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Abstract

Cortical connections were investigated by restricting injections of WGA-HRP to different parts of the middle
temporal visual area, MT, in squirrel monkeys, owl monkeys, marmosets, and galagos. Cortex was flattened
and sectioned tangentially to facilitate an analysis of the areal patterns of connections. In the experimental
cases, brain sections reacted for cytochrome oxidase (CO) or stained for myelin were used to delimit visual
areas of occipital and temporal cortex and visuomotor areas of the frontal lobe. Major findings are as
follows: (1) The architectonic analysis suggests that in addition to the commonly recognized visual fields,
area 17 (V-1), area 18 (V-II), and MT, all three New World monkeys and prosimian galagos have visual areas
DL, DI, DM, MST, and FST. (2) Measurements of the size of these areas indicate that about a third of the
neocortex in these primates is occupied by the eight visual areas, but they occupy a somewhat larger
proportion of neocortex in the diurnal marmosets and squirrel monkeys than the nocturnal owl monkeys and
galagos. The diurnal primates also have proportionally more neocortex devoted to areas 17, 18, and DL and
less to MT. These differences are compatible with the view that diurnal primates are more specialized for
detailed object and color vision. (3) In all four primates, restricted locations in MT receive major inputs from
short meandering rows of neurons in area 17 and several bands of neurons in area 18. (4) Major feedforward

projections of MT are to two visual areas adjoining the rostral half of MT, areas MST and FST. Other
ipsilateral connections are with DL, DI, and in some cases DM, parts of inferotemporal (IT) cortex, and
posterior parietal cortex. (5) In squirrel monkeys, where injection sites varied from caudal to rostral MT,
caudal parts of MT representing central vision connect more densely to DL and IT than other parts. Both DL
and IT cortex emphasize central vision. (6) In the frontal lobe, MT has dense connections with the frontal
ventral area (FV), but not with the frontal eye field (FEF). (7) Callosal connections of MT are most dense
with matched locations in MT of the other hemisphere, rather than with the outer boundary of MT
representing the vertical meridian. Targets of sparser callosal connections include FST, MST, and DL.

The results support the conclusions that (1) prosimian primates and New World monkeys have at least ten
visual and visuomotor areas in common, (2) the connections of MT are remarkably consistent across four
species of primates, (3) the anatomical segregation of visual subsystems in areas 17 and 18 is common to all
primates, (4) connections from the part of MT representing central vision with visual areas emphasizing
central vision are more dense, and (5) MT and the associated fields MST and FST occupy proportionally

more cortex in nocturnal than diurnal primates.
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INTRODUCTION

The middle temporal visual area, MT, in the upper temporal
lobe of primates (Allman & Kaas, 1971a; Aliman et al., 1973;
Gattass & Gross, 1981; Van Essen et al., 1981) is an area impor-
tant for visual tracking and the perception of motion (Newsome
et al., 1985; Diirsteler et al., 1987; Newsome & Pare, 1988;
Logothetis & Schall, 1989; Newsome et al., 1988). Cortical con-
nections of MT include major inputs from both the first (V-D)
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and second (V-II) visual areas, and MT projects to adjoining vi-
sual areas FST, MST, and posterior parietal cortex (for review
see, Van Essen, 1985; Maunsell & Newsome, 1987; & Kaas
1988). In the present study, we address two basic questions
about the connections of MT. First, how do the connection pat-
terns of MT compare across species of primates? We expect the
connections of the same cortical area to be highly similar across
species, yet striking species differences in connections have
sometimes been demonstrated for areas of sensory and motor
cortex. For example, the second somatosensory area, SII,
receives major thalamic connections from the ventroposterior
nucleus in at least some nonprimate mammals (e.g. Burton &
Kopf, 1987; Krubitzer & Kaas, 1987b), but most of the projec-
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tions in monkeys originate in the ventroposterior inferior nu-
cleus instead (Friedman & Murray, 1986; Krubitzer & Kaas,
1986). MT appears to exist in all primates, and MT can often
be identified with certainty from myeloarchitecture. Thus, it is
possible to compare connections across species using myelo-
achitectonic criteria to ensure that the injections are restricted
to MT and do not involve adjacent fields.

A second important question is “Do parts of MT represent-
ing central vision have different connections than parts repre-
senting paracentral and peripheral vision?” Cortical areas are
usually thought of as having similar connections throughout.
However, only parts of V-1 devoted to central vision appear to
project to the cortex in the DL/V4 region of extrastriate visual
cortex of macaque monkeys (Zeki, 1978a; Perkel et al., 1986;
Van Essen et al., 1986; Cusick & Kaas, 1988b), and Ungerleider
et al. (1986) concluded that parts of V4 representing central
vision have different cortical connections than parts of V4 rep-
resenting peripheral vision. Thus, we determined the connec-
tions of different parts of MT in squirrel monkeys where most
of MT is accessible on the surface of the cortex.

Studies of MT connections to date have included marmosets
(Spatz & Tigges, 1972), squirrel monkeys (Tigges et al., 1981),
owl monkeys (Weller et al., 1984), galagos (Wall et al., 1982),
and macaque monkeys (Maunsell & Van Essen, 1983; Unger-
leider & Desimone, 1986a). Although somewhat different pat-
terns of connections have been reported in these studies, the
significance of the reported variations is difficult to evaluate
since methods differed across studies, and there are uncertain-
ties about the identities of target areas. The early studies were
performed before the current, more comprehensive understand-
ing of the organization of the extrastriate cortex developed, and
more recent investigators have related results to somewhat dif-
ferent conceptual schemes of cortical organization. In addition,
all of the major studies of MT connections were completed be-
fore it was appreciated that modular subdivisions of visual areas
can have different connections. For example, neurons in spe-
cific cytochrome-oxidase dense bands in V-II of macaque mon-
keys (DeYoe & Van Essen, 1985; Shipp & Zeki, 1985, 19895),
squirrel monkeys (Krubitzer & Kaas, 1989a), and apparently
owl monkeys (Shipp & Zeki, 1989b) project to MT, but it is not
certain if this type of organization holds for other primates.
More specifically, are modular connections of MT with V-I and
V-II present in a wide range of primates, and can these mod-
ules be identified architectonically and anatomically in different
lines of primate evolution? One difference in the connections
of MT with modules in V-II has already been reported. CO
thick bands in V-II project to MT in macaque monkeys (DeYoe
& Van Essen, 1985; Shipp & Zeki, 1985, 1989b), whereas CO
thin bands project to MT in squirrel monkeys (Krubitzer &
Kaas, 1989a). Since CO thick and thin bands have been related
to separate magnocellular and parvocellular subsystems, respec-
tively (see DeYoe & Van Essen, 1988; Livingstone & Hubel,
1988), this reported difference in connections in squirrel and
macaque monkeys is intriguing. Examining modular connec-
tions of MT with V-1 and V-II in major lines of primate evo-
lution may lead to a greater understanding of the development
and evolution of cortical modules in the visual system. In the
present investigation, detailed descriptions are given for four
different primate species.

We addressed the question of how species of primates dif-
fer in visual cortical organization by injecting WGA-HRP into
MT of owl monkeys, squirrel monkeys, marmosets, and galagos.
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Owl monkeys and squirrel monkeys make interesting compar-
isons in that they are New World Cebid monkeys adapted for
nocturnal and diurnal vision, respectively (Hershkovitz, 1977).
We would expect aspects of cortical organization and connec-
tions to reflect the behavioral adaptations of nocturnality and
diurnality. Visual cortex appears to have two major hierarchies
of processing stations, with one stream for object identification
directed toward the inferior temporal lobe and the other for vi-
sual tracking and attention directed through MT to the poste-
rior parietal cortex (Ungerleider & Mishkin, 1982; Mishkin
et al., 1983). In dim light, a subsystem for detailed object vision
may be less useful, while a subsystem for visual search may re-
main important. Thus, MT may be relatively more important
in nocturnal primates.

Marmosets are of special interest as New World monkeys of
the family Callitricidae, long regarded as the most primitive
living monkeys (Beattie, 1927; Hershkovitz, 1977). Although it
is important to recognize that living species typically contain
a mixture of primitive, intermediate, and advanced features,
primitive features may be more common in marmosets. Finally,
galagos were included in these studies as an available prosim-
ian primate. Since galagos are nocturnal (Hershkovitz, 1977),
they might be expected to share some features of cortical orga-
nization with owl monkeys. However, as members of a separate
branch of primate evolution, galagos could differ significantly
from all New World monkeys. Because extant prosimians gen-
erally resemble early primates, results from galagos could help
us achieve an understanding of the early stages of the evolution
of visual cortex in primates.

In all species, we injected MT and, after perfusion, sepa-
rated cortex from the rest of the brain, manually flattened cor-
tex, and cut brain sections parallel to the surface. This allowed
us to determine the details of surface-view patterns of connec-
tions without the difficulties and potential errors of laborious
reconstructions. We used myelin stains and CO reactions to
identify cortical areas, since these procedures have previously
proven useful and accurate in identifying MT, VI, VII, and
other subdivisions of cortex (e.g. Luethke et al., 1989; Tootell
et al., 1985; Allman & Kaas, 1971a; Allman & Kaas, 1975). My-
elin stains and CO reactions also identify bands in V-II and
blobs in V-I (see Wong-Riley & Carroll, 1984; DeYoe & Van Es-
sen, 1985; Shipp & Zeki, 1985, 19894, b; Tootell et al., 1985;
Livingstone & Hubel, 1987; Krubitzer & Kaas, 19894) and al-
low connection patterns in V-II and V-I to be related to patterns
of bands and blobs.

Some of these results have been briefly presented elsewhere
(Krubitzer & Kaas, 19874, 19884, 1989a, Kaas & Krubitzer,
1988).

Methods

The cortical connections of the middle temporal visual area,
MT, were investigated in six squirrel monkeys (Saimiri sciureus),
three owl monkeys (Aoftus trivirgatus), two marmosets (Cal-
lithrix jacchus), and three galagos (Galago senegalensis) by
injecting small amounts of wheatgerm agglutinin conjugated
to horseradish peroxidase (WGA-HRP) or other anatomical
tracers into the cortex in the expected location of MT. After ap-
propriate survival periods, the animals were perfused, and the
brains removed. The cortex was separated from the deep struc-
tures, manually flattened, and cut parallel to the surface. Some
sections were reacted to reveal the WGA-HRP and other sec-
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tions were stained for myelin or reacted for cytochrome oxidase
(CO). Injection sites and connection patterns were later related
to subdivisions of the cortex identified by differences in CO or
myelin. The basic procedures closely follow those used previ-
ously in this laboratory (e.g. Cusick & Kaas, 19884a; Kaas et al.,
1989; Krubitzer & Kaas, 1989a).

At the beginning of each experiment, each animal was anes-
thetized with initial injections of ketamine hydrochloride (30-
50 mg/kg; White et al., 1982) and acepromazine maleate
(1 mg/kg). Supplemental injections of one-tenth of the original
injection were given as needed to maintain surgical levels of
anesthesia. In addition, a local anesthetic, 2% xylocaine hydro-
chloride, was infused along the incision line. Using standard
sterile surgical procedures, the skin was cut and retracted, and
a small amount of bone was removed over cortex in the region
of MT in the upper temporal lobe. A small slit was placed in the
dura to admit the injecting micropipette coupled to a 10-ul
Hamilton syringe. Injections were 0.05-0.08 ul of 0.1% WGA-
HRP, except for one squirrel monkey where the anatomical tra-
cer was tritiated WGA-HRP, and one owl monkey, where the
tracers were separate injections of 0.2 ul of 2% of the fluores-
cent tracers, fast blue, and diamidino yellow. After injections
in each case, the opening in the skull was covered by a cap of
dental acrylic, the skin was sutured, and animals were allowed
to recover from anesthesia. Antibiotics were given, and after
survival periods of 2 days for the WGA-HRP injections or 5
days for the fast blue injection, each animal was given a lethal
dose of barbiturate (pentobarbital sodium) and, when areflex-
ive, perfused transcardially with 0.9% saline followed by fix-
ative (2% buffered paraformaldahyde) and then fixative with
10% sucrose.

In preparation for histology, each brain was removed im-
mediately after perfusion, and the cortex was separated from
the brain stem. Next, sulci were opened by blunt dissection, and
the cortex was separated from the underlying white matter and
manually flattened with the aid of several cuts. The flattened
cortex was submerged in 30% sucrose in phosphate buffer un-
der a lightly weighted glass plate. This procedure allowed all or
nearly all of the neocortex to be retained in one or two large flat
pieces (Fig. 1). After about 15 h in the buffered sucrose solu-
tion, the flattened pieces were cut parallel to the cortical surface
into 40-um sections. Every third section was reacted for HRP
with tetramethylbenzadine (TMB) following the procedures of
Mesulam (1978) as modified by Gibson et al. (1984), or mounted
for autoradiography (1 case) or for fluorescence (1 case). A sec-
ond series of every third section was reacted for cytochrome ox-
idase (Wong-Riley, 1979a), and the remaining sections were
stained for myelin with the Gallyas (1979) silver procedure.

A drawing tube connected to a microscope was used to pro-
duce detailed drawings of WGA-HRP label within individual
brain sections at high magnification. Fluorescent label was il-
lustrated using a fluorescent microscope coupled to an X-Y
plotter. Other drawings of brain sections included myeloarchi-
tectonic boundaries, or CO patterns. Local landmarks such as
blood vessels and artifacts in the tissue that crossed the depth
of cortex were used to align parts of drawings of adjacent sec-
tions so that label at different cortical depths could be sum-
marized in a single surface view of the flattened cortex, and
architectonic and CO boundaries could be superimposed.

