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ABSTRACT 
To identify the cortical connections of the medial superior temporal (MST) and fundus of 

the superior temporal (FST) visual areas in the extrastriate cortex of the macaque, we injected 
multiple tracers, both anterograde and retrograde, in each of seven macaques under physiologi- 
cal control. We found that, in addition to connections with each other, both MST and FST have 
widespread connections with visual and polysensory areas in posterior prestriate, parietal, 
temporal, and frontal cortex. In prestriate cortex, both areas have connections with area V3A. 
MST alone has connections with the far peripheral field representations of V1 and V2, the 
parieto-occipital (PO) visual area, and the dorsal prelunate area (DP), whereas FST alone has 
connections with area V4 and the dorsal portion of area V3. Within the caudal superior temporal 
sulcus, both areas have extensive connections with the middle temporal area (MT), MST alone 
has connections with area PP, and FST alone has connections with area V4t. In the rostral 
superior temporal sulcus, both areas have extensive connections with the superior temporal 
polysensory area (STP) in the upper bank of the sulcus and with area IPa in the sulcal floor. FST 
also has connections with the cortex in the lower bank of the sulcus, involving area TEa. In the 
parietal cortex, both the central field representation of MST and FST have connections with the 
ventral intraparietal (VIP) and lateral intraparietal (LIP) areas, whereas MST alone has 
connections with the inferior parietal gyrus. In the temporal cortex, the central field representa- 
tion of MST as well as FST has connections with visual area TEO and cytoarchitectonic area TF. 
In the frontal cortex, both MST and FST have connections with the frontal eye field. 

On the basis of the laminar pattern of anterograde and retrograde label, it  was possible to 
classify connections as forward, backward, or intermediate and thereby place visual areas into a 
cortical hierarchy. In general, MST and FST receive forward inputs from prestriate visual areas, 
have intermediate connections with parietal areas, and project forward to the frontal eye field 
and areas in the rostral superior temporal sulcus. Because of the strong inputs to MST and FST 
from area MT, an area known to play a role in the analysis of visual motion, and because MST 
and FST themselves have high proportions of directionally selective cells, they appear to be 
important stations in a cortical motion processing system. 

Key words: extrastriate cortex, area MT, parietal cortex, visual system, magnocellular 
pathway 

In 1971, Allman and Kaas described the existence of a 
visual area located within the middle temporal region of owl 
monkey cortex, which they termed area MT. This area was 
visuotopically organized, heavily myelinated, and was found 
to receive direct input from striate 
and Kaas, '81). Subsequent studies revealed that in macaques 
the homologous area was located in the portion Of the 
superior temporal sulcus, within the occipito-parietal cortex 

(Zeki, '74; Ungerleider and Mishkin; '79; Gattass and Gross, 
'81; Van Essen et  al., '81). To  acknowledge the homology, 
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the name MT was retained by most investigators, although 
some refer to this area as V5 (e.g., Shipp and Zeki, '85). In 
both Old World and New World monkeys, MT appears to be 
specialized for the analysis of stimulus motion. Physiologi- 
cal studies have shown that a high proportion of neurons in 
MT are highly selective for the speed and direction of 
stimulus motion (Zeki, '74, '78; Baker et al., '81; Maunsell 
and Van Essen, '83a; Albright, '84; Felleman and Kaas, '84; 
Lagae et al., '89). Furthermore, MT contains a columnar 
organization for the axis of stimulus motion that is similar in 
many ways to the columnar organization for stimulus orien- 
tation found in V1 (Albright et al., '84). Finally, lesions in 
MT impair the ability to detect the correlated motion of 
dots in a moving random dot display (Newsome and Pare, 
'88), to detect shearing motion and structure-from-motion 
(Siege1 and Andersen, '86), and to match the velocity of 
pursuit eye movements to the velocity of the target (New- 
some et al., '85). 

