dorsal neighbor, the dorsal lateral genic-
ulate aucteus [Niimi et al, 1963]. The ventral fat-
eral geniculate nucleus is commonly divided into
an internal (medial) layer (or sepment} of pale,
small cells, and an external (lateral) layer of larger
decply staining cells. Sometimes a clump of cells
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separating the dorsal from the ventral lateral genic-
ulate is described as the intergeniculate layer or
nucleus. The term “ventral lateral geniculaste nu-
cleus™ is usually retained for the structure in pro-
simian primates, but in other primates the term
“pregeniculate™ nucleus is used, and the nucleus
is rotated relative to the dorsal lateral geniculate
nucleus so that it caps the dorsorostral extent of
the dorsal lateral geniculate [eg, Babb, 1980}.
The ventral lateral geniculate nuclews of mam-
mals receives inputs from a number of visual
structures including the retina, areas of visual cor-
tex, the superior colliculus, the pretectak region,
and the contratateral ventral laeral geniculate nu-
cleus. Efferent projections are o the superior col-
liculus, the pretectal region, the dorsal lateral
geniculate nucleus, the contralateral veatral lateral
geniculate nucleus, pontine nuclei, the suprachias-
matic nucleus, the lateral terminal nucleus of the
accessory optic system, and the interlaminas nuclei
of the thalamus [see Brauer et al, 1984]. Retinal
inputs arc largely segregated in the internal layer,
and cortical inputs terminate in the external layer.
Patterns of retinal inputs to the pregeniculate of
a number of prosimian and simian primates are
Nustrated by Kaas et al | 1978]. Mast of the inter-
nal layer receives input from the contratateral eye,
but a restricted portion receives input from the
ipsitateral eye jalso see Tigges and Tigges, 1970;
Hendrickson et al, 1970]. Projections from area 17
to the pregeniculate nucleus have been reported in
some but not all studies in monkeys [see Grazham
et al, 1979, for review]. In owl monkeys, inputs
were found from cortical areas MT. DM, M, and
PP but not from areas 17 and 18 [Graham et al,
1979]. All cortical inputs were to the external
geniculate layer. Judging from reports on nonpri-
mates [see Brauer et al, 1984, for review], cortical
projections originate from layer V pyramidal cells.
Other afferents (o the pregeniculate nucleus, prob-
ably to the external ayer, have been reported from
the pretectum |Benevento et at, 1977} and superfi-
cial layers of the superior collicules [Benevento
and Fallon, 1975]. Neurons in the ventrai fateral
geniculate of at least some mammals respond ton-
ically to stationary spots ot Hght, probably as a
result of the direct retinal inputs |see Brauer et al,
1984, for review|. In monkeys, some but not alt
neurons in the pregeniculate nucleus respond to
flashes of light, and the majority of neurons exhibit
changes in activity in relation to eye movements
{Buttner and Fuchs, 1973].
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The diversity of connections of the pregeniculate
nucleus suggests that it has a role in a number of
functions. Polyak {1957) proposed a role in the
control of pupillary light reflexes, and there is
some ablation-behavioral evidence to support this
viewpoint, but the mediating connections are un-
known. Efferents to the suprachiasmatic nucleus
may influence circadian rhythms. The sensitivity
of nevrons (0 eye movemenis, connections with
the superior colliculus, and pons support the no-
tion, often proposed [eg, Polyak, 1957, Graybiel,
1974; Brauer ct al, 1984), of a major role in
oculomator functions, These funclions appear to
be under the influence of a range of visual inputs
from the retina to even “higher order™ visual areas
of cortex. The high degree of segregation of retinal
from other inputs in the external and internal sub-
division, respectively, raises the possibility of quite
different functions for the two parts of the prege-
niculate nucleus.