For all sectioned cerebral hemispheres, the drawings included
the total extent of neocortex and the myeloarchitectonic bound-
aries of visual areas. The total surface area of neocortex and the
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surface areas of cortical fields were measured from these draw-
ings using an image analysis system (Bioquant, R & M Biomet-
rics). Subdivisions of somatosensory, motor, and visuomotor
fields were identified in the sections stained for myelin, and
these fields were added as useful references to the summary
drawings.

Laminar patterns of connections were determined by eval-
uating the depths of label relative to the reconstructed depth of
the cortex and relative to layer IV, which was typically denser
in CO preparations. Laminar patterns of MT connections for
New World monkeys and galagos are more fully described else-
where (Weller et al., 1984; Wall et al., 1982).

Results

Surface-view distributions of cortical label transported from in-
jection sites in MT were determined for galagos, marmosets,
owl monkeys, and squirrel monkeys. Results are presented in
three main parts. First, we describe architectonic features of
subdivisions of visual cortex in myelin-stained or CO-reacted
brain sections cut parallel to the surface of manually flattened
cortex. Identifying subdivisions of visual cortex across species
of primates by myeloarchitecture and CO reactivity was impor-
tant in the interpretation of the connection patterns. In addi-
tion, we provide measurements of the surface areas of the
well-defined visual areas. Second, we relate injection sites to
MT, as defined by myeloarchitecture, and describe ipsilateral
connection patterns of MT relative to myeloarchitectonic fields
and substructures within area 17 and 18 that are revealed by CO
and myelin preparations. Third, we describe patterns of label
in the contralateral cerebral hemisphere after MT injections.

Subdivisions of visual cortex

A number of visual areas were apparent in the sections from
flattened cortex stained for myelin. Some of these same fields
were also obvious in brain sections reacted for CO, but in gen-
eral, the myelin-stained sections were more informative. How-
ever, the CO preparations revealed CO blobs in area 17 and CO
bands in area 18. Cortical borders were determined by examin-
ing sections at several depths from the surface.

Area 17

Area 17 or V-1 was easily identified in myelin or CO prepa-
rations, and the border between areas 17 and 18 was sharp.
However, the appearance of the field varied with the depth of
the brain section. In superficial sections reacted for CO, an ar-
ray of evenly spaced CO-dense dots of blobs (see Horton, 1984
for review) was obvious in squirrel monkeys (Fig. 4A), owl
monkeys (Fig. 2E), marmosets and galagos (Fig. 2D). In super-
ficial sections, area 17 was lightly and heterogeneously myelin-
ated (Fig. 2B, squirrel monkey and Fig. 4H, galago). Close
inspection revealed a scattering of holes in the myelin pattern
that formed a complimentary pattern to the CO-dense blobs
(Fig. 3; see Krubitzer & Kaas, 1989« for details). Deeper layers
of area 17, particularly layer 3C of Hassler (1966) (4B of Brod-
mann, 1909), were densely myelinated (Fig. 4D, 4G, and 4H:
see Allman & Kaas, 1974a). Layer IV (4C of Brodmann, 1909)
was very dark in CO preparations (Fig. 2A and 2C, also see
Wong-Riley & Carroll, 1984).

The surface-view preparations of area 17 allowed regions
devoted to central and peripheral vision to be identified. In
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OWL MONKEY
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Fig. 1. Flattened neocortex in an owl monkey. A dorsolateral view of an owl monkey brain (above) depicts sulci and some of
the cortical visual, auditory, and somatosensory areas. The sulci are slightly opened (solid black). The neocortex is shown be-
low after it has been separated from the brain and manually flattened. Sulci are completely opened. Previously buried cortex
is depicted in solid black. Solid lines mark architectonic boundaries, while the dotted lines indicate the fundus of the sulci. SI:
primary somatosensory cortex; Al: primary auditory cortex; DM: dorsomedial visual area; DL: dorsolateral visual area; DI:
dorsointermediate visual area; MT: middle temporal visual area; FST: fundal superior temporal area; MST: middle superior
temporal area; 17: primary visual area; 18: second visual area; Is: lateral sulcus; sts: superior temporal sulcus; cs: cingulate sulcus;
ca: calcarine sulcus; sec Heurta et al. (1987) for details of the flattening procedure.

squirrel monkeys, the dorsolateral portion of area 17 represent-
ing central vision (Cowey, 1964) bulged rostrally into area 18
(Figs. 2A, 2B and 4A, 4B). A similar bulge was distinct in mar-
mosets (Figs. 2C and 4G), but was less pronounced in owl mon-
keys (Fig. 2E) and galagos (Figs. 2D and 4H), which have less
cortex devoted to central vision (Allman & Kaas, 19715; Weller
& Kaas, 1982). The representation of the temporal periphery of
the visual hemifield (60-90 deg from fixation) is in the part of
area 17 in the calcarine fissure that is bordered by architectonic
field prostriata rather than area 18 (see Allman & Kaas, 19715).
In our preparations, the cortex at the rostral end of the calca-
rine fissure was typically split so that a portion was ventral and
a portion dorsal in the flattened preparations (e.g. Fig. 12).

In these locations, the cortex bordering area 17, without the
banded appearance of area 18, was judged to be area prostri-
ata. Thus, the dorsal and ventral extremes of area 17 in the flat-
tened preparations represent peripheral vision, with the dorsal
cortex devoted to the lower visual hemifield and ventral cortex
devoted to the upper visual hemifield (e.g. Allman & Kaas,
1971b).

Area 18

In previous descriptions of CO preparations of flattened cor-
tex, area 18 has been characterized as having a series of alter-
nating dense and light bands that cross the width of the field
(see Tootell et al., 1983; Livingstone & Hubel, 1987; Cusick &
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Fig. 2. Light-field photomicrographs of cortex that has been flattened, cut parallel to the surface, and reacted for cytochrome
oxidase (A and C-E) or stained for myelin (B) in a squirrel monkey (A and B), marmoset (C), galago (D), and owl monkey (E).
A lattice-like pattern of dense myelination can be identified in area 17 (B). In CO preparations, area 17 contains cytochrome-
oxidase dark blobs and CO light interblob regions (D and E). In area 18, the alterations of CO dark and light bands are most
distinct in squirrel monkeys and owl monkeys (A and E), less distinct in marmosets (C), and indistinct in galagos (D). In some
portions of area 18 of squirrel monkeys (A) and ow! monkeys (E), CO dark bands alternate between thick and thin, while in
marmosets bands appear to be of equal thickness (C). In cortex stained for myelin, banding is also apparent (B); myelin-dense
bands are CO light. Finally, a CO-dense oval of cortex is coextensive with the middle temporal visual area (C~E). Arrows in
C-E in MT point to a micropipette puncture from an injection of WGA-HRP. Black dots mark architectonic boundaries. Rostral
is right and dorsal is up in all figures. Other conventions are as in Fig. 1.

Kaas, 1988a; Krubitzer & Kaas, 19894 for squirrel monkeys;
Hubel & Livingstone, 1987; Tootell & Hamilton, 1989, for ma-
caque monkeys). The CO-dense bands have been described as
alternating from thick to thin. In the present cases, the CO
banding pattern was especially obvious in squirrel monkeys

(Figs. 2A and 4A) and owl monkeys (Fig. 2E), where thicker
and thinner bands often appeared to alternate. The CO band-
ing pattern was less distinct in marmosets, and adjoining bands
generally appeared to be of similar widths (Fig. 2C). In galagos,
the banding pattern was weak and inconsistent.
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Fig. 3. A graphic reconstruction of CO-dense regions (stipple) and
myelin-dense regions (solid black) in areas 17 and 18 of squirrel mon-
keys. In both of these visual cortical fields, myelin-dense regions inter-
digitate with cytochrome-oxidase dense regions so that CO interblobs
in area 17 (left) and interbands in area 18 (right) are myelin dense.

The myelin stains also revealed a banding pattern in area 18,
where densely myelinated bands crossing area 18 alternate with
poorly myelinated bands (also see Tootell et al., 1983). Such
myelin dense bands were found in the middle layers of area 18
of squirrel monkeys (Fig. 2B), owl monkeys, and marmosets.
This pattern is less obvious in galagos, where the bands of
denser myelin are broader and fuse in deeper layers (Fig. 4H).
A careful matching of myelin-stained and CO-reacted sections
revealed that the CO light bands are myelin dense (Fig. 3). In
area 18 of all of these primates, the most superficial cortex was
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more lightly myelinated, while the deeper cortex was more uni-
formly and densely myelinated. Together, the CO and myelin
preparations allowed us to reliably identify most of all of the
rostral border of area 18. Typically, the rostral border or area
18 was most obvious in the dorsolateral cortex, and less obvi-
ous in the cortex unfolded from the calcarine fissure. The junc-
tion of area 18 with prostriata was identified by a change to
cortex that is poorly myelinated (see Allman & Kaas, 19715).

Subdivisions of dorsolateral occipital cortex

The dorsolateral (DL), dorsointermediate (DI), and dorso-
medial (DM) visual areas have been previously defined in owl
monkeys (Allman & Kaas, 19745, 1975). Parts of DL have been
delimited recently in squirrel monkeys (Cusick & Kaas, 1988a),
but DL, DI, and DM have not been identified in primates other
than owl monkeys. DL is in the general location of the V4 com-
plex of macaque monkeys, and DI and DM are in the regions
of dorsal V3 and V3a of macaque monkeys (see Discussion).

In owl monkeys, DM contains a systematic representation of
the contralateral hemifield that is coextensive with a densely
myelinated rectangle of cortex located between area 18 and the
caudal tip of the lateral sulcus (Allman & Kaas, 1975). DM has
direct inputs from area 17 (Lin et al., 1982). In our preparations
of flattened cortex in owl monkeys, a densely myelinated zone
was obvious in the expected location of DM (Fig. 4C). The
shape, size, and location of this field closely correspond with
DM as previously reconstructed from parasagittal brain sections
(Allman & Kaas, 1975). We have also recorded from this field
and found that it contains a representation similar to that re-
ported by Allman and Kaas (1975), is coextensive with the my-
elin-dense region in sections from flattened cortex, and is also
characterized by inputs from area 17 (Krubitzer & Kaas, 19895,
1990). Thus, the field undoubtedly is DM. However, sections
from the flattened cortex indicate the shape of DM more accu-
rately, and the lateral border of DM is slanted caudomedially
so that the field is less rectangular than previously illustrated.
In CO preparations, DM is lighter than the surrounding cortex,
but myelin stains are much more useful in defining the field.

In the present preparations, the cortex in a comparable po-
sition to DM in owl monkeys was densely myelinated in squir-
rel monkeys (Fig. 4B) and marmosets (Fig. 4D and 4G). In
galagos, a DM-like region was apparent as a moderately dense
wedge in some cases, while in other cases, a distinction between
DM and the less densely myelinated DI (see below) was not ob-
vious. DM, as so defined in marmosets, squirrel monkeys, and
galagos, was more elongated and wedge-shaped than DM in owl
monkeys. Typically, DM was not distinct in CO preparations.
However, in squirrel monkeys, DM was notably lighter than the
surrounding cortex, and a faint banding pattern, reminiscent of
that in area 18, was often apparent (Fig. 4A).

DI is a narrow, less-myelinated strip of cortex just lateral
to DM that has been described as responsive to visual stimuli
(Allman & Kaas, 1975). A retinotopic organization and a ros-
tral border has not been determined for this field. Thus, DI is
not a well-characterized visual area. In our myelin-stained sec-
tions, a strip of cortex in the region of DI was less myelinated
than DM. DI, defined as a less-myelinated field rostrolateral
to DM, was especially distinct in marmosets and squirrel mon-
keys (Fig. 4B and 4D), but was less easily defined in galagos
(Fig. 4H). DI usually was not obvious in CO preparations, but
in squirrel monkeys DI was somewhat darker than bordering
fields (Fig. 4A).



Fig. 4. Subdivisions of visual cortex in light-field photomicrographs of cortex that has been flattened, sectioned parallel to the
surface, and stained for myelin (B-H) or reacted for cytochrome oxidase (A). The dorsomedial visual area, DM, is a myelin-
dense field just rostral to the medial portion of area 18 (B~D and G). DM is long and narrow in squirrel monkeys (B), rectan-
gular in owl monkeys (C), and wedge-shaped in marmosets (D). DM reacts lightly for CO (A). Just rostral to DM, the dorsal
intermediate area, DI, stains somewhat less densely for myelin (C and D) and reacts darkly for CO (A). Lateral to DM and DI,
the dorsolateral area, DL, stains moderately for myelin (E-H). The middle temporal visual area, MT, is an oval of heavily my-
elinated cortex just rostral to DL (E-H). The fundal superior temporal area, FST, ventral and slightly rostral to MT, stains less
densely for myelin than MT. In all figures, rostral is right and dorsal is to the top. Conventions as in previous figures. Arrows
in MT in parts G and H point to micropipette punctures from WGA-HRP injections. (Figure continued on next page.)
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OWL MONKEY

Fig. 4 continued.

DL was orginally defined as a systematic representation of
the visual hemifield in the cortex between area 18 and MT of
owl monkeys (Allman & Kaas, 1974b). More recent evidence
from squirrel monkeys indicates that DL contains at least two
subdivisions, a more caudal field with major inputs from area
18 and a more rostral field without major connections with area
18 (Cusick & Kaas, 1988a). Recent microelectrode-mapping
data from owl monkeys (Sereno et al., 1986) are consistent with
the conclusion that separate but parallel representations of the
visual hemifield exist caudally and rostrally in DL. In sections
from flattened cortex, DL was characterized by moderately
dense myelination in owl monkeys (Fig. 4F), squirrel monkeys,
marmosets (Fig. 4E and 4G), and galagos (Fig. 4H). In CO

preparations, DL often was distinguished as a moderately dark
field (Fig. 2E). So defined, DL did not appear to wrap as far
around MT as suggested by electrophysiological data in owl
monkeys (Allman & Kaas, 1974b). In addition, in favorable
myelin stains and CO reactions, the caudal half of DL was dar-
ker than the rostral half in squirrel monkeys (see Fig. 3 of Cu-
sick & Kaas, 19884). Thus, in squirrel and ow! monkeys there
was architectonic evidence for caudal and rostral subdivisions,
DLc¢ and DLr.