It has recently been shown that MT projects to two 
separate cortical fields within the caudal superior temporal 
sulcus: one, area MST, which borders MT medially on the 
upper bank of the sulcus, and another, area FST, which 
borders MT anteriorly within the floor, or fundus, of the 
sulcus (Maunsell and Van Essen, '83b; Weller et al., '84; 
Ungerleider and Desimone, '86b). Like neurons in MT, a 
majority of those in MST and about a third in FST are 
directionally selective (Desimone and Ungerleider, '86; 
Tanaka et al., '86). Receptive fields in both MST and FST 
are substantially larger than those in MT. MST has a crude 
visual topography, in which central fields tend to be in the 
posterior part of the area and peripheral fields in the 
anterior part (Desimone and Ungerleider, '86; Komatsu and 
Wurtz, '88; Newsome et al., '88). The visual topography of 
FST is even less clear, as receptive fields of cells in this area 
are large, often include the fovea, and often extend in the 
ipsilateral field (Desimone and Ungerleider, '86; Fiorani et 
al., '89). Whereas FST has a distinctive myeloarchitecture, 
MST does not. However, MST contains within it a single 
densely myelinated zone (DMZ) that serves to locate the 
border of the area on the upper bank of the superior 
temporal sulcus (see Fig. 1 in Desimone and Ungerleider, 
'86, and Fig. 4 in Ungerleider and Desimone, '86a). 

Because areas MST and FST receive direct projections 
from MT and a high proportion of their cells are direction- 
ally selective, these two areas may constitute the next 
stations, after MT, in a motion-analysis system. We there- 
fore examined, in the present study, the cortical connections 
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V4t 
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Abbreviations 

densely myelinated zone 
dorsal prelunate area 
frontal eye field 
fundus of superior temporal area 
inferior parietal gyrus 
lateral intraparietal area 
medial superior temporal area 
middle temporal area 
parieto-occipital area 
posterior parietal sulcal zone 
superior temporal polysensory area 
visual area 1 
visual area 2 
visual area 3, dorsal portion 
visual area 3, ventral portion 
visual area 4 
V4 transitional zone 
ventral intraparietal area 

of MST and FST in order to delineate further stages in this 
system. We injected the two areas with retrograde and 
anterograde tracers and found that MST and FST have 
connections with multiple areas both in the posterior pari- 
etal cortex and in the anterior portion of the superior 
temporal sulcus. The latter connections suggest that the 
motion-analysis system extends deep into the temporal 
lobe. At the same time, however, differences in the connec- 
tions as well as in the neuronal properties of MST and FST 
suggest different functional roles for these two areas. A brief 
report of the results has appeared previously (Boussaoud et 
al., '87). 

METHODS 
Eight cynomolgus monkeys (Mucacu fuscicularis) weigh- 

ing 3.0-5.4 kg were used. In seven of these monkeys (cases 
1-7) retrograde and/or anterograde tracers were placed into 
physiologically identified sites in MST and FST. The 
retrograde tracers consisted of the fluorescent dyes fast blue 
(FB) and diamidino yellow (DY) as well as wheat germ 
agglutinin conjugated to horseradish peroxidase (WGA). 
The anterograde tracers included both WGA and tritiated 
amino acids (AA). In the remaining monkey (case 8), FB and 
DY were injected into the lateral intraparietal area (LIP) 
and into the exposed surface of the inferior parietal gyrus 
(IPG), respectively. 

Injections in MST and FST 
All injections were made following physiological determi- 

nation of the receptive field at  the injection site. There were 
two recording sessions in the monkeys that received injec- 
tions of WGA in conjunction with the fluorescent dyes 
(cases 1 and 3). The first session established the sites for the 
FB and DY injections; the second, 5 days later, established 
the site for the WGA injection. In all the remaining animals, 
the injection site(s) were established in a single session. 

At least 4 days prior to recording, a recording chamber 
and a post for holding the animal in the stereotaxic machine 
were implanted under aseptic conditions. The monkey was 
initially tranquilized with ketamine (10 mg/kg) and then 
anesthetized with pentobarbital (20 mg/kg, i.v., supple- 
mented as needed). Acetaminophen was used as a postoper- 
ative analgesic. 