The Suprachiasmatic Nucleus

The suprachiasmatic nucleus (SCN) is a small
subdivision of the hypothalamus, located on either
side of the third ventricle just dorsal to the optic
chiasm [see Moore, 1983, for review|. The SCN
functions as a biological clock in a circadian time-
keeping system that is reset on a daily basis by
normal day-night environmental changes in light-
ing. The visual information depends on projections
via the retinohypothalamic tract, which courses in
the optic nerve 10 the SCNs of both sides. The
input appecars 1o be excitatory, so that the SCN
neurons are most active during the light cycle. In
macaque monkeys [Reppent et al, 1981], the nu-
cleus is ovoid in shape and consists of small,
densely packed, darkly stained cells. The ventro-
lareral aspect of the nucleus receives dense retinal
input, with patchy input scantered more dorsally so
that abowt half of the nucleus has retinal input. At
least in rats, a second visual input to the SCN is
from the ventral lateral geniculate nucleus (or pre-
geniculate nucleus of most primates), but the sig-
nificance of this input is uncertain. The SCN
projects widely to periventricular structures. The
SCN also appears 1o project to the epithalamus,
and lesiuns of the SCN in macaque monkeys have
been shown to disrupt circadian rthythms in the
production of the pineal hormone melatonin |Rep-
pen et al, 1981). Lesions of the SCN in monkeys
also disrupt the usual entrainment of activities such
as drinking 1o 24-hr dark-light cycles and disrupt

frec-running circadian rhythms [Albers et al,
1984a,b|.

OTHER YISUAL STRUCTURES
Introduction

A number of additional subcortical structures
are visual in that they are visuwomaotor in funclion,
relay visual information, or have major connec-
tions with other structures that are recognized as
part of the visusl system. These parts of the visual
system are briefly reviewed here.

The Reticular Nucleus of the Thalamus

The reticular nucleus of the ventral thalamus
consists of a thin shell of scattered neurons along
most of the lateral and rostral sides of the dorsal
thalamus. The reticular nucleus receives collater-
als from relay neurons projecting from the dorsal
thalamus 10 contex and from cortical neurons pro-
jecting 10 the brainstem. The inputs are excitatory,
but the outputs are inhibitory, as the nucleus con-
sists of neurons releasing the inhibitory neuro-
transmiticr, gamma-aminobutyric acid (GABA)
|see Jones, 1985, for review]. Each subdivision of
neocoriex appears to relate to a particular segment
of the reticutar nucleus and thus inhibit a particular
thalamic nucleus or nuclei. Arcas of visual cortex
project to caudal portions of the reticular nucleus.
Individual visual areas appear to project topo-
graphically to the reticular nucleus |see Graham el
al, 1979, for review]. Striate cortex, for example,
projects in a topographic pattern to the most caudal
portion of the reticular nucleus, and this region in
wm projects 1o the lateral geniculate nucleus.
Thus, cxcitatory projections from striate coriex
can have an excitatory effect by terminating di-
rectly on lateral geniculate neurons or an inhibi-
tory effect by terminating on reticular nucleus
neurons that project 10 the lateral geniculate nu-
cleus, The inhibitory projections of the reticular
nucleus are thought to terminate on the geniculate
relay nourons rather than the inhibitory interneu-
rons {see Jones, 1985].

The Parabigeminal Nucleus

The parabigeminal nucleus consists of & small
group of cells on the lateral edge of the midbrain
just ventral to the medial geniculate nucleus and
the brachium of the inferior colliculus. In all mam-
mals studied, including gatagos [Glendenning et

al, 1975] and macaque monkeys {Harting, 1977,
the parabigeminal pucleus is interconnccled with
the superior colliculus. The superficial tectal lay-
ers project 1o the ipsilateral nucleus, which, in
tumn, sends projections back largely 1o the super-
ficial layers of both the ipsilateral and contralateral
colliculi. The interconnections appear to be topo-
graphic, and the inputs to the parabigeminal nu-
cleus create a retinolopic map. Because of these
connections, Graybicl |1978a] has referred to the
parabigeminal nucleus as a “satellite™ of the su-
perior colliculus. In cats [Sherk, 1979], the re-
sponses of neurons in the parabigeminal nucleus
to visual stimuli are very much like those in the
superficial layers of the superior colliculus, as onc
might expect from the major connection pattern.
The parabigeminal nucleus in galagos [Harting et
al, 1986] also projects to koniocellular and inter-
laminar zones of the lateral geniculate nucleus,
and similar projections probably exist in other pri-
mates and other mammals. The projections to W-
cell zones of the lateral geniculate nucleus suggests
that the parabigeminal nucleus functions in con-
Junction with the superficial collicular layers as
pan of the W-cell subsystem [see Harting et af,
1986}.