Subdivisions of the upper temporal Iobe
MT is a visual area that was first described in owl monkeys

as a systematic representation of the contralateral visual
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hemifield within a deeply myelinated oval of cortex in the up-
per temporal lobe (Allman & Kaas, 1971a). The dense myelina-
tion makes MT one of the most easily identified cortical areas.
MT has subsequently has been defined in marmosets (Spatz &
Tigges, 1972; Spatz, 1977), squirrel monkeys (Tigges et al.,
1981), galagos (Allman et al., 1973; Symonds & Kaas, 1978;
Wall et al., 1982), and macaque monkeys (Gattass & Gross,
1981; Van Essen et al., 1981; Desimone & Ungerleider, 1986;
Ungerleider & Desimone, 1986a). In sections cut parallel to the
surface and stained for myelin, the boundaries and shape of
MT were quite obvious (Fig. 4E-4H). In addition, some un-
evenness of myelin staininé occurred within MT of marmosets
suggesting functional heterogeneity, but this unevenness was not
apparent in the other primates studied. In CO preparations, MT
was darker than surrounding cortex (Fig. 2C-2E).

Two fields adjoining MT were also densely myelinated. A
superior temporal area, ST, was defined as an adjoining pro-
jection field of MT in owl monkeys (Weller et al., 1984), and
corresponds to the medial superior temporal area, MST, of ma-
caque monkeys as defined by Maunsell and Van Essen (1983).
Ungerleider and Desimone (1986) later concluded that the pro-
jection pattern of MT in macaque monkeys demonstrates two
adjoining projection fields, one defining a more restricted MST
and the other denoting an area in the fundus of the superior
temporal sulcus, FST (the possibility of two fields was also
suggested by Weller et al., 1984). The architectonic features of
these two targets of MT have been noted only for macaque
monkeys. Both MST and FST have been described as densely
myelinated (Maunsell & Van Essen, 1983; Ungerleider & Desi-
mone, 1986a,b). '

In the present cases, two fields along the MT border can be
distinguished by their shapes and- partial discontinuity even
though they are similar in myeloarchitecture and CO reactivity.
We retain the terms, FST and MST, for these areas, even though
the term FST is confusing when applied to species without a su-
perior temporal sulcus. In our myelin-stained sections, FST was
identified as a wedge-shaped area that narrowed ventrally from
the border of MT (Fig. 4E-4H), while MST was a densely my-
elinated semicircular area immediately dorsal and slightly ros-
tral to MT (Fig. 4G). Both FST and MST were somewhat less
densely myelinated than MT, and both FST and MST were only
moderately dense in CO preparations. Because of less myelina-
tion in superficial layers and an uneven plane of section, espe-
cially for unfolded cortex in fissures, MST and FST were not
always distinct on the same sections.

Other fields

Our major concern in defining cortical fields was to charac-
terize subdivisions with connections with MT, All of the areas
described above have such connections (see below). MT also has
connections with other portions of the temporal lobe and the
parietal lobe (see below) where we were unable to identify the
relevant fields. However, other connections of MT were with
a subdivision of the frontal lobe that we refer to as the frontal
ventral area (FV) (see Huerta et al., 1987). FV is a moderately
myelinated oval of cortex just ventral to the electrophysiolog-
ically defined frontal eye field (FEF). Both fields have been
briefly described for galagos and New World monkeys (Kaas &
Krubitzer, 1988).

In addition to visual and visuomotor fields, we have iden-
tified auditory, somatosensory, and motor fields in some of the
illustrations. Primary auditory cortex (Fig. 7 of Luethke et al.,
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1989) and area 3b or S-I of somatosensory cortex (see Krubit-
zer & Kaas, 1988b, 1990) can be quite distinct as densely my-
elinated fields (they are also obvious in CO preparations; see
Tootell et al., 1985), while the second somatosensory area, SII,
and a parietal ventral area (PV), are often apparent as moder-
ately myelinated ovals of cortex (Krubitzer & Kaas, 1990).

Sizes of myelorarchitectonic fields

By careful dissection, it was possible to preserve and flatten
most or all of the neocortex (Fig. 1). The flattening process in-
volved splitting parts of area 17 that are located in the calcarine
fissure which altered the shape of area 17. Other regions in the
temporal lobe were typically cut so the tissue could be flattened,
but we did not attempt to delimit visual areas in the lower tem-
poral lobe (see Weller & Kaas, 1987). Stresses in the tissue were
largely relieved by such cuts, but local tears also occurred. Local
damage to specific sections was compensated by transposing
boundaries from drawings of different sections using local land-
marks. The flattening process did not obviously distort the sur-
face areas of subdivisions of cortex. This observation is
consistent with the results of studies that indicate that little
distortion of surface areas occurs in the flattening cortex (Ola-
varria & Van Sluyters, 1985). Thus, inaccuracies in the measure-
ments of fields would largely stem from uncertainties of borders
or parts of borders (see above), rather than tissue distortion.

The surface areas of cortical fields for different species were
compared by measuring areas in individual cases and convert-
ing measurements to percentages of total neocortex to facilitate
comparisons within and across species, while allowing for in-
dividual and species differences in brain sizes (Fig. 5). In all
four primate species, area 17 occupied a large proportion of the
neocortex (16-19%). However, the percentages of neocortex oc-
cupied by area 17 was somewhat smaller in nocturnal (galagos
and owl monkeys) than diurnal (marmosets and squirrel mon-
keys) primates. Across these species, area 18 appeared to be less
than half the size of area 17. Area MT is roughly one-tenth the
size of area 17, but there is some variability with MT being
proportionately somewhat larger in galagos than squirrel mon-
keys (Table 1). DL, in contrast, was proportionately larger in
the diurnal primates (Table 1). Proportions of area 17, DL,
MT, and MST were significantly different (P<0.01, Student’s
f test) in the comparisons of nocturnal and diurnal primates.

Ipsilateral cortical connections of MT

Connection patterns were determined for injections that were
within MT, defined by myeloarchitecture, in six squirrel mon-
keys, three owl monkeys, three marmosets, and three galagos.
In all cases, the effective injection site appeared to be com-
pletely within MT (see Fig. 6A~6D for photomicrographs of in-
jection sites and Figs. 12-24). The locations of injections varied
in MT, allowing us to study topographic patterns of connec-
tions of MT with other fields, and compare connection patterns
and densities of connections for injections in different parts of

MT.

Area 17

The injections in MT led to three major conclusions about
connections with area 17. First, in all cases, labeled neurons in
area 17 were in the middle and deep layers of the cortex, while
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Fig. 5. Histograms of the surface areas of eight architectonically defined cortical fields relative to the total neocortex in four
species of primates. The proportion of neocortex assumed by the eight visual areas is significantly larger in diurnal species. Codes
for visual areas are on the right. Abbreviations are as in Fig. 1.

label in fine processes representing feedback projections from
MT was most dense in the superficial cortical layers. In brain
sections cut parallel to the cortical surface, layer IV of Hassler
(1966) was easily recognized in the CO sections as a very dark
layer (layer I'Vc of Brodmann, 1909), and most labeled neurons
were just superficial to layer I'V. These observations are consis-
tent with the considerable evidence from other studies that neu-
rons in layer I1Ic of Hassler (1966) and deeper neurons near the
junction of layer V with layer VI project to MT, and projec-
tions from MT to area 17 terminate most densely in superficial
layers (for review see Weller & Kaas, 1981; Tigges et al., 1981).

A second conclusion is that labeled neurons and labeled ter-
minals in area 17 have somewhat different distributions tangen-
tial to the surface. Injections in MT typically produced a region
where labeled neurons were aligned in short merging and
diverging rows (Figs. 7B-7D and 8C-8E) although this was less
apparent in some cases (Fig. 7E). Within rows, labeled neurons
sometimes were distributed in closely spaced clumps (Figs. 7C
and 7D). The more superficial label consisting of fine processes
was rather evenly distributed both over and between the rows
(Figs. 7A, 8A, and 8B). However, the superficial label was less
dense in small ovals that were over the CO blobs. These differ-
ences in the distributions of feedforward and feedback connec-
tions in area 17 were apparent in squirrel monkeys (also see
Krubitzer & Kaas, 19894), owl monkeys, marmosets, and to a
lesser extent, in galagos.

The third conclusion supported by the present results is that
the connections between MT and area 17 form a topological
pattern. Furthermore, when the retinotopic maps in MT of
galagos (Allman et al., 1973) and owl monkeys (Allman &
Kaas, 1971a) and area 17 of galagos (Krubitzer et al., unpub-

lished experiments) and owl monkeys (Allman & Kaas, 1971a)
are considered, it is clear that the connections are between
retinotopically matched locations. In addition, the electrophys-
iological data on the retinotopic organization of dorsolateral
area 17 in squirrel monkeys (Cowey, 1964), in conjunction with
the connection pattern, provide evidence that MT has a simi-
lar retinotopic organization in squirrel monkeys as in owl mon-
keys and galagos. Finally, if the bulge in dorsolateral area 17
of marmosets corresponds to central vision, as it does in squirrel
monkeys, then the connection patterns indicate features of
retinotopic organization in MT of marmosets as well,

The topographical pattern of connections of MT with area
17 is apparent from the variations in the locations of injection
sites in MT and the corresponding label in area 17 for the in-
dividual cases (squirrel monkeys, Figs. 12-16; owl monkeys,
Figs. 17-19; marmosets, Figs. 20 and 21; and galagos, Figs. 22—
24). These results indicate that caudal or caudoventral MT, rep-
resenting central vision, connects with the rostral portion of
dorsolateral (in the intact brain) area 17, and that more rostral
locations in MT, representing paracentral and peripheral vision,
connect with parts of area 17 folded into the calcarine fissure
(as a result of cuts during flattening, area 17 has a strip-like
shape, and calcarine cortex is upper and lower in the strip). The
results also show that medial (dorsal) MT (lower visual quad-
rant) connects with medial area 17 and lateral MT connects with
lateral area 17.

Area 18

In all cases, the injections in MT labeled neurons and fine
processes in area 18. Observations were made on the lami-
nar distributions of label, the relationships of label to the CO
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Table 1. Surface areas of cortical fields as a percentage of
the total surface of neocortex (See Fig. 1 for visual areas).

Case

number 17 18 DL DM DI FST MT MST Total

Squirrel monkey

1 195 76 44 1.8 1.0 27 13 14 397
2 199 89 47 14 1.0 3.1 1.1 1.1 41.2
3 17.4 87 42 1.2 9 3.0 16 12 382
4 197 65 34 12 1.0 26 13 14 371
5 19.1 94 40 13 13 24 14 1.1 40.0
6 137 71 57 14 14 32 1.6 1.8 359
Mean % 182 8.0 44 14 1.1 2.8 14 1.3 387
Std Dev 24 1.1 8 2 2 3 2 3 2.0
Owl monkey
1 146 92 35 1.7 1.5 20 21 1.7 36.3
2 184..88 33 24 18 1.2 18 1.1 38.8
3 150 5.0 22 15 16 1.5 13 1.3 294
4 67 75 42 1.7 13 21 1.8 1.8 271
Mean % 13.7 7.6 33 1.8 1.6 1.7 18 1.5 329
Std Dev 49 19 .8 4 2 4 3 3 6.3
Marmoset
1 16.1 82 40 1.8 28 25 15 1.1 38.0
2 169 88 35 1.5 22 27 23 16 395
3 200 88 37 1.1 19 24 20 15 41.4
4 15,7 75 4.1 1.3 1.7 25 19 1.7 364
5 223 96 3.1 14 20 1.7 1.7 13 43.1
6 185 93 44 13 22 20 16 1.1 40.4
Mean % 18.3 8.7 38 14 21 23 18 14 398
Std Dev 25 8 5 2 4 4 3 3 2.4
Galago
1 19.6 6.8 2.9 .6 g 022 23 22 374
2 159 4.6 2.0 8 1.0 27 19 14 303
3 13.5 80 25 1.2 13 27 25 19 336
4 16.0 4.4 2.6 8 14 1.8 20 21 31.1
Mean % 16.3 6.0 2.5 9 Il 24 22 1.9 331
Std Dev 25 1.7 4 2 3 4 2 4 3.2

and myelin bands in area 18, and on topographic patterns of
connections.

After MT injections, the labeled neurons were almost all
located in the middle layers of area 18, presumably in layer 111
as previously reported for squirrel monkeys (Tigges et al.,
1981), owl monkeys (Weller et al., 1984), and macaque monkeys
(Maunsell & Van Essen, 1983; DeYoe & Van Essen, 1985; Un-
gerleider & Desimone, 19864). Fine, scattered label, represent-
ing terminations in area 18, was most dense in more superficial
sections including those through superficial parts of layer III as
previously reported for owl monkeys (Weller et al., 1984), mar-
mosets (Spatz & Tigges, 1972), squirrel monkeys (Tigges et al.,
1981; Krubitzer & Kaas, 19894), macaque monkeys (Maunsell
& Van Essen, 1983; Ungerleider & Desimone, 1986a), and gala-
gos (Wall et al., 1982).