During the recording session, the animal was tranquilized 
with ketamine, anesthetized with halothane (2.5%) in a 
mixture of 70% nitrous oxide and 30% oxygen, intubated 
with an endotracheal cannula coated with xylocaine gel 
( 2 % ) ,  and placed on a soft cushion and heating pad. The 
head was held with the previously implanted post, and the 
dura was exposed by removing the lid to the recording 
chamber. The animal was then paralyzed with pancuronium 
bromide and maintained under 70% nitrous oxide and 30% 
oxygen anesthesia. No surgical or other potentially painful 
procedures were conducted during the recording session. 
End-tidal CO, and body temperature were continuously 
monitored and maintained within the normal physiological 
ranges. The heart rate remained within the normal range 
and did not change in response to somatic stimulation. The 
pupil of the eye contralateral to the hemisphere of recording 
was dilated with cyclopentolate hydrochloride and the 
cornea was covered with a contact lens selected to focus the 
eye on a tangent screen located 57 cm in front of the animal. 

Recording sessions generally lasted 8-12 hours. A guide 
tube was inserted through the intact dura through which a 
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microelectrode was introduced. After the desired receptive 
fields were found, the recording electrode was withdrawn 
from the guide tube, the guide tube was advanced to within 
1-2 mm of the injection site, and a 1-pl Hamilton syringe was 
lowered through the guide tube to the injection site. To  help 
prevent leakage of the tracer up the needle track, the syringe 
needle was left in place for 20 minutes following the 
injection, after which it was withdrawn into the guide tube, 
and the guide tube itself was then withdrawn from the brain. 

Table 1 summarizes the tracers injected in each of the 
seven cases. The injection volumes were 0.15 pl of FB (2%), 
0.2 pl of DY (4%),  0.15 g1 of AA (100 pCi/pl of an equal parts 
mixture of tritiated proline [New England Nuclear L-(2,3,4,5- 
'H), specific activity 100-140 Ci/mmol] and tritiated leucine 
[New England Nuclear L-(3,4,5-3H[N]), specific activity 
100-140 Ci/mmol]), and either 0.15 pl (cases 1 and 3) or .05 
pl (case 5 )  of 2.5% WGA (Sigma). Following the final 
injection of the recording session, infusion of the paralyzing 
agent was terminated, and the animal was returned to its 
cage when it recovered, about 2 hours later. 

Injections in LIP and IPG 
To clarify the connections of MST with areas LIP and 

IPG, we injected the latter areas in one monkey (case 8) with 
the retrograde tracers FB and DY, respectively, and ana- 
lyzed the distribution of labeled cells in the cortex of the 
superior temporal sulcus. Both injections were made under 
direct visualization of the cortex to be injected. The animal 
was anesthetized with pentobarbital and prepared for asep- 
tic surgery as described above for cases 1-7. The cortex of 
the upper bank of the intraparietal sulcus was removed by 
aspiration with a suction tube in order to gain access to the 
lower bank of the sulcus. For area LIP, 15 injections of 0.2 p1 
each of FB (2 "%, ) were made into the lateral part of the lower 
bank of the intraparietal sulcus. For area IPG, seven 
injections of roughly 0.2 pl each of DY (4%) were placed into 
the exposed surface of the inferior parietal gyrus. 

Histological processing 
The survival period in all MST and FST cases was 6 days 

following FB, DY, and AA injections and/or 2 days after 
WGA injections. In case 8, which received dye injections of 
LIP and IPG, the survival period was 10 days. Following the 
survival period, the animals were deeply anesthetized and 
perfused transcardially with 0.9 % saline (500 ml). In cases 1, 
3,  and 5, which received WGA injections, saline was followed 
by 3% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2, 
3,000 ml), and then by 5% glycerol in phosphate buffer 
(1,000 ml). The brains were blocked stereotaxically, re- 
moved from the skull, photographed, and stored in 10% 
glycerol in phosphate buffer a t  4°C for 24 hours and then in 
20% glycerol in phosphate buffer at 4°C for 3-4 days. In the 
remaining cases, which did not receive WGA injections, 
saline was followed by 4% paraformaldehyde (3,000 ml) in 
0.9% saline, and then by 5% glycerol in 4% paraformalde- 
hyde (1,000 ml). The brains were stored in 10% glycerol in 
4 % paraformaldehyde for 24 hours and then in 20 % glycerol 
in 4 % paraformaldehyde for 3-4 days. All brains were then 
stored in 2-methyl butane (95%) a t  -7OOC until they were 
cut (see Rosene et  al., '86). 