Motor Nucked

Visuomotor nuclei provide the final path to eye
muscles that stabilize images on the retina and
allow eye movements thal move visual images to
the part of the retina that best resolves the image
(area ceniralis or fovea). The necessary disjunctive
eye movements of convergence or divergence and
conjugate slow or rapid (saccadic) movemenis are
produced by contraction of various combinations
of the extraocular muscles. The lateral rectus mus-
cle is innervated by the abducens nucleus; the
accessory lateral rectus muscle (which may be
hemologous to the retractor bulbi muscle of the
cat) is innervated by some neurons in the abducens
nucleus as well as by cells in the ventral abducens
nucieus [Spencer and Porter, 1981); the medial
rectus, superior rectus, inferior oblique, and infe-
rior rectus muscles are innervated by cells of the
somatic portion of the oculomotor complex (this
complex also includes a visceral portion which
provides autonomic innervation of the eye); and
the superior oblique muscle receives input from
the trochlear nucleus. The motor neurons project-
ing 1o the extraocular muscles effect changes in
eye position by providing a burst of action poten-
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tials, which initiates the eye movement, followed
by a tonic level of activity, which maintains the
newly obtained eye position [Fuchs er al, 1985;
Schiller, 1970]. Motor nuclei contain both moto-
ncurons and interneurons {cg, Baker and High-
stein, 1985).

As the final common pathways to the muscles
that produce eye movements, motor nuclei receive
and combine information relevant to visual fixa-
tion, saccadic eye movements, and eye movements
related 1o visual and vestibular stimuli. The abdu-
cens nucleus of monkeys, as a recenily studied
example (Langer ¢t al, 1986], with the function of
generating conjugate horizontal eye movements,
receives a major bilateral input from vestibular
nuclei. Other afferemts are from peurons in the
part of the oculomotor complex related (o the me-
dial rectus muscle. Thus, the motor cenier’s re-
lated horizontal eye movements are interrelated. A
spatse and variable input originates from the inter-
mediaie gray of the superior colliculus [Harting,
1977}. In addition, visual ncurons in the reticular
nucleus of the pons, that project to the cercbellum,
also project to the abducens nucleus. These neu-
rons receive visual information from cortex and
the supcrior colliculus, Other neurons in the pons
that may be a pant of groups gencrating horizontal
saccades [see Fuchs et al, 1985, for review] pro-
ject to the abducens nucleus. Other inpuls to molor
neurons of the extraocular muscles include those
from the rostral interstitial nucleus of the medial
longitudinal fasciculus, the interstitial nucleus of
Cajal, vestibular nuclei, and the perihypoglossal
complex [Buttner-Ennever and Henn, 1976; Buit-
ner-Enncver and Buuner, 1978; Steiger and Burt-
ner-Enncver, 1979; Carpenter and Banon, 1980;
Buttner-Ennever and Akert, 1981). Many of these
structures receive inputs from the deeper layers of
the superior colliculus.

Subcortical Structures With Connections Yith
Visual Cortex

A number of structures in the brainstem can be
considered at least partly or indirectly visual in
that they have connections with subdivisions of
visual cortex [see Tigges and Tigges, 1985, for
review|. Many of these also contain neurons that
respond 1o visual stimuli. These structures are
listed below.