In New World monkeys, the distributions of label in area
18 were related to the patterns of the CO-dense bands. In squir-
rel monkeys, labeled neurons projecting to MT were largely
confined to every other CO-dense band, while more superficial
label in fine processes was dense in the same bands, but was
also present in the other set of CO-dense bands (Fig. 9A, 9B,
9E, and 9F). Little label was in the CO light, myelin-dense
interbands (Fig. 9C and 9D). Concentrations of label within
the CO-dense bands in squirrel monkeys are also indicated in
Fig. 12-16. Although the figures include both retrogradely and
anterogradely transported label, the label in the thin bands
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(Figs. 12 and 13) appears somewhat denser due to the superim-
position of both types of label (also see Fig. 3 of Krubitzer &
Kaas, 1989a). Thus, projections from area 18 to MT appear to
originate in the thin set of alternating CO-dense bands, while
the feedback projections from MT to area 18 appear to ter-
minate in both the thick and thin bands.

In owl monkeys, we obtained less extensive data on the re-
lationship of CO-dense bands to connection patterns. However,
results weré consistent with those in squirrel monkeys. In owl
monkeys 88-16 (Fig. 9G), the fluorescent dye, fast blue (FB),
was injected into MT, while another fluorescent dye, diamadino
yellow (DY), was injected in DL. Neurons labeled with FB were
found most densely in two thin CO bands. The neurons labeled
by the injection of DY in DL, on the other hand, were in both
thick bands and interbands in area 18. In two other owl mon-
keys, where WGA-HRP was injected in MT, label was concen-
trated into band-like strips in area 18 and in one case the labeled
neurons were generally in alternate bands while the labeled ter-
minals were more broadly distributed in both sets of CO-dense
bands.

In marmosets, label in area 18 after MT injections was con-
centrated in band-like regions (Figs. 10, 20, and 21). In one of
these marmosets, the CO reactions revealed some of the CO-
dense bands, and the dense retrograde label was largely con-
fined to three alternating CO bands (Figs. 10E and 20). These
bands were thin, but adjacent bands also appeared to be thin.
Thus, it appears that in at least parts of area 18 of marmosets,
adjacent CO-dense bands are of the same width. As in the
squirrel and owl monkeys, anterograde label was in every CO-
dense band, all of equal width (Fig. 10D). Although we were
unable to identify the CO banding in area 18 of marmoset 87-
51, label in area 18 was in bands and anterograde label was
more broadly distributed.

In galagos, the CO reactions did not distinguish CO-dense
bands and interband regions. Nevertheless, in each of three
cases with an injection in MT, and one case with an injec-
tion in DL, label was concentrated in band-like regions of
area 18 (Figs. 11A~11D and 22-24). As in the other primates
studied, superficial anterograde label was dense in retrogradely
labeled bands and between them and was thus more broadly
distributed.

The injections in MT also revealed topographic patterns of
connections with area 18. In each of the six squirrel monkeys,
labeled regions in area 18 extended from the caudal border
of area 18, representing the zero vertical meridian, to the ros-
tral border of area 18, representing the horizontal meridian
(Figs. 12-16). Typically, these labeled regions occupied less than
one-fifth the length of area 18, although as much as two-fifths
of the length was labeled in one case (Fig. 12). Since the effec-
tive injection sites appeared to occupy less than one-fifth of
MT, the labeled regions in area 18 and the injection sites in
MT were roughly proportional. In addition, all of the injec-
tions were in the caudomedial half of MT, representing the
lower visual quadrant, and all of the labeled regions were in the
medial half of area 18, also representing the lower visual quad-
rant (Fig. 12-24). The more caudal injections in MT, in the por-
tion representing central vision, produced label in more laterally
in medial area 18, while the more rostromedial injections pro-
duced label in more medial regions of area 18, demonstrating
interconnections between parts of area 18 and MT representing
paracentral and peripheral vision. Thus, connections were topo-
graphic and retinotopicaily matched.

In owl monkeys (Figs. 17-19), the two WGA-HRP injections



SQUIRREL
MONKEY

MARMOSET |
PP ]
T %

>
R

OWL
MONKEY

GALAGO

Fig. 6. Dark-field photomicrographs of flattened cortex showing the areal distributions of label resulting from injections of
WGA-HRP in MT. In all species examined, areas 17 and 18 contain dense patches of both anterograde and retrograde label
(B and D). Label is also apparent in areas DL, DM, DI, MST, and FST. Note the similarity in the distribution of label in all
four species. Solid white lines mark architectonic boundaries. In all figures, rostral is right and dorsal is to the top. Conven-

tions are as in previous figures.

labeled regions roughly one-third to one-fifth the size of area
18, while the one FB injection labeled only a restricted part of
area 18. The WGA-HRP injections were well-centered in MT
in portions related to the horizontal meridian, and the result-
ing label in each case was concentrated along the rostral border
of area 18, which represents the horizontal meridian, and was
located in separate medial and lateral locations in area 18,
which represent the lower and upper visual quadrants. Also in
correspondence with expected retinotopic relationships, the
more rostral injection resulted in label displaced more toward
the medial and lateral ends of area 18, while the injection of FB
in medial MT produced label only in medial area 18.

In the two marmosets, the transported label crossed much
(Fig. 21) or all (Fig. 20) of area 18 and extended over about one-
fourth of the field. A caudolateral injection labeled the mid-

portion of area 18, devoted to central vision, while an injection
centered in MT labeled separate regions displaced towards the
ends of area 18 related to paracentral and peripheral vision.
In galagos, injections in MT produced band-like arrays of
label that partly crossed the width of area 18 (Figs. 22-24).
The labeled regions occupied one-fourth of area 18 or less.
An injection near the rostrolateral border of MT produced la-
bel near the ends of the area 18 belt with more label at the lat-
eral end (Fig. 22). This pattern is consistent with label resulting
from an injection in the cortex representing peripheral vision
along the horizontal meridian, with more of the injection site
in the representation of the upper than the lower visual quad-
rant. An injection in rostromedial MT resulted in label only in
the medial end of area 18 (Fig. 24), suggesting that the injection
site was confined to the representation of peripheral vision in
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Fig. 7. Dark-field and light-field photomicrographs of patterns of anterograde (A) and retrograde (B-E) label in area 17 af-
ter injections of WGA-HRP in MT in squirrel monkeys and owl monkeys. Anterograde label (A) forms a broadly distributed
lattice-like network that relates to the CO interblob regions. In squirrel monkeys (B) and owl monkeys (C and D), retrograde
label in area 17 generally forms several meandering rows. Note that the density of label in these bands is not homogeneous. An
intricate pattern of combined anterograde and retrograde label is apparent in superficial layers of area 17. SM: Squirrel mon-

keys. Other conventions are as in previous figures.

the lower quadrant. An injection centered in MT produced la-
bel displaced slightly into the medial half of area 18 (Fig. 23).
From the location of the injection site, label was expected in a
location equally displaced into the lateral half of area 18, but
such label was not noted (however, label was present in lateral
area 17). .

The dorsolateral area (DL) of the occipital cortex

DL is a subdivision of the visual cortex that disproportion-
ately represents central vision (Allman & Kaas, 1974b). The
caudal part of DL, DLc, is strongly interconnected with area 18
and the rostral part of DL, DLr, has few or no connections with
area 18 (Cusick & Kaas, 19884). Our injections in MT indicate
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Fig. 8. Graphic reconstructions of patterns of anterograde (A and B) and retrograde (C-E) label in area 17 of squirrel mon-
keys after injections of WGA-HRP or tritiated WGA-HRP (E) in MT. The pattern of anterograde label (A and B) is lattice-
like in appearance and more broadly distributed than retrograde label (compare areal extents of B and C). Retrogradely labeled
neurons in area 17 after injections in MT form intricate banding patterns. Conventions are as in previous figures.

that DL is interconnected with MT in both New World monkeys
and galagos, and the connections are denser with DLr. The part
of MT representing central vision has the most dense connec-
tions with DL, and the differences in the density of connections
related to central vision are more pronounced in the diurnal
squirrel monkeys and marmosets, where central vision is
emphasized.

The relationship between the location of the injection site
and the density and distribution of label in DL was most appar-
ent in squirrel monkeys where six injections ranged in location
from caudal to rostral MT. The injection in squirrel monkey 87-
35 (Fig. 12) was near the caudal margin of MT. The transported
label in dorsolateral portions of areas 17 and 18 indicated that
the injection was in part of MT representing central vision and
spread slightly into the representation of the lower visual quad-
rant. The injection produced scattered clumps of labeled neu-
rons and fine processes over much of DL. The labeled neurons
were largely in the deeper half of layer III, while the fine label
was more broadly distributed across layers. The clumps of la-
bel were concentrated in rostral DL, and, more noticeably, in
the medial half of DL, which is devoted to the lower visual
quadrant. Nevertheless, major clumps of label were in lateral
DL, which represents the upper visual quadrant. Thus, the la-
bel was dense, discontinuously distributed, and concentrated in
part of DL that retinotopically matched the injection site.

The injection sites in the other five squirrel monkeys were
placed in more rostral locations in MT, and were progressively
more displaced from the representation of central vision. The

progression also formed a series of cases with less and less la-
bel in DL, and label more and more restricted in rostromedial
DL. (1) The injection in case 87-16 (Fig. 13) was only slightly
displaced from the caudal border of MT. The label in areas 17
and 18 indicate that the injection was in part of MT represent-
ing parafoveal vision just a few degrees (see Cowey, 1964) into
the lower visual quadrant. Scattered clumps of label were ob-
served again across much of DL, especially caudally and dor-
sally in DL. However, the label was less dense than in the
previous case involving central vision, and the label in lateral
DL was especially reduced. (2) A slightly more caudal injection
in MT involving vision just a few degrees further in the lower
visual quadrant produced less label in DL, and the label was
largely restricted to caudomedial DL (Fig. 14). (3) An injection
somewhat more rostral in MT involving slightly more paracen-
tral vision resulted in only sparse label in DL. This label was re-
stricted to rostral DL, and practically no label was in lateral DL
(Fig. 15). (4) Two other cases with more rostral injections in MT
involving more peripheral vision (87-25, Fig. 16; 86-61, not
shown) resulted in very sparse label that was largely confined
to the rostromedial section of DL.

Injections in the other primates provided further informa-
tion on the relationship of the location of the injection site
in MT to the amount and distribution of label in DL. In owl
monkeys, all three injections in MT involved paracentral vision
(Figs. 17-19). The resulting label in DL was roughly comparable
to that following injections involving paracéntral vision in MT
of squirrel monkeys. Thus, the label was relatively sparse, dis-
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CYTQCHROME OXIDASE MYELIN

CYTOCHROME OXIDASE

Fig. 9. Patterns of anterograde (A, C, and E) and retrograde (B, D, F, and G) label in area 18 after injections in MT in squirrel
monkeys and owl monkeys. These patterns of label have been related to both myelin and CO stains (A-D) or to CO stains (E-F)
in squirrel monkeys and in owl monkeys (G). Note that retrograde or feedforward (FF) label is in every other CO-dense band
(B, F, and G), while anterograde or feedback (FB) label is in every cytochrome-oxidase rich band (A and E). In one owl mon-
key (G), an injection of fast blue was placed in MT while an injection of diamidino yellow was placed in DL. The retrogradely
labeled cells in area 18 are nonoverlapping; injections in MT label neurons in CO thin bands while injections in DL label neu-
rons in both thick and interbands. Finally, after MT injections, both feedforward and feedback patterns of connections are found
outside of myelin-dense bands (CO interbands) in area 18 (C and D). Conventions are as in previous figures.
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Fig. 10. Dark-field photomicrographs of anterograde (A) and retrograde (B) label in area 18 in marmoset §7-53 resulting from
an injection of WGA-HRP in MT. The adjacent light-field photomicrograph (top right) indicates CO-dense regions in area 18
in relation to this label. The bottom row of figures graphically depicts patterns of anterograde and retrograde label in relation
to CO-dense bands (outlined in solid black lines; dashed lines mark less dense parts of the CO bands) in area 18. The antero-
grade label (A and D) is more broadly distributed than retrograde label (B and E). Also, the CO bands are of nearly equal thick-
ness. Scale bar applies to all figures. Small arrows in all figures mark some of the blood vessels (small circles in bottom figures)
used to align sections.

tributed in clumps, and largely confined to rostral DL. Injec-
tions involving the horizontal meridian in MT, judging by the
split location of label in area 18, resulted in label in both lat-
eral and medial locations in DL (Figs. 17 and 18). Since DL
(Allman & Kaas, 1974b), similar to V-II (Allman & Kaas,
1974a), has a split representation of most of the horizontal
meridian, separate medial and lateral locations of label were
expected in these cases. In marmosets, the case with the injec-
tion in the part of MT representing central vision produced
somewhat more label in DL (Fig. 20) than in the injection in
part of MT representing paracentral vision (Fig. 21). Because
of the location of the injection site on the representation of
the horizontal meridian in marmoset 87-51 (Fig. 21), a separate

region of dense label was expected but not observed in the lat-
eral DL. In galagos, two cases with injections in parts of MT
representing paracentral (88-10; Fig. 23) and peripheral vision
(88-11, Fig. 24) resulted in notable amounts of label in DL. How-
ever, DL was nearly free of label after an injection into ros-
trolateral MT representing extreme peripheral vision (Fig. 22).

The dorsointermediate (DI) and dorsomedial (DM)

areas of the occipital cortex

After MT injections, sparse-to-moderate amounts of label
were observed in DI of all four species of primates. Label was
also observed in DM of squirrel monkeys and owl monkeys, but
not galagos and marmosets.
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Fig. 11. Graphic reconstructions of anterograde (dots) and anterograde
and retrograde (solid black) label in area 18 after injections of WGA-
HRP in MT of galagos (A-C) and DL (D). As in the other species
(Figs. 8-10), anterograde label is more broadly distributed than retro-
grade label and is found both in regions where retrogradely labeled neu-
rons are located, and in regions between retrogradely labeled neurons.
After injections in MT, label in area 18 is in small clumps of neurons
that form bands across the field. Other bands of labeled neurons result
from injections in DL. Conventions are as in previous figures.