Frozen sections, 50 pm thick, were cut in a plane angled 
20" from the frontal plane. Every fifth section was mounted 
for the analysis of fluorescent label. These sections were 
mounted directly from .45% saline as the brain was cut, 
dried at 37"C, and stored uncovered in light-tight boxes at 

4°C. Sections for autoradiography were stored in 5% forma- 
lin and subsequently mounted, dipped in Kodak NTB2 
emulsion, and exposed at 4°C for at  least 20 weeks. After 
this period the autoradiographs were developed in Kodak 
D19, fixed, and counterstained with thionin (Cowan et  al., 
'72). Sections for WGA were stored in a solution of 30% 
ethylene glycol in 0.1 M phosphate buffer a t  -30°C and 
subsequently processed with tetramethyl benzidine as the 
chromogen according to Mesulam's procedure ('78) as modi- 
fied by Gibson et  al. ('84). Every fourth treated section was 
dehydrated, counterstained with thionin, and coverslipped. 
The remaining sections were simply dehydrated and cover- 
slipped. For all cases a series of sections taken every 1.0 mm 
was stained for myelin according to the method of Gallyas 
('79). 

Data analysis, nomenclature, and 
identification of areas 

For purposes of analysis, the locations of retrogradely 
labeled cells and anterogradely labeled terminals were 
charted onto enlarged photographs of thionin-stained sec- 
tions. A two-dimensional reconstruction of the cortex of the 
injected hemisphere was made for each case. The reconstruc- 
tions were made from moderately stiff wires bent around 
layer IV of the photographically enlarged sections taken at 
2.0 mm intervals (Ungerleider and Desimone, '86b). Marks 
were made on the wires a t  landmarks such as borders and 
fundi of the sulci. The wires were then spaced at  appropriate 
intervals and unfolded on a flat surface according to the 
principles described by Van Essen and Maunsell ('80). 
Myeloarchitectural and cytoarchitectural borders of some 
areas, connectional data, as well as electrode penetrations 
were then transferred onto these reconstructions from the 
enlarged photographs of the sections. 

Areas identified by myeloarchitecture (V2, MT, 
V4t, FST, MST, VIP). We used myeloarchitectural 
criteria to distinguish specific visual areas wherever possi- 
ble. Electrophysiological (Gattass et  al., '81) and anatomical 
(Ungerleider and Desimone, '86b) studies have found that 
V2 can be distinguished in many sections by dark inner and 
outer bands of Baillarger separated by a thin light band. 
Area V4t, which is a narrow transition area with a represen- 
tation of the lower visual field wedged between the corre- 
sponding representations of V4 and MT, is distinguished by 
much lighter myelination than either V4 or MT (Ungerlei- 
der and Desimone, '86b). Area MT was first shown in the owl 
monkey (Allman and Kaas, '71) to be a heavily myelinated 
area distinguishable from all of the surrounding cortex; this 
finding was later confirmed in the macaque (Ungerleider 
and Mishkin, '79). I t  has recently been shown, however, that 
the heavily myelinated region in the macaque does not 
include all of MT. The portion of M T  representing the far 
peripheral visual field, especially the upper peripheral field, 
has been shown to extend beyond the heavily myelinated 
zone into the upper bank of the superior temporal sulcus in 
both the macaque (Desimone and Ungerleider, '86; Ungerlei- 
der and Desimone, '86a) and Cebus monkey (Fiorani et  al., 
'89). This portion of M T  has been termed MTp. Although 
MTp does not have a distinctive myeloarchitecture, its 
borders can be established on the basis of visuotopic map- 
ping. Area FST, in the fundus of the superior temporal 
sulcus, can be distinguished on the basis of thick radially 
oriented fiber bundles and clear inner and outer bands of 
Baillarger (Ungerleider and Desimone, '86a; Fiorani et  al., 
'89). Unlike area FST, area MST does not have a uniform 
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Figure 1 
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myeloarchitecture. Much of MST is occupied by a densely 
myelinated zone (DMZ) in the upper bank of the sulcus that 
is nearly as prominent as the myeloarchitecture of MT, 
whereas the remainder of MST is less heavily myelinated 
and less distinctive. MT projects into both the heavily and 
lightly myelinated portions of MST, with the densely my- 
elinated zone at  the medial edge of the projection field. 
Because of its architectural and electrophysiological hetero- 
geneity, it has been suggested that MST may contain more 
than one functional area (Desimone and Ungerleider, '86; 
Ungerleider and Desimone, '86b; Saito et al., '86; Komatsu 
and Wurtz, '88; Newsome et al., '88). In this study, we have 
distinguished between the portion of MST containing mainly 
central visual fields, MSTc, from the portion containing 
mainly peripheral visual fields, MSTp. Finally, the last area 
we distinguished on the basis of myeloarchitecture is the 
ventral intraparietal area, area VIP, which is defined as the 
projection field of MT within the intraparietal sulcus (Maun- 
sell and Van Essen, '83b; Ungerleider and Desimone, '86b). 
Within this projection field, the more lateral part has a 
dense myeloarchitecture, and has been termed VIP* (Unger- 
leider and Desimone, '86b). The more medial part of VIP, a t  
the bottom of the lower bank and in the fundus of the sulcus, 
is less heavily myelinated and has not received a separate 
name. All of the myeloarchitectural fields we have used are 
described more fully and illustrated with photomicrographs 
in Ungerleider and Desimone ('86a,b). 