The locus coeruleus (LC) consists of a small
group of neurons in the ventral mesencephalon that
produce norepinephrine as a neurotransmitter and
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project broadly to visual and nonvisual structures
of the brainstem and cortex in all mammals includ-
ing primates. In squirrel monkeys, Tigges et al
{1982] have shown that neurons in LC project
bilaterally to visual cortex but more denscly to the
ipsilateral hemisphere. Visual arcas 17, 18, conex
along the rostral border of area I8 (probably DL
or V4), and MT and the fronial eye field all re-
ceive inputs from LC [see Allman, this volume,
for visual areas]. Connections from LC to visual
cortex have also been shown in macaque monkeys
|Gatter and Powell, 1977] and in the chimpanzee
[Tigges et al, 1983]. The early appearance of LC
projections to cortex and their widespread projec-
tion suggest that they have some sort of neuro-
trophic role {see Tigges and Tigges, 1985). The
presence of norepinephrine in cortex is thought to
be essential in maintaining the plasticity that per-
mits changes in connections and synaptic strength
jsee Pettigrew, 1982]. The LC inputs may also be
important in maintaining normal cycles of sleeping
and in promoting spontaneous arousal and awak-
ening to sensory stimuli [Livingstone and Hubel,
1981]).

The raphe nuclei and associated neurons in the
pontine reticular formation project broadly to vi-
sual and nonvisual brainstem and cortical struc-
wres jn all mammals and use scrotomin as 2
neurotransmitter [see Tigges and Tigges. 1985].
The projections are mastly ipsilatcral, and injec-
tions of tracers in visual cortex of primates label
only a small proportion of neurons. The termina-
tions in area i7 of monkeys are particularly dense
in layer IV, where they are in a position to modu-
late the early processing of visual information |see
Kosofsky et al, 1984].

Other neurons in the mesencephalic reticular
formation have been shown to project 1o visual and
other regions of cortex in monkeys [see Doty,
1983; Tigges et al, 1983; Tigges and Tigges, 1985,
Huerta ct at, 1986]. These ncurons could have a
role in the widespread activation of cortex that has
been shown to follow electrical stimulation of the
reticular formation.

A few neurons in the lateral hypothalamus (LH)
project to visual and other areas of conex [see
Tigges and Tigges, 1985]. The significance of this
projection is uncentain, but the pathway may be
inhibitory and dependent en GABA.

The hasal forebrain includes two structures that
project to visuat and other regions of cortex in all
mammals and use acetylcholine as a neurotrans-

mitter: the nucleus basalis of Meynert (NBM) and
the nucleus of the diagonal band of Broca (NDB)
[see Tigges and Tigges, 1985). The NBM shows
profound degencration in patients afflicted with
Alzheimer's disease, which results in defects in
thinking and memory. Thus, the widespread inputs
of a small group of neurons with acetylcholine as
a transmitler may be very important in maintaining
normal brain activity.

The claustrum is a thin sheet of neurons just
under insular cortex. The claustrum is sometimes
considered a cortical structure and more often a
subcortical one. Neurons in the claustrum receive
inputs from visual and nonvisual areas of cortex
via layer VI cells and project back broadly across
layers to the areas of cortex providing the inputs.
Neurons in Lhe caudoventral portion of the claus-
trum have been shown to be interconnected with
primary visual cortex in galagos, monkeys, and
apes [Carey ct al, 1979; Doty. 1983; Tigges ct al,
1982, 1983; Perkel et al, 1986]. These connections
form a reverberating circuit of uncertain signifi-
cance. Most or all visual areas may be intercon-
nected with the claustrum [see Graham et al, 1979].
Judging from research on cats, the interconnec-
tions for different visua) areas may overlap in the
claustrum [LeVay and Sherk, 1981). Connections
for a given visual area appear o be topological.
For examiple, in monkeys, connections devoted fo
the central visual field from area 17 are at the
external border of the head of the claustrom [Per-
kel et al, 1986}, In cats, the response properties of
visual neurons in the claustrum are very similar to
the tayer V1 cells of visual cortex providing the
source of activation [Sherk and LeVay, 1981]. The
neurons in the claustrum, with binocular, bidivec-
tional, elongated receptive felds, could modulate
the activity of area 17 neurons with less specific
properties.