In owl monkeys, where the locations of architectonic fea-
tures of DM and DI have been established in previous studies
(e.g. Allman & Kaas, 1975), connections with the DM/DI re-
gion were revealed in all three cases with MT injections. The la-
beled cells in these three cases were at the level of inner layer 111,
while labeled fine processes were more widely distributed. The
scattered foci of label roughly, although not precisely, corre-
sponded to expected retinotopic relationships. In owl monkey
88-7 (Fig. 17), the injection was in part of MT representing the
horizontal meridian a few degrees from fixation. Label was
scattered in clumps in rostrolateral DM, a portion devoted to
central and paracentral vision. In another case where FB was
injected into part of MT representing paracentral vision in the
lower quadrant, labeled neurons were found in the mid-portion
of DM (central to paracentral vision). An injection of WGA-
HRP in part of MT representing more peripheral vision (Fig. 18)
produced scattered clumps of label over more of DM, with con-
centrations near the lateral and medial borders of DM where
peripheral vision is represented.

In owl monkeys, DI occupies the cortex between DM and
DL. The myeloarchitectonic patterns in the present cases sug-
gest that DI also extends rostromedially to partly border ros-
trolateral DM. In all three owl monkeys with MT injections,
labeled neurons and, in two cases, processes, were found in DI
(Figs. 17-19). The label was scattered in clumps over much of
DI in the two cases with WGA-HRP injections, but was re-
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stricted to a few cells in rostral DI in the case with the FB
injection.

In squirrel monkeys, DM and DI appear to have slightly dif-
ferent shapes and positions than in owl monkeys. DM is longer
and narrower and DI extends medially along the rostral border
of DM. Injections in the caudal part of MT representing cen-
tral vision produced scattered clumps of label over much of DM
and DI (Figs. 12 and 13), suggesting central vision is emphasized
in these fields. More rostral injections in parts of MT represent-
ing paracentral vision resulted in less label in DI and little la-
bel in DM (Figs. 14 and 15). An injection in rostral MT related
to more peripheral vision produced relatively sparse label in DI
and DM. In marmosets, injections of WGA-HRP into parts of
MT devoted to central (Fig. 20) and paracentral (Fig. 21) vision
resulted in scattered label in DI, but not in DM. Similar results
were obtained in galagos, where injections placed in the repre-
sentations of paracentral (Fig. 23) and peripheral (Fig. 24) vi-
sion in MT produced scattered clumps of labeled neurons and
processes in DI but not in DM. No label was found in DM or
DI after an injection in the rostrolateral pole of MT (Fig. 22),
which represents extreme peripheral vision.

Superior temporal areas (MST and FST)

Dense foci of transported tracer were observed in FST and
MST in all species. The connections of MT with these fields
were of the “feedforward” type (Rockland & Pandya, 1979;
Maunsell & Van Essen, 1983; Van Essen & Maunsell, 1983;
Weller et al., 1984). Thus, labeled cell bodies were both in su-
pragranular and infragranular layers of MST and FST, while
labeled axon terminals were most dense in the middle cortical
layers. In general, FST was more densely interconnected than
MST with MT. However, the locations of label and the amounts
of label in these fields varied from case to case.

In squirrel monkeys, the two cases with injections related to
central vision produced scattered foci of label over much of
FST, but little label in MST (Figs. 12 and 13). More label was
apparent in MST of other cases with injections involving para-
central and peripheral vision (Figs. 14-16). Thus, there was a
suggestion that paracentral and peripheral vision are empha-
sized in MST.

Connections between MT and both MST and FST were also
demonstrated in owl monkeys, marmosets, and galagos. In owl
monkeys (Figs. 17 and 18) and marmosets (Figs. 20 and 21) with
WGA-HRP injections in MT, dense patches of label were scat-
tered within MST and FST. For uncertain reasons, the FB injec-
tion in MT of another owl monkey labeled groups of neurons
in MST but not FST (Fig. 19). In all three galagos, injections
in MT produced scattered foci of dense label in both MST and
FST (Figs. 22-24). The scattering of foci of label over large por-
tions of MST and FST after restricted injections in MT suggests
that retinotopic organization, if present, is not as orderly in
these fields as in MT.

The frontal ventral area (FV)

After MT injections, dense foci of labeled neurons and pro-
cesses were consistently found in the frontal visual area, FV, of
the frontal lobe. FV is a visual or visuomotor area just ventral
to the frontal eye field with connections with the frontal eye
field (Huerta et al., 1987). In some of the cases (e.g. Figs. 12,
18, 20, and 22), the frontal eye field was identified by low lev-
els of electrical stimulation (see Kaas & Krubitzer, 1988), and
marker lesions were placed near the borders of the field. These
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Fig. 12, Transported label (dots) after aninjection of WGA-HRP in caudal MT in squirrel monkey 87-35. Results are shown
on a representative brain section from the flattened cortex (see Fig. 1). Transported tracer is in areas 17 and 18, MST and FST,
and in the posterior parietal cortex and the ventral temporal lobe. In the frontal cortex, labeled cell bodies and axon terminals
are abundant in the frontal ventral area (FV, see text), but not in the physiologically defined frontal eye field, FEF. Large dots
represent labeled cell bodies and small dots represent labeled axon terminals. Solid black lines mark architectonic boundaries.
Thin dashed lines mark approximated borders, and thick dashed lines indicate major sulci. Stars in frontal cortex mark lesions
placed at physiological boundaries of FEF, and at the junction of motor and premotor cortex. Arrows mark cuts where the cortex
was joined. Abbreviations for visual areas are as in Fig. 1. Areas 3b (8-1), 3a, 1, and 2 are conventional architectonic subdivi-
sions of the somatosensory cortex. See Krubitzer and Kaas (1990) for the second (S-11) and parietal ventral (PV) somatosen-
sory areas. PV is in the cortex identified as insular granular aaq).
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Fig. 13. Transported label after an injection of WGA-HRP in MT just caudal to the representation of central vision in squir-

rel monkey 87-16. Label in areas 17 and 18 is located medial to the representation of central vision. Label in DL is quite dense.
Conventions are as in Fig. 12.

marker lesions were later found along the borders of an oval of Other ipsilateral cortical connections

dense myelination. In addition, an adjoining oval of less dense In some cases, MT injections produced label in portions of
myelination, FV, was noted in these cases, and the dense label the inferior temporal cortex and posterior parietal cortex. In
resulting from the MT injections was within this oval. Single in- galagos, MT injections also labeled cortex in the lateral sulcus.
jections in MT typically produced several foci of label in FV In squirrel monkeys, injections in the portion of MT repre-

and little or no label if FEF (Figs. 12-19). senting central vision resulted in scattered label in the inferior
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Fig. 14. Transported label after an injection of WGA-HRP in
rel monkey 86-23. Transported tracer in areas 17 and 18 is in

tions are as in Fig. 12.

temporal cortex that was most dense near or in the inferior tem-
poral sulcus (Figs. 12 and 13). Injections in parts of MT related
to paracentral vision produced less label in the inferior tempo-
ral sulcus, ITS (Figs. 14 and 15). The most rostral injections in
MT in parts related to more peripheral vision produced little or
no label in the inferior temporal cortex or in the ITS. Thus,
there was evidence that the parts of MT representing central vi-
sion project most strongly to the ITS and inferior temporal cor-
tex (IT). Label patterns in IT varied in the other primates as
“well. In owl monkeys, WGA-HRP injections labeled clusters of
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part of MT representing the paracentral lower visual field in squir-
corresponding parts of the visual-field representations. Conven-

neurons and processes in the inferior temporal cortex, but the
label was sparse (Figs. 17 and 18), and a FB injection labeled
no neurons in IT. In contrast, a restricted DY injection in DL
labeled many neurons in IT. In marmosets, the most widespread
label in IT followed an injection in the part of MT represent-
ing central vision, while other parts of MT demonstrated more
restricted connections with IT, In all three galagos, the MT in-
jections produced considerable label in IT (Figs. 22-24), but less
label was apparent in the case with the injection involving pe-
ripheral vision.
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Fig. 15. Transported label after an injection in the lower visual-hemifield representation in MT in squirrel monkey 87-15. Labeled
cell bodies and axon terminals in areas 17 and 18 are in corresponding parts of the lower visual-hemifield representation. La-
bel in DL, ITS, and IT is much sparser than in previous cases (Figs. 12 and 14). Conventions are as in Fig. 12. :

After MT injections, scattered foci of label were commonly
observed in the posterior parietal cortex. In squirrel monkeys,
this label was most notable in the ventral posterior parietal cor-
tex, just medial of MST (Figs. 12-15). However, more medial
label in the posterior parietal cortex was apparent in two cases
(Figs. 12 and 15). Evidence for connection with portions of the
posterior parietal cortex was also obtained in one of three owl
monkeys (Fig. 18) and both marmosets (Figs. 20 and 21). In
galagos, label was observed in the cortex medial to MST in all

three cases. Finally, injections in MT of galagos, but not mon-
keys, labeled scattered regions in the cortex of the lateral sul-
cus (Figs. 22-24).

Callosal connections

Injections in MT in all four species of primates labeled fibers
that coursed rostrally and then medially in the white matter to
cross to the opposite cerebral hemisphere in the caudal third of
the corpus callosum (also see Weller et al., 1984). Labeled neu-
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Fig. 16. Transported label after injections of tritiated WGA and proline in the peripheral lower field representation in MT in
squirrel monkey 87-25. The locations of label in areas 17 and 18 are in the representation of the peripheral lower field. Only
a small amount of label is in DL, and no label is in ITS or IT. Label in the frontal cortex is in FV only. Conventions are as

in Fig. 12.

rons and processes were observed in MT, and less densely in
DL, FST, and MST.

Each injection in MT produced a zone of label that typically
contained several distinct foci in the contralateral MT. The lo-

cation of the zone of dense label often closely matched that of
the injection site. This was most obvious in squirrel monkeys.
Thus, a caudorostral sequence of injection sites labeled a caudo-
rostral sequence of regions in contralateral MT (Figs. 25A-
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Fig. 17. Transported WGA-HRP after an injection in a representation of the paracentral visual field in MT in owl monkey 88-7.
Label in area 18 is split into medial and lateral foci indicating that the injection in MT was on the representation of the horizontal
meridian. In DL, label is also split medially and laterally. A very sparse patch of label is in FV. Conventions are as in Fig. 12.

25E). The connections related locations in the two hemifield
representations that are roughly mirror symmetric about the
zero vertical meridian. In owl monkeys, callosal connections
were studied only in one case. Although transported label was
scattered over much of contralateral MT (Fig. 26A), the cal-
losally transported label was more concentrated in rostral MT,
corresponding to the injection in rostral MT, Scattered cal-
losally transported label was also found in MT of marmosets
(Fig. 26C and 26D). An injection in rostroventral MT of a
galago produced foci of label in rostroventral MT of the oppo-
site hemisphere (Fig. 26B). Although this label was along the
outer border of MT, injections more typically produced label
that was scattered within MT, and there was no obvious ten-
dency for callosaily transported label to be concentrated along
the outer border of MT.

In marmosets, an uneven distribution of myelin was ob-
served in MT of some cases. Results from one of these cases
suggest that callosal connections preferentially relate to the my-
elin-dense portions of MT (Fig. 26D).

Callosally transported label from MT injections was ob-
served in DL of only a few cases. In squirrel monkeys, injec-

tions in caudal MT, representing central vision, produced
notable amounts of label in contralateral DL (Fig. 25A and
25B) while more rostral injections in MT produced little or no
label in contralateral DL (Fig. 25C-25E). Sparse label was
noted in contralateral DL of two marmosets (Fig. 26C) but not
in the one owl monkey and the one galago studied.

Foci of sparse callosally transported label were usually ap-
parent in FST of squirrel monkeys (Fig. 25A-25F). The cal-
losally transported label in FST was denser in an owl monkey
(Fig. 26A), marmosets (Fig. 26C), and a galago (Fig. 26B). Al-
though label in the contralateral MST was noted in only one
squirrel monkey (Fig. 25D), such label was prominent in an
owl monkey (Fig. 26A), galago (Fig. 26B), and marmosets
(Fig. 26C). Finally, in one squirrel monkey, some label was
found in IT contralateral to the MT injection (Fig. 25A).

Discussion

The present study provides evidence that at least ten visual and
visuomotor areas are common to squirrel monkeys, owl mon-
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Fig. 18. Transported label after an injection of WGA-HRP in rostral MT in owl monkey 87-54. The injection was in the rep-
resentation of the peripheral field along the horizontal meridian. Label is in the visuotopic register in areas 17 and 18. Label
in DL is medial and lateral. Stars mark microlesions placed in and around physiologically defined FEF. The region marked C
also produced eye movements. Conventions are as in Fig. 12.

keys, marmosets, and galagos. These areas include area 17
(V-1); area 18 (V-II); the dorsolateral (DL), dorsointermediate
(DI), and dorsomedial (DM) visual areas; the middle temporal
(MT), middle superior temporal (MST), and “fundal” superior
temporal (FST) visual areas; and the frontal eye field (FEF) and
frontal visual area (FV) (Fig. 27). All of these fields are inter-
connected with MT, a visual area thought to have a critical
role in visual tracking, motion perception, and visuospatial at-
tention (e.g. Ungerleider, 1985; Newsome et al., 1985; Siegel &
Anderson, 1986; Diirsterler et al., 1987; Newsome & Pare, 1988).
MT has additional connections with visual cortex in subdivi-
sions of the temporal lobe that we did not attempt to define,
suggesting that the examined primates share even more viusal
areas with an MT influence. The network of interconnected
areas is similar in a member of the prosimian radiation and in
members of the two major branches of the platyrrhine radia-
tion, and is little changed by adaptations for diurnal or noctur-
nal niches. Furthermore, evidence for most of these areas,
defined by connections with MT, exists for Old World macaque
monkeys (Fig. 28). In addition, this study demonstrates that the
segregation of visual modules in areas 17 and 18, associated
with MT and the magnocellular processing streams, is present

in all four species of primates (Fig. 29). Thus, at least some of
the anatomical connections of the magnocellular subsystem ex-
ist in a range of primate species, and may have originated early
in primate evolution and be a common feature of all primates
including humans.