A considerable number of neurons in the lareral
basal nucleus of the amygdala project to visual
cortex in primates [Tigges et al, 1982, 1983; Tigges
and Tigges, 1985]. Tigges and Tigges |1985] sug-
gest that this projection could provide information
on behavioral (emotional and maotivational) states
1o visual cortex. In addition, visual information
that is processed for form vision in the ternporal
lobe is relayed to the amygdala, and this input is
important in visual memory leg. Turner et al,
1980).

The intralaminar nuclei of the thalamus are 8
source of “unspecific” or diffuse projections 10

visual and nonvisual areas of cortex {Jones, 1985].
Commonly, the central lateral (CL), centralis me-
dialis (CeM), and paracentralis (Pc) are distin-
guished as separate nuclei. Tigges and Tipges
(1985] describe projections from all three struc-
tures to occipital visual cortex in monkeys and
chimpanzees and review possible functions of these
connections. This projection is considered as part
of a relay of activation from the mesencephalic
reticular formation, and research in cats suggests
roles in the control of eye movements and visual
attention.

Pontine Nucle and Cerebellum

A small region of the dorsolateral pons in mam-
mals is referred to as the dorsolateral pontine nu-
cleus (DLPN). This nucleus is pant of a
corticopontocerebellar system that is involved in
oculomotor functions. In monkeys, the DLPN re-
ceives afferents from striate cortex, prestriate cor-
tex, visual cortex of the temporal lobe, and
visuomeotor areas of posterior parietal cortex |Bro-
dal, 1978; Fries, 1981, Glickstein et al, 1980;
Wiesendanger et al, 1979]. Other visval inputs are
from the deeper layers of the superior colliculus
[Harting, 1977; Hucrta and Harting, 1984] and
from the pretectum |Weber and Harting, 1980).
Neurons in the DLPN respond to visual stimuli
and background movement in particular direc-
tions, and one hypothesis is that the DLPN
provides a cerebellar system involved in eye
movements of smooth pursuit with information
about the direction and velocity of target image
maodion on the retina [see Suzuki and Kcller, 1984].

The posterior vermis of the cerebellum receives
both visual and vestibular signals [cg, Suzuki and
Keller, 1982; Suzuki et al, 1981; Waespe and
Henn, 1981] and has a major role in oculomotor
functions. One source of visual input is from the
DLPN, which projects via mossy fibers to vermal
lobules V1 and VII and the flocculus of the cere-
bellum [Brodal, 1979, 1982; Noda, 1981]. In ad-
dition, in rabbits at least [Takeda and Mackawa,
1980], the dorsal cap of the inferior olive receives
visual inpwts from the dorsal an lateral terminal
nuclei of the accessory oplic tract and the nucleus
of the optic tract, and projects via climbing fibers
to the contralateral flocculus,

‘The Corpus Striatum and Subsiantia Nigrs

The corpus striatum and substazntia nigra are
parts of basal ganglia and the extrapyramidal mo-
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tor system and are not normally considered visuat
in function. Yet, inputs from visual cortex and
outputs to the superior cofliculus suggest a role in
visuomotor behavior as well as in other motor
functions. The corpus striatum {for an extensive
review, see Graybiel and Ragsdale, 1979] is tradi-
tionally subdivided into the striatum (the cawdate
nucleus and putamen) and pallidum {or globus
pallidus). The striatum is considered the input side
and the pallidum the output side of the corpus
striatum. In primates, motor cortex provides a
major input to the putamen, and premotor and
prefrontal cortex provide major inputs to the cau-
date nucleus, The caudate nucleus and putamen
provide major inputs 1o the pallidum which, in
turn, projects to the ventral thalamus for a relay to
motor contex. Thus, connections closely associate
the corpus siriaturn with the motor system. How-
ever, all parts of cortex are thought to project 10
the corpus striztum, with different fields having
specific projection regions, although the inputs
from visual areas are not the most dense [see
Kemp and Powell, 1971, for review]. Evidence for
projections from specific areas has been presented
for New World and Old World monkeys |see Gra-
ham et al, 1979, for review| and, to a lesser extent,
for prosimian galagos [see Wall et al, 1982].

Projections from arcas 17 and 18 to the striatum
are not well established and remain questionable.
In ow! monkeys, inputs to the striatum have been
shown for visual areas MT, DM, M, and PP. In
galagos, MT has been found to project to the
putamen. Further sudies will undoubtedly estab-
lish the existence of other visval inputs in these
and other primates.

Although a major output of the corpus striatum
is to motor Gelds via the thalamus, another target
is the substantia nigra, which provides outputs to
widespread regions of the forcbrain and midbrain.
The most significant projection of the substantia
nigra for visual functions is lo the intermediate
gray of the superior colliculus [Jayaraman et al,
1977; Hikosaka and Wurtz, 1983d].

In macaque monkeys, neurons in the pars re-
ticulata of the substantia nigra, the part projecting
to the superior colliculus, respond to visual and
auditory stimulation, and thesc responses are en-
hanced when the stimulus is used as a target for a
saccadic eye movement |Hikosaka and Wurtz,
1983a]. Visuaf responses can be suppressed by
other visual stimuli, and responses can be depen-
dent on remembered visual targets [Hikosaka and
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Wurtz, 1983b,c]. Hikosaka and Wuriz [1983d]
suggest that substantia nigra inputs to the superior
colliculus provide tonic inhibition of superior col-
liculus neurons and that a decrease in inhibition
produces a burst of spikes in the superior colliculus
cells that precede and result in a saccadic eye
movement,

CONCLUSIONS

The subcortical visual sysiem contains a number
of structures that are predominantly or exclusively
visual in function. The visual system is associated
with other subcortical structures, such as the retic-
ular nucleus of the thalamus, that have broad func-
tions that relate to the visual as well as other
systems. Some structures, such as the suprachias-
matic nucleus and parnts of the pretectum, appear
to be largely regulatory in function. The lateral
geniculate nucleus and perhaps parts of the pulvi-
nar via the superficial layers of the superior collic-
ulus are the sources of input for information
processing in cortex. Yisual cortex is reciprocally
related to pulvinar nuclei and the claustrum, and
these structures may function to modify the prop-
erties of cortical neurons. The superior colliculus
accesses oculomotor auclei in the brainstem and
has a major role in attention and the direction of
gaze toward novel objects. These subcortical
structures and general funclions are characteristic
of mammals including primates. However, parts
of the subcortical visual system are enlarged and
more differentiated in primates than in mammals
in general. In particular, the lateral geniculate nu-
cleus is large and subdivided into functionally dis-
tinct layers, and the pulvinar complex is greatly
expanded and subdivided into a number of nuclei.
These changes, of course, are associated with the
greatly expanded cortical visual syswem of pri-
mates. The massive and complex cortical visual
system alters subcortical centers such as the supe-
rior colliculus, and even the pregeniculate nucleus,
via an impressive subcortical projection system.
Within primates, major structural differences in
parts of the subcontical visual system are apparent,
especially in the lateral geniculate aucleus and
pulvinar complex. These species differences ap-
pear to refate to increased perccpual abilitics in
higher primaies.

Principles

Some general conclusions regarding the func-
tions and significance of the main subcortical vi-
sual centers are possible.