The major implication from this study is that an intercon-
nected array of roughly 12-15 visual and visuomotor areas
arose early in primate or pre-primate evolution and have been
retained, with elaborations and additions, in most or all extant
primates. The significance of MT, as a critical area in this ar-
ray, is the suggestion that, from the beginning of primate evo-
lution, an emphasis was placed on detecting and localizing
stimulus change, in addition to evaluating the static properties
of objects. Finally, the results provide further evidence that
MT is not isolated within a single processing stream directed to
attention and detection centers in the parietal cortex, but is also
related to the color and form stream directed to the inferior
temporal cortex (see Ungerleider & Mishkin, 1982; Mishkin
et al., 1983; Livingstone & Hubel, 1987). Because object vision
is highly dependent on central vision, the present evidence that
parts of MT devoted to central vision are more densely inter-
connected with the stream for object vision is not surprising.
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Fig, 19. Transportedvfast blue (open circles) after an injection in the paracentral lower visual-field representation in MT and
diamidino yellow (filled triangles) after an injection in DL of owl monkey 88-16. In areas 17 and 18, fast blue label is dorsal
‘in paracentral lower hemifield representations. The injection in DL labeled a broader extent of area 18 and DM, and strongly

labeled IT. Conventions are as in Fig. 12.

Subdivisions of the visual cortex in primates

Several architectonically distinct visual cortical fields were iden-
tified by architecture, location, and connections with MT in
each of four species of primates. In each species, the total ar-
eal extent of these fields was measured and compared to the to-
tal extent of the neocortex.

Most of the visual fields considered in the present investiga-
tion have been described previously both physiologically and ar-
chitectonically in owl monkeys (Allman & Kaas, 1971q,b,
1974a,b, 1975; Tootell et al., 1985). Our descriptions of these
fields in owl monkeys are in good agreement with previous
reports. Areas 17 and 18 closely correspond to the descriptions
of Allman and Kaas (19715, 1974a). However, in cortex that
has been flattened and stained for myelin or reacted for CO, a
slight bulge in the middle of area 17 representing central vision
is apparent (also see Tootell et al., 1985). In addition, the width
of area 18 varies so that the central portion is quite narrow and
the medial and lateral portions of this field are somewhat wider.

In previous physiological studies, DL was reported to wrap

around both the dorsal and ventral portions of MT (Allman &
Kaas, 1974b). However, the present architectonic results in owl
monkeys suggest that DL surrounds the caudal half of MT
while MST and FST border MT rostromedially and ventrally,
respectively.

DM was first described in owl monkeys as a densely myelin-

ated rectangle of cortex with a systematic representation of the
visual field (Allman & Kaas, 1975). Our present estimation of
the shape and size of DM in sections cut parallel to the brain
surface is very similar to earlier descriptions, although the
present size may be somewhat smaller. DI appears to wrap
around the ventral and rostral portions of DM. Earlier physi-
ological studies described DI as located predominantly ventral
to DM (Allman & Kaas, 1974b, 1975). However, the rostral
boundary of DI was not determined in this study. In flattened
cortex, Tootell et al. (1985) described a darkly CO-staining re-
gion they called DX, because they were uncertain if this field
was DM or DI. DX is in the same relative location and stains
similarly for CO as does DI in the present study. Thus, it is
likely that DX described by Tootell et al. (1985) is DI.

189
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Fig. 20. Label after an injection of WGA-HRP in MT in marmoset 87-53. Label is in parts of areas 17 and 18 that represent
central vision. Moderately dense patches of label are in DI but not in DM, and only sparse label is found in PP. In the frontal
cortex, dense patches of label are in FV but not in the physiologically defined FEF. Stars mark microlesions placed at physio-

logical boundaries. Conventions are as in Fig. 12.

In the region of the superior temporal sulcus of owl mon-
keys, areas MT and MST have been identified in previous phys-
iological (Allman & Kaas, 1971a) and connectional studies
(Weller et al., 1984). In these and other studies, MT was shown
to be densely myelinated, and Tootell et al. (1985) have demon-
strated that MT reacts darkly for CO. In the present inves-
tigation, MST is identified as an oval of dense myelination
immediately rostral and slightly dorsal to MT. In earlier stud-
ies in owl monkeys, MST was shown as partly separated from
MT by an extension of DL (Weller et al., 1984). However, con-
nections from MT to the MST-DL region are found immedi-
ately adjacent to the rostral boundary of MT and in a separate
location displaced more caudally from the MT border. The ad-
jacent projection is located in the more myelinated MST region
and the caudal location is in DL.

Except for V-I, V-II, and MT, different names have been as-
signed to visual areas in macaque monkeys (see Fig. 28; Maun-
sell & Newsome, 1987; Van Essen, 1985). However, several
additional homologies appear to be likely. For instance, V4 of
macaques resembles DL in New World monkeys in relative lo-
cation, architecture, and retinotopic organization (Van Essen &
Zeki, 1978; Gattass et al., 1988). Both DL in New World mon-

keys (Kaas & Lin, 1977; Tigges et al., 1974; Weller & Kaas,
1985; Cusick & Kaas, 19884) and V4 in macaques (Zeki, 1971;
Felleman & Van Essen, 1983; DeYoe & Van Essen, 1985; Shipp
& Zeki, 1985, 1989b) are characterized by major inputs from
V-II and dense connections with the inferotemporal cortex.
Given these similarities, V4 and DL are probably homologous
(see Weller & Kaas, 1985 for review). Homologies of other dor-
sal areas are less certain. Dorsal V3 or V3d (Zeki, 1978b; Burk-
halter et al., 1986; Gattass et al., 1988) lies immediately rostral
to area 18 and somewhat dorsal to V4, This field is in the same
relative location, appears to be architectonically similar, and
is the same shape as DM in squirrel monkeys. In addition,
dorsal V3 or a field in the approximate location of dorsal V3
receives direct input from area 17 (Cragg, 1969; Zeki, 1969,
1971, 1978b; Rockland & Pandya, 1981; Weller & Kaas, 1983;
Perkel et al., 1986; Van Essen et al., 1986) as does DM in owl
monkeys, galagos, marmosets, and squirrel monkeys (Lin et al.,
1982; Cusick & Kaas, 1988b; Krubitzer & Kaas, 1989b). We
have recently demonstrated such connections in Old World
talapoin monkeys (Kaas & Krubitzer, 1990). In addition, the -
dorsal V3 region is interconnected with MT in Old World mon-
keys (Maunsell & Van Essen, 1983; Ungerleider & Desimone,
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Fig. 21. Transported label after an injection in the representation of paracentral vision along the horizontal meridian in MT
of marmoset 87-51. Label is in corresponding parts of representations in areas 17 and 18. Conventions are as in Fig. 12.

19864) as is DM in New World monkeys (Spatz & Tigges, 1972;
Wagor et al., 1975; Weller et al., 1984; present study). Thus, it
is possible that the dorsal V3 region is DM. Evidence against
this hypothesis is that DM contains a complete representation
of the visual hemifield (Allman & Kaas, 1975), while only a
lower field representation has been demonstrated in V3d (Gat-
tass et al., 1988).

A field immediately rostral to V3 in macaque monkeys has
been termed V3a (Van Essen & Zeki, 1978; Zeki, 1978b; Maguire
& Baizer, 1984; Gattass et al., 1988). This field is architecton-
ically similar to V3, and contains a representation of the con-
tralateral visual hemifield (Gattass et al., 1988). It is possible
that this field is homologous with either part of DM or DI in
New World species since similarities in relative location, archi-
tectonic appearance, and connections exist.

We identified three fields in the superior temporal sulcus,
MT, MST, and FST. MT has been identified in the superior
temporal sulcus in owl monkeys (Allman & Kaas, 1971a; Weller
et al., 1984; Felleman & Kaas, 1984), squirrel monkeys (Tigges
et al., 1981), marmosets (Spatz & Tigges, 1972; Spatz, 1977),
cebus monkeys (Fiorani et al., 1989), and macaque monkeys
(Ungerleider & Mishkin, 1979; Montero, 1980; Gattas & Gross,

1981; Maunsell & Van Essen, 1983; Albright et al., 1984; Maioli
et al., 1983; Desimone & Ungerleider, 1986; Ungerleider & Desi-
mone, 1986a,b). MST is part of superior temporal (ST) cortex,
a previously demonstrated projection zone of MT in owl mon-
keys (Weller et al., 1984). In macaque monkeys, an equivalent
part of this projection zone is termed MST (Maunsell & Van Es-
sen, 1983; Desimone & Ungerleider, 1986; Ungerleider & Desi-
mone, 19864), and this term is used here. FST has previously
been identified only in macaque monkeys (Desimone & Unger-
leider, 1986; Ungerleider & Desimone, 1986). However, similar-
ities in relative location, architectonic appearance, and
connections suggest that the FST described here corresponds to
FST in macaques. ™. '
Relatively little is known about extrastriate visual cortical or-
ganization in prosimian primates. Although the connections
and visuotopic organization of MT have been described in
galagos (Allman et al., 1973; Wall et al., 1982) there has been
little progress in defining additional extrastriate visual cortical
areas (however, see Allman et al., 1979). The present investiga-
tion provides both architectonic and connectional evidence that
at least some extrastriate cortical areas described above in New
and Old World simians exist in prosimian galagos as well. The
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Fig. 22. Transported label after an injection in rostral MT in galago 88-5. The injection is in the representation of peripheral
vision on the horizontal meridian. Resulting label in parts of areas 17 and 18 is also in the representations of peripheral vision.
Stars mark microlesions placed at physiologically defined borders of the FEF. Conventions are as in Fig. 12.

dorsal visual areas, DL, DM, and DI, are architectonically dis-
tinct, in the same relative positions, and relate in a similar man-
ner to patterns of connections from MT (Wall et al., 1982;
present study). We are presently uncertain how the proposed
subdivisions, DM and DI, relate to the dorsal area in galagos
of Allman et al. (1979). The dorsal area was described as hav-
ing a retinotopic organization similar to that of the medial area
of owl monkeys (Allman & Kaas, 1976) just medial to DM. By
position, the dorsal area appears to be at least partly medial to
the present DM. Areas in the superior temporal sulcus such as
MT, FST, and MST were also identified in galagos. Again,
these fields are architectonically and connectionally similar to
those fields in monkeys.

By flattening and sectioning all neocortex in each of the
experimental cases, we were able to compare the sizes of areas
to the total extent of neocortex. Areas varied in architectonic
distinctiveness, and thus measurements for some areas should
be interpreted with caution. However, the flattening process
appears to introduce little distortion (Olavarria & Van Sluy-
ters, 1985; Tootell & Silverman, 1985; Lowell et al., 1987), and
there was little variability in proportional sizes of areas. Most
values were highly similar although values from some cases were
deviant (Table 1). Measurement errors may have contributed
to these deviant values, or they may be true differences. Our
measurements (except for one monkey) of the proportion of
neocortex occupied by area 17 in owl monkeys are in good
agreement with previous measurements in owl monkeys (17%,

Tootell et al., 1985). In owl monkeys, Tootell et al. (1985) found
MT to be about 37 mm? or 1.5% of neocortex while we found
MT of owl monkey to be 25.75 mm? or 1.8% of neocortex.
Previous measurements of MT in macaques (e.g. Albright &
Desimone, 1987), although absolutely larger, are relatively
smaller than our measurements of MT in diurnal monkeys.
Area 18 (V-II) in owl monkeys in the present study is compa-
rable in size (X = 93.6 mm?; 7.6% of neocortex) to that esti-
mated in owl monkeys (~100 mm?; ~5% of neocortex) by
Tootell et al. (1985). The percent of neocortex that area 18 occu-
pies is slightly larger in diurnal (8-8.7%) than nocturnal (6~
7.6%0) species examined in this study. Estimates of the surface
area of area 18 in Cebus appella (Rosa et al., 1988) of 819~
883 mm? were approximately four times larger than measure-
ments in the squirrel monkeys in the present invéstigation (186—
294 mm?).

Previous studies suggest that there may be considerable in-
dividual variability in the sizes of visual areas. In macaque mon-
keys, Van Essen et al. (1984) report that measurements of the
surface areas of striate cortex varied from 690-1560 mm?2.
Likewise, estimates of the size of MT in macaque monkeys have
ranged from 33-110 mm? (see Erickson et al., 1989 for re-
view). Our results show similar variability in the absolute size
of fields within the same species. For example, in six squirrel
monkeys, estimates of area 17 varied from 378-653 mm?. Sim-
ilar variation occurred for other areas in the same species and
for area 17 and other fields in other primates. Yet, most of this
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Fig. 23. Label after an injection of WGA-HRP in the representation of the paracentral vision MT in galago 88-10. Conven-

tions are as in Fig. 12,

variability appears to relate to overall differences in brain sizes
in the measured individuals. In agreement with the evidence that
variations in the sizes of visual areas are related to differences
in brain sizes, striate cortex measurements from the two hemi-
spheres of the same macaque monkeys are highly similar (Van
Essen et al., 1984). In addition, MT measurements are strongly
correlated with body weight (Ungerleider & Desimone, 1986b;
Maunsell & Van Essen, 1987), which is closely related to brain
size. Furthermore, measurements across primate species show
a close correlation of area 17 size with brain size (Frahm et al.,
1984).