1. The lateral geniculate nucleus of primates
consists of three functionally distinct regions, each
with segregated inputs from each eye. The parvo-
celldar region receives inputs from the X-like
ganglion cells and functions as a relay in the object
vision pathway. Separate layers exist for the ipsi-
lateral and contealateral retinal inputs, and these
layers subdivide and interdigitate 10 varying ex-
tents in different simian but not prosimian pri-
mates. The significance of the interdigitation is not
clear, but we suggest the predominance of devel-
opmental rather than functionally related causes,
The parvocellular layers constitute most of the
geniculate, indicating the importance of object vi-
sion. The magnocellular layers relay Y-like gan-
glion cell information to corlex as part of a subsys-
tem mediating visual attention. Two magnocellular
luyers, one for each eye, are found in all primates.
One magnocellular layer is fractionated into a main
layer and a smailer displaced segment for un-
known reasons in some prosimians. The intcrlam-
inar cells and S layers of simians and the
interfaminar cells and koniocellular layers of pro-
simians relay a relatively sparse W-cell input to
cortex. This corical relay appears to influence
(modulate) neurons in the object vision pathway
from area 17, especially those related 1o color
vision in macaque monkeys. However, the W-cell
relay is especially well developed in prosimians,
including nocturnal prosimians, in which color vi-
sion is not highly important. Thus, the W-cell
relay is likely to relate to object vision in general
rather than just the color vision component.

2. The superior colliculus appears to have a
dual role in vision. The superficial layers receive
the Y-like and W-like ganglion celt inputs but not
those from the X-like ganglion cells. Thus, a sub-
stantial role in object vision is unlikely. Instead, a
major function of the superficial layers of the su-
perior colliculus is to relay W-cell information o
the W-cell region of the laieral geniculate nucleus,
providing a secomd course of W-cell inputs for
uncertain feasons, and refay Y-cell and perhaps
W-cell information (o pars of the pulvinar com-
plex. Much of this relay appears 10 modulate only
pulvinar neurons and is therefore not a second
source of Y-cell aciivation for cortical neurons.
However, a retina-superior colliculus—pulvinar re-
lay may activate restricted regions of polysensory
cortex and help mediate functions related 1o visual
changes and novelty, Retinal and cortical inputs 10
the superficial layers also relate via local circuits
in the colliculus 1o the decp layers, which have
oculomator functions via outputs to oculomolor

-

nuclei. The major function of the deep layers ap-
pears 0 be o use information from visual, audi-
tory, and somatic modalities via cortical and more
direct sensory relays to provide ocutputs that allow
the center of gaze to be directed toward locations
of interest and probable imponance.,

3. The pulvinar complex is greatly expanded
in primates and includes three large divisions. In
all primates, onc division, the inferior pulvinar
complex, is highly visual and contains three nu-
clei. The mest massive of the three, the central
nucleus, is interconnecied with primary and ad-
Joining secondary visual arcas and receives input
from the superior colliculus. The smaller medial
nucleus is interconnected with cortical area MT,
and the small posterior nucleus may relay visual
information from the superior colliculus to cortex
rostral 10 MT. The lateral pulvinar (or laterat pan
of the superior pulvinar) contains two or more
nuclei with interconnections with siriate and extra-
striate vicual areas. The medial pulvinar and its
rostzal extension, the antcrior (or oral) pulvinar,
are not as well understood, but they have wide-
spread interconnections with inferolemporal and
parietal conex and therefore have roles in higher-
order visual and nonvisual functions. With the
probable exception of a minor relay of visua! in-
formation from the colliculus to cortex, the role of
the massive pulvinar complex appears to be ac an
adjunct 10 the cortical visual sysiem, receiving
processed inputs from cortex, medifying and alier-
ing in uncertain ways these inputs, and sending the
modified information back to cortex. Reciprocal
connections allow for close intcraction betwoen
parnts of the pulvinar and specific visual areas, but
connections also allow pulvinar neurons te broadly
distribute information,

4. Most of the subcortical visual structures such
as the nuclei of the accessory optic system, the
pregeniculate, the pretecial nuclei, the suprachias-
matic nucleus, and motor nuclei of the brainsiem
are closcly relaied to regulative and motor func-
tions. Of course, primates differ from gencralized
mammals in having inputs from a more ¢laborate
cortical visual system to some of these siructures.
Thus, higher order and less direct control over
these regulatory and motor functions characlerize
the primale visual system,

Trends

Comparisons of the subcortical visual system of
the various extant primatcs reveal trends associ-
ated with phylogeny so that prosimian, New World
monkeys, Old World monkeys, apes, and humans
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represent, to some extent, successive levels of
complexity and advance as recognized by Le Gros
Clark leg, 1959]. In addition, there are specializa-
tions associated with adaptations for nocturnal (ac-
tually crepuscular) or diurnal vision.

The major phylogenetic differences in the sub-
contical visual system undoubtedly relate to differ-
ent levels of cortical expansion and subdivisions
found in various primates. Since much of the cor-
tical expansion appears to relate 1o the subsystem
involved in object vision, the subcortical structures
most closely related to object vision are the most
variable across species.

In the lateral geniculate nucleus, monkeys have
proportionately larger parvocellular masses than
prosimians, bul apes and humans show litile change
from Old World macague monkeys. Much of this
change is presumably related to an emphasis on
foveal and detailed object vision in advanced pri-
mates, which certainly involves more complex
cortical processing and expanded behavioral ca-
pacities in higher primates but little or no increrse
in the relay of information channels from the ret-
ina. Of course, noctumal primates, including owl
monkeys, emphasize the parvoceliular component
of the lateral geniculate nucleus and detailed vision
less than diurnal primates. The mostly nocturnal
lemuriform and lorisiform prosimians have the
specialized koniocellular geniculate layers that are
related to W-cell geniculate inputs, and the noctur-
nal ewl monkey has a large interlaminar zone of
W-cell function that is densely packed with cells.
Thus, an adaptation for nocturnal life involves a
significant relay of W-cell information that is re-
duced in higher primates, which are also divmal.

The ventral lateral geniculate nucieus occupies
its primilive position in prosimians but rotates to
become the pregeniculate in simians. lis relative
importance, probably as an oculomotor center, de-
creases, perhaps as & consequence of greater cor-
tical control.

A significant and well-known trend is the expan-
sion of the pulvinar complex in higher primates.
We propose that this is largely a consequence of
the close functional rclationship of the pulvinar
with extrastriate visual coriex and the phylogenetic
expansion of extrastriate visual cortex.

The superior colliculus of primates appears lo
express phylogenetic changes relaed to an in-
creased importance of foveal vision and an in-
creased importance of contical processing. The
visual and visuomotor maps devote proporiion-
ately more tissue to central vision in divmal ma-
caque monkeys than in nocturnal prosimians and
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possibly even in diurnal New World monkeys.
Retinal inputs apparently becomc less important
relative to cortical inputs, so that in macaque mon-
keys retinal inpuls are very sparse over much of
the rostral colliculus devoted to central vision and
ate discontinuous (disrupted) throughowt, espe-
cially for the sparser ipsilateral inputs, whereas
they are continuous and dense from both eyes in
prosimians. However, as a visual center, the su-
perior colliculus is not more differentiated in higher
primates, and hence there does nol scem Ho be a
phylogenetically increasing role for the superior
colliculus. Passibly, however, motor fields in fron-
wal cortex such as the frontal eye field may play a
greater role in advanced primates by complement-
ing some of the oculomotor functions of the supe-
rior colliculus.

Research Needs

The greatest research need, from a comparative
standpoint, is 0 oblain more information on the
subcortical system of the tarsier, the sole represen-
tative of a complete suborder of primates. Only
minimal descriptions of normat material are avail-
able. Given that tarsiers are rare and endangered,
it is unlikely that extensive information will be
obtained. However, we are encouraged by efforts
to establish breeding colonies and the possibility
of obuaining critical information from various his-
tological preparations from brains rapidly re-
covered after natural deaths [see Allman, this
volume].

Another concern is that most studies have con-
centrated on the lateral geniculate nucleus, supe-
rior colliculus, and pulvinar {with much less
attention being directed toward the pulvinar). Other
structures shoukd be studied more intensively.

Finally, great advances have been made in un-
derstanding the connections of the subcortical vi-
sual system, but there is litle understanding of the
significance of thc connections. Disconnection
studies with analyses of neuron properties andfor
behavior are needed.
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