The differences in the sizes of areas in diurnal and noctur-
nal primates noted in the present investigation are consistent
with previous comparisons in the visual system of nocturnal and
diurnal primates. In the lateral geniculate nucleus (LGN), diur-
nal primates have relatively more neural tissue devoted to par-
vocellular than magnocellular layers (Hassler, 1966; Stephan
et al., 1988). Our results extend this idea of parvocellular empha-
sis in diurnal primates by demonstrating a relative enlargement
of cortical areas assoicated with the parvocellular pathway, such
as area 17, area 18, and DL, in diurnal primates (Fig. 6). The
nocturnal primates, owl monkeys and galagos, had somewhat
less visual cortex relative to the total neocortex (Fig. 5; Ta-

ble 1), and they had somewhat more emphasis on the “attention
and visual tracking” stream (areas MT and MST). However,
given the divergence of the four species in evolution and the dif-
ferent behavioral adaptations, the similarities in proportional
sizes of all eight measured fields seem remarkable.

Connections

The connection patterns of MT were highly consistent across
species. Thus, MT had strong connections with areas 17, 18,
MST, and FST and moderate-to-sparse connections with DM,
DI, IT, ITS, and posterior parietal (PP) cortex. Connections
with all fields were discontinuous and' patchy, suggesting that
all fields are modularly organized. Differences in the densities
of connections of central and peripheral portions of MT with
extrastriate cortical areas DL, IT, ITS, and MST were noted.
Finally, the connections of MT with areas 17 and 18 were
topographically organized in a similar manner across species.

Area 17

The injections in MT demonstrated interconnections with
area 17 in all cases. The labeled portions of area 17 varied in lo-
cation with the injection site in MT in a pattern that indicates




194

L.A. Krubitzer and J.H. Kaas

NJaterall
\sulcul\\PV

\,
(ST
\za O\ L

Fig. 24. Label after an injection in the representation of the péripheral lower field in MT in galago 88-11. Label is in medial
parts of areas 17 and 18 that also represents the peripheral lower field. Conventions are as in Fig. 12.

that retinotopic locations in the two representations are inter-
connected. The neurons projecting to MT from area 17 often
appeared to form several short, meandering rows with a spac-
ing reminiscent of orientation columns. Return projections were
more broadly distributed across rows.

The existence of projections from area 17 to cortex in the
region of MT were first established by Kuypers et al. (1965),
and now the existence of such interconnections is well-estab-
lished for a range of primate species (Cragg, 1969; Zeki, 1969;
Spatz et al., 1970; Tigges et al., 1981; Spatz & Tigges, 1972;
Spatz, 1975, 1977; Martinez-Millin & Hollidnder, 1975; Wall
et al., 1982; Cusick & Kaas, 1988b; Symonds & Kaas, 1978;
Weller & Kaas, 1983; Montero, 1980; Ungerleider & Mishkin,
1979: Maunsell & Van Essen, 1983; Van Essen et al., 1986; Un-
gerleider & Desimone, 1986a,b). However, most of these stud-
ies were based on injections centered in MT or placed in the
most accessible part of area 17 on the dorsolateral surface of the
brain, and thus, little information was obtained on topographic
patterns of connections. Yet, a number of investigators demon-
strated enough of the topographic pattern of projections to MT
from area 17 to reveal at least partial retinotopic matching (e.g.
Ungerleider & Mishkin, 1979; Spatz, 1977; Symonds & Kaas,
1978; Ungerleider & Desimone, 19864). In particular, Spatz

(1977) varied injection sites from central vision in caudolateral
MT to peripheral vision in rostromedial MT of marmosets and
found a topographic pattern of connections with area 17 that
closely corresponds to the patterns revealed in the present study.
In both studies, injections in caudolateral MT labeled dorsolat-
eral portions of area 17 while progressively more rostromedial
injections labeled regions of area 17 progressively displaced
onto the medial wall and into the calcarine fissure.

After MT injections, most labeled neurons in area 17 were
in supragranular layers while fewer labeled neurons were in in-
fragranular layers. Fine label, suggestive of projections ter-
minating in area 17, was largely in the superficial layers. These
results are consistent with the more detailed descriptions of lam-
inar patterns of connections (e.g. Tigges et al., 1981; Rockland
& Pandya, 1981; Wong-Riley, 1979b; Maunsell & Van Essen,
1983; Shipp & Zeki, 19894) demonstrating that neurons project-
ing to MT are located in layer Illc of Hassler (1966) and at the
layer V/VI junction (Meynert cells), while return terminations
are densest in layers I, 11, and upper III. However, in the sur-
face-view preparations, it often appeared that labeled cells in
area 17 formed 2-5 short, parallel meandering rows, while su-
perficial label was more evenly distributed, but less dense over
the CO puffs (also see Krubitzer & Kaas, 19894). The conver-
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Fig. 25. Callosally transported label after injections in MT in the opposite hemisphere in squirrel monkeys 87-35 (A), 87-16
(B), 86-23 (C), 87-15 (D), and 86-25 (E). The locations of the injection in the corresponding part of the contralateral MT are
outlined in thick black lines. Regardless of the part of MT injected, the resulting callosal label is largely in a corresponding part
of MT and is not concentrated on the representation of the vertical meridian on the perimeter of MT. Sparser amounts of la-
bel were also in FST, DL (A, B, and D), IT (A), and just dorsal to DL (D). Conventions are as in previous figures.

gence of projections from a small region of area 17 to a re-
stricted location in MT has been most clearly demonstrated with
multiple tracers by Perkel et al. (1986). The present results in-
dicate that this convergence can be from discontinuously dis-
tributed groups of neurons. Since both area 17 (Hubel & Wiesel,
1974; Hubel et al., 1978; Blasdel & Salama, 1986) and MT (Al-
bright, 1984; Albright et al., 1984) have systematic spacings of
orientation-selective neurons, separate rows of labeled neurons
in area 17 could result from an injection largely within a spe-
cific orientation-selective group in MT, if the larger receptive
fields of the MT neurons reflect inputs from several matched
orientation-selective bands of neurons in area 17 (see Kaas,
1986; Krubitzer & Kaas, 19894). In macaque monkeys, how-
ever, Shipp and Zeki (19894) found patchy distributions of cells
in area 17 projecting to MT rather than rows.

It is not clear if feedback to area 17 is to dendrites of neu-
rons projecting to MT or separate neurons located more super-
ficially. Since many of the area 17 neurons of layer Illc of
Hassler (1966) that project to MT have dendrites in superficial

layers (Lund & Boothe, 1975), the feedback could include pro-
jection neurons. Feedback terminations may contribute to the
complex pattern of orientation columns in area 17 described
by Blasdel and Salama (1986) using voltage-sensitive dyes. Since
voltage-sensitive dyes are effectively visualized only within
300 wm of the pial surface, they may demonstrate orientation-
specific activation patterns related to both feedback patterns in
superficial layers and intrinsic mechanisms, while the activation
pattern in deeper layers could largely reflect intrinsic processing.

Area 18 (V-1I)

Injections in MT revealed retinotopically matched intercon-
nections with area 18 in all four primate species. Projecting cells
originated in band-like strips across the width of area 18. In the
three species of monkeys, where the CO-dense bands were
obvious, the projecting cells were concentrated in every other
band, and often these were clearly the thinner bands. Return
projections were to every CO-dense band.

The observation that the neurons projecting to MT are lo-
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Fig. 26. Callosally transported label after injections in MT in the opposite hemisphere in owl monkey 87-54 (A), galago 88-5
(B), and marmoset 87-51 (C and D). The corresponding locations of injections in MT of the contralateral hemisphere are denoted
by thick black lines. Dense label is in parts of MT matching the injection in MT in the opposite hemisphere. Label is also found
in FST and ST. MT of marmoset 87-51 (C and D) had regions of heavy and less heavy mylelination and the label was in the

regions of dense mylelination (D).

cated in CO-dense bands in New World monkeys corresponds
with the findings of DeYoe and Van Essen (1985) and Shipp and
Zeki (1985, 1989b) that one set of CO-dense bands, the thicker
bands, projects to MT in macaque monkeys. However, in the
New World monkeys, when differences in band thickness are
apparent, the thinner bands appear to project to MT. We pre-
viously reported this result for squirrel monkeys (Krubitzer &
Kaas, 1989a). Recently, Shipp & Zeki (1989b) noted that injec-
tions in MT of owl monkeys labeled CO-dense bands in area 18,
but there were uncertainties about the thickness of the labeled
bands and even if all or only alternate bands were labeled. Since
the thicker bands in area 18 in both macaque and squirrel mon-
keys (Livingstone & Hubel, 1984, 1987, 1988) are thought to re-

ceive inputs from the magnoceltular stream of area 17 and relay
to MT, this apparent difference in results is puzzling. However,
these investigators report that the functional role of thick and
thin bands in area 18 are sometimes reversed (see Fig. 18 of
Hubel & Livingstone, 1987). Furthermore, in some monkeys
such as marmosets, bands are of equal thickness, and a differ-
ence in thickness of adjoining bands in area 18 is not always ap-
parent in owl, squirrel, and macaque monkeys. The most salient
feature across species is that sets of alternating bands have dif-
ferent connections,

Previously, connections of MT with area 18 have been dem-
onstrated in macaque monkeys (¢.g. Maursell & Van Essen,
1983; Ungerleider & Desimone, 1986a), owl monkeys (Weller



Areal and modular connections of MT

SQUIRREL MONKEY

197

MARMOSET

GALAGO

Fig. 27. Visual cortical areas (solid black) and the patterns of connections with MT (arrows) in the four species of primates
investigated. M is the medial visual area (Allman & Kaas, 1976). Other abbreviations are as in Figs. 1 and 12.

et al., 1984), squirrel monkeys (Tigges et al., 1974; Cusick &
Kaas, 1988a), and galagos (Wall et al., 1982). Although injec-
tions in MT or V-II were not systematically varied in these stud-
ies, the illustrated connection patterns demonstrate at least some
degree of retinotopic matching. The retinotopic organization of
V-II has been described physiologically in macaques (Gattass
et al., 1981), Cebus appella (Rosa et al., 1988), and owl mon-
keys (Allman & Kaas, 1974a), and our results provide evidence
for similar retinotopic organization of V-II in galagos, mar-
mosets, and squirrel monkeys.

Connections with occipital fields DL, DM, and DI

Several fields immediately rostral to area 18 on the dorsal
surface of the cortex have connections with MT. These fields in-
clude the dorsolateral, DL, the dorsointermediate, DI, and the
dorsomedial, DM, visual areas. Evidence for these connections

also exists in previous reports. However, a contribution of the
present study is that we relate connections to areas defined ar-
chitectonically rather than by position alone. Thus, in all spe-
cies, we specifically relate connections of MT to areas DL, DM,
and DI, rather than to general regions of the dorsal cortex. In
addition, the flattened preparations show the patchy distribu-
tion of the connections accurately.

Connections between MT and cortex in the location of DL
have been described for owl monkeys (Weller et al., 1984), squir-
rel monkeys (Tigges et al., 1981; Cusick & Kaas, 19884), mar-
mosets (Spatz & Tigges, 1972), and galagos (Wall et al., 1982).
In Old World monkeys, the region of DL, termed V4 (Zeki,
1971a), also has connections with MT (Maunsell & Van Essen,
1983; Ungerleider & Desimone, 19864). Connections between
MT and cortex in the region of DM and DI have been reported
for New World monkeys (Weller et al., 1984; Wagor et al.,
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Modified from Van Essen, 1985 and
Ungerieider & Desimone, 1986

Fig. 28. Visual areas and connections of MT in macaque monkeys, V3
and V3a may correspond to DM and DI, while V4 appears to be DL.
Relative positions, architectonic appearances, electrophysiological
recordings for some areas, and connections with the middle temporal
visual area all support the contention that there are at least eight visual
areas common to all primates. The parieto-occipital area (PO) of ma-
caques may correspond to the medial area (M) of owl monkeys.

1975; Spatz & Tigges, 1972), prosimians (Wall et al., 1982), and
Old World macaques (Maunsell & Van Essen, 1983; Ungerleider
& Desimone, 1986a; also see Fig. 28). In macaque monkeys, the
region termed dorsal V3 appears to have connections with MT
(Maunsell & Van Essen, 1983; Ungerleider & Desimone, 19864a).
However, V3a (Zeki, 1980; Van Essen et al., 1986; Gattass
et al., 1988) may be part of the region that projects to MT since
there are uncertainities about extents and boundaries of these
fields.

Temporal areas FST and MST

In the present investigation, MT has major projections to
two adjoining cortical areas in the temporal lobe, the middle su-
perior temporal area, MST, and the fundal superior temporal
area, FST. These two fields were first defined by projections
from MT in macaque monkeys by Maunsell and Van Essen
(1983) and Ungerleider and Desimone (1986a), and we use these
terms here (see Boussard et al., 1990 for review). Feedforward
connections from MT to two locations in the superior tempo-
ral cortex have also been reported for owl monkeys (Weller
et al., 1984) and to the general location of MST in New World
marmosets (Spatz & Tigges, 1972) and prosimian galagos (Wall
et al., 1982). Present results, together with those from previous
investigations, indicate that MST and FST are characterized by
strong feedforward projections from MT in a wide range of pri-
mate species.

Connections with the frontal lobe

An unexpected result of the present investigation is that MT
does not project primarily to the frontal eye field of the fron-
tal lobe as has been previously reported in a variety of primates
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(e.g. Spatz & Tigges, 1972; Maioli et al., 1983; Ungerleider &
Desimone, 19864). Rather, the major frontal target of MT is to
an eye-movement field (see Kaas & Krubitzer, 1988 for a pre-
vious report) just ventral to the FEF, which we define as the
frontal ventral area, FV (Huerta et al., 1987). Both the FEF and
FV were identified in the present study using microstimulation
procedures in which physiological boundaries of these fields
were marked and related to myeloarchitecture.

In agreement with our results, Leichnetz (1989) reported that
injections of HRP in the cortex just ventral to the FEF densely
labeled cortex in the region of MT. However, we did note sparse
and variable connections of MT with the FEF, and other inves-
tigators have described such connections as sparse (Ungerleider
& Desimone, 1986a; Huerta et al., 1987). Recently, detailed
physiological recordings in the region ventral to the FEF have
shown that neurons in this region are responsive to smooth-
pursuit eye movements rather than saccadic eye movements like
the FEF (MacAvoy et al., 1988). In addition, the ventral eye-
movement field has connections with the FEF (Huerta et al.,
1987) and the supplementary eye field (Huerta & Kaas, 1990).
The connections of MT and FV, and interconnections of FV
with the FEF and the supplementary eye field, are compatible
with the proposed role of MT in smooth-pursuit eye move-
ments, suggested by behavioral impairments after MT lesions
(Newsome et al., 1985; Diirsteler et al., 1987).

Interhemispheric connections

In the present investigation, interhemispheric connections
were densest with the matched or homoregional (see Weller &
Kaas, 1981) location in MT in the contralateral hemisphere,
regardless of the eccentricity of the injected location in MT.
Other connections were with FST and MST. In other investi-
gations of MT connections, callosally transported tracer was
found predominantly in MT in New World monkeys (Weller
et al., 1984; Spatz & Tigges, 1972), Old World monkeys (Maun-
sell & Van Essen, 1983; Ungerleider & Desimone, 19864), and
prosimian galagos (Wall et al., 1982). Label was also noted in
the location of MST in several studies (Spatz & Tigges, 1972;
Weller et al., 1984; Maunsell & Van Essen, 1983). Previous
studies of total patterns of interhemispheric connections have
also demonstrated that all parts of MT have callosal connec-
tions, and that the connections are not restricted to the outer
boundary of MT (Newsome & Allman, 1980; Van Essen et al.,
1981, 1982; Cusick et al., 1984; Gould et al., 1987) which rep-
resents the zero vertical meridian (e.g. Allman & Kaas, 1971a).
Because injections in different animals were distributed across
the representation of the visual hemifield in MT in the present
investigation, we were able to clearly demonstrate that the dom-
inant interhemispheric connections are mirror symmetric.

In the present study, we provide anatomical evidence for
modular organization in MT. The coincidence of callosal con-
nections with myelin-dense regions in MT of marmosets is the
only demonstration of an anatomical segregation related to an
architectonic distinction in a visual area other than V-I and V-
1I. The function of this modular segregation of callosal connec-
tions in MT is unknown. Since both ipsilateral and contralateral
inputs to MT are spaced in dense patches, it is possible that ip-
silateral and callosal recipient zones in MT are segregated and
related to differences in myelin density in MT.

DL connections
As part of our effort to reveal modular connections of area
18, different fluorescent tracers were injected in DL and MT
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Fig. 29. The evolution of modules in areas 17 and 18 of primates (see text for discussion). Dots for V-1 indicate CO blobs as-
sociated with the parvocellular (P) system. Although connections of modules are not known for humans, they do have CO blobs
in area 17 (Horton & Hedley-Whyte, 1984). Bands of neurons in V-II associated with the parvocellular or magnocellular (M)
systems may be of equal or different thicknesses. The bands are composed of group neurons (squares) that in some primates
fuse to form bands (bars). We propose that the common ancestor of all primates possessed modules related to the magnocel-
tular (M) and parvocellular (P) pathways in the visual system. Millions of years is denoted as “m.”

of one owl monkey and one galago. Besides indicating the
separateness of the band-like arrays of neurons in area 18 that
project to DL or MT in these primates, the injections in DL also
revealed dense connections with the inferior temporal cortex, as
well as sparser connections with DM, DI, and MT.

The connections of DL have been more fully described for
owl monkeys (Weller & Kaas, 1985) and squirrel monkeys (Cu-
sick & Kaas, 19884). The similarities of DL connections in
galagos and New World monkeys with those described for V4
of macaque monkeys (see Desimone & Ungerleider, 1989 for re-
view) provide part of the evidence that DL, which contains at
least two subdivisions (Cusick & Kaas, 1988a), is an area com-
mon to all primates.

Variations in the density of connections of parts of MT

representing central, paracentral, and peripheral vision

The caudolateral part of MT representing central vision has
denser connéctions with DL, IT, and ITS in squirrel monkeys

and marmosets. As injections were placed more rostromedially
in MT, further from the representation of central vision, con-
nections with these fields became sparse or no longer apparent.
This variation was less obvious in owl monkeys and galagos.
However, the rostromedial part of MT representing peripheral
vision projected more densely to the posterior parietal cortex in
galagos.

Differences in the connections of parts of MT representing
central and peripheral vision have not been reported previously.
However, there is evidence that parts of other visual areas differ

‘in connections. For instance, only parts of area 17 devoted to

central vision project densely to DL/V4 in a variety of primates
(Cusick & Kaas, 1988b; Zeki, 1978a; Van Essen et al., 1986),
while area V3a and the parieto-occipital area (PO) of macaque
monkeys are thought to receive inputs predominantly from the
parts of V-I and V-II representing peripheral vision (Zeki, 1980;
Ungerleider, 1985; Colby et al., 1988). In addition, injections
placed in parts of V4 representing central vision demonstrate
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stronger connections with the inferotemporal cortex, while in-
jections in dorsal portions of V4 representing more peripheral
visual fields demonstrate denser connections with the posterior
parietal cortex (Ungerleider et al., 1986). Thus, our results of
differential connections of parts of MT representing central and
peripheral vision are consistent with the notion that connections
of a single cortical area may not be uniform throughout the
field.

Results from such studies raise several issues about visual
cortical organization. First, although one of the criteria of
defining an area is by its unique set of connections, it is neces-
sary to allow that different parts can have different connections.
However, this clearly complicates the problem of subdividing
the cortex. Thus, we stress the usefulness of multiple criteria in
defining cortical fields (see Kaas, 1982). Second, these studies
suggest that some of the variability in results often seen in stud-
ies of connections of cortical fields may be a consequence of
different placement of injections within a field. Finally, the dif-
ferential connections of central and peripheral field represen-
tations in MT indicate that MT is functionally heterogeneous
with the central representation contributing more to the infero-
temporal pathway for object recognition and the peripheral rep-
resentation contributing more to the posterior parietal pathway
for visual attention and tracking.

The evolution of cortical modules in V-I

and V-II in primates

The present experiments provide evidence for the existence
of similar modules in V-I and V~II of four species of primates.
Cytochrome-oxidase blobs exist in area 17 of all these primates,
and the sparseness of feedback projections from MT to these
blobs implicates that they are related to the parvocellular rather
than the magnocellular stream, Band-like distributions of neu-
rons projecting to restricted locations in MT also suggest a
modular component in area 17 of primates, perhaps one related
to orientation-specific bands. Finally, all these primates have
band-like arrangements of cells in area 18 that project to MT.
This evidence, together with previously reported evidence that
CO blobs are widespread in primates (e.g. Horton, 1984; Hor-
ton & Hedley-Whyte, 1984; Cusick & Kaas, 19884; Condo &
Casagrande, 1990; however, see McGuinness et al., 1986), and
that thick, thin and pale bands exist in V-1I of macaque mon-
keys, aliow inferences to be made about the evolution of modu-
lar organization in V-I and V-II of primates (Fig. 29). Since all
primates have magnocellular and parvocellular layers in the lat-
eral geniculate nucleus (e.g. Kaas et al., 1978), the potential for
the segregation of “M” and “P” streams exists in the cortex of
all primates. Most primates, at least, also have CO blobs in area
17, which are assoicated with the “P” stream (e.g. Livingstone
& Hubel, 1987; DeYoe & Van Essen, 1988). No non-primate
mammal has been shown to have CO blobs or magnocellular
and parvocellular geniculate layers, including tree shrews as the
most available of the close relatives (Archonta) of primates.
Thus, it is reasonable to assume that CO blobs, as modules in
the P stream, arose early in primate or pre-primate evolution
(hence their wide distribution), but after the divergence from
Archonta (hence absence from tree shrews and other non-
primates). The presence of bands of orientation-selective neu-
rons in area 17 of tree shrews (Humpbhrey et al., 1980) suggests
the even earlier evolution of such modules.

All higher primates appear to have CO-dense and CO-pale
bands in V-II, and a hint of such segregation exists in prosim-
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ian primates. All primates also appear to have band-like arrays
of neurons projecting to MT, and in simian primates these pro-
jection bands can be associated with every other CO-dense band
(Fig. 29). Thus, one set of alternating CO-dense bands are part
of the M stream. The alternate CO-dense bands project to DL
(V4) as part of the P stream. In galagos, bands of neurons
projecting to DL alternate with those projecting to MT. This
suggests that the modular organization of M and P bands in
V-1I arose e‘arly in primate evolution, accounting for the wide
distribution, but the conspicuous CO-dense bands that are as-
sociated with these modules probably evolved later, after the
prosimian and simian divergence. That some modular segrega-
tion evolved even earlier in V-II is suggested by the banding pat-
tern of projections of V-1 to V-1I projections in tree shrews
(Sesma et al., 1984) and squirrels (Kaas et al., 1989), but we do
not know if this banding relates to M and P streams. The con-
nection patterns and CO patterns indicate that the shapes of P
and M bands in V-II are variable in primates, with the bands
being more like arrays of patches in some primates, and P and
M bands vary in thickness. We propose that the P and M bands
were equally thin early in simian evolution, and that bands re-
lated to P or M subsystems thickened later in evolution in dif-
ferent primates.

Another feature of visual connections common to all pri-
mates investigated in this study is the broad distribution of feed-
back connections from MT to V-1 and V-II. In V-1, intricate
patterns of meandering rows of neurons project to MT, while
feedback is clearly more extensive and related to CO interblob
regions of cortex. In V-II, feedforward connections to MT were
from every other CO-rich band while feedback was to every
CO-rich band. Thus, in both fields, feedback connections from
MT are more broadly distributed, and at least in V-1, clearly
relate to visual subsystems outside the M, Feedback may serve
to modulate or provide cross talk between visual subsystems.
Although “association” centers are generally thought to exist at
higher stages of visual processing, we demonstrate here that as-
sociations between subsystems occur at elementary stages of
processing in V-II and possibly in V-I. The broader distribution
of feedback is likely to be a feature of all primates and possi-
bly other mammals as well.

Summary and conclusions

The present study is unusual in several respects. First, the con-
nections of visual area MT were studied in brain sections cut
parallel to the surface of flattened cortex. Individual sections
contained all or most of the neocortex of a single hemisphere,
and for most cases, both the injected and the contralateral
hemispheres were studied. These procedures allowed the total
cortical projection pattern to be evaluated, and the densities of
connections in different regions to be accurately appreciated. In
addition, for any given region, the sections precisely revealed
the patchy or modular nature of connection patterns. Second,
the sections from the flattened cortex, when stained for myelin
or reacted for cytochrome oxidase, allowed the total extent of
a number of visual and other sensory areas to be sharply de-
fined and measured. Furthermore, within area 18, the band-like
modules that selectively project to MT could be identified in
all simian species. Third, one of the potential targets of MT
projections, the frontal eye field, was electrophysiologically
identified and related to myeloarchitecture in some cases. This
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allowed us to clearly distinguish projections to the FEF from
those to the adjoining frontal ventral region. Fourth, the pos-
sibility that different parts of MT have different connection
targets or densities of connections and that connections with
other representations are visuotopic was investigated by system-
atically varying injection sites from caudolateral MT, represent-
ing central vision, to rostromedial MT, representing peripheral
vision. Fifth, the same methods were applied to four species
of primates, allowing the most accurate comparisons across
species. g

The results demonstrate that many features of visual cortex
organization are highly similar across the investigated prosim-
ian and simian primate species, and therefore are likely compo-
nents of the visual system of all or.most primates. We suggest
that visual areas V-I, V-II, MT, MST, FST, DL, DM, and DI
and visuombtor areas FEF and FV, all parts of an intercon-
nected network, are basic components of the primate visual
system. These fields constitute about the same proportion of
neocortex in all four primates species, although areas in the
object vision pathway tended to be somewhat larger in the di-
urnal primates. All of the fields have patchy or modular inter-
connections with MT and, in particular, separate band-like
arrays of cells projecting to MT exist in V-II of all studied pri-
mates. Connections with at least V-I and V—II are visuotopic,
and only the part of MT representing central vision relates sig-
nificantly to areas in the object vision pathway in the inferotem-
poral cortex. Callosal connections tend to be roughly matched
for location in MT, and therefore are visuotopically mis-
matched (except for the MT border), and most of the interhemi-
spheric connections are with MT. Connections in the frontal
lobe are ipsilateral and largely with FV rather than FEF. Results
are consistent with those previously reported for MT connec-
tions in primates, but they also allow accurate statements about
what areas and parts of areas interconnect with MT across spe-
cies of primates.
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