The FEF, physiologically 
defined as the area in and around the arcuate sulcus from 
which low-threshold saccadic eye movements can be evoked 
(Bruce et al., '85), has recently been shown to be identifiable 
on the basis of cytoarchitecture. Stanton et al. ('89) have 
reported that the FEF coincides with a high concentration 
of large layer V pyramidal cells within the arcuate sulcus 
and on the prearcuate gyrus, and we were able to use this 
architectural feature to distinguish it from the surrounding 
cortex. 

Areas in the rostral superior temporal sulcus (TAa, 
TPO, PGa, IPa, TEa, TEm). For cortex in the rostral 
portion of the superior temporal sulcus, we have used the 
anatomical subdivisions proposed by Seltzer and Pandya 
('78), who distinguished six areas in this region on the basis 

Frontal eye field (FEF). 

Fig. 1. Location of some of the known visual and polysensory areas 
identified in the occipital, temporal, and parietal lobes of the macaque. 
Top right: Areas are shown on a two-dimensional unfolded cortical 
map (adapted from Ungerleider and Desimone, '86b). Striate cortex is 
not shown. Heavy lines indicate the boundaries of sulci. Thin line 
around the perimeter of the map indicates where the map was "cut" 
from the rest of the cortex; dashed lines on the perimeter indicate 
boundaries between isocortex and allocortex. The cortex included in the 
map is indicated by the shaded region on the lateral view of the macaque 
brain at upper left. Sulci (shaded) and sulcal labels are shown on the 
small map at  middle left. Bottom left: Enlarged two-dimensional 
reconstruction of the superior temporal sulcus, showing the visual 
topography of the caudal portion (adapted from Desimone and Ungerlei- 
der, '86) and cytoarchitectonic subdivisions of the rostral portion 
(adapted from Seltzer and Pandya, '78). The representation of the 
vertical meridian (VM) is indicated by black circles, the horizontal 
meridian (HM) by white squares, the fovea by a star, the upper visual 
field by a plus sign (+), the lower visual field by a minus sign (-), the 
central field by a C, and the peripheral field by a P. Sulcal abbreviations: 
amt, anterior middle temporal sulcus; ca, calcarine fissure; ci, cingulate 
sulcus; co, collateral sulcus; io, inferior occipital sulcus; ip, intraparietal 
sulcus; la, lateral sulcus; lu, lunate sulcus; ot, occipitotemporal sulcus; 
pmt, posterior middle temporal sulcus; PO, parieto-occipital sulcus; pom, 
medial parieto-occipital sulcus; rh, rhinal sulcus; sp, subparietal sulcus; 
st, superior temporal sulcus. See text for areal abbreviations. 

of cytoarchitecture and the pattern of cortical inputs from 
the ipsilateral temporal, parietal, and occipital lobes. I t  is 
not yet clear, however, whether these anatomical divisions 
have functional correlates. Figure 1 shows a schematic 
representation of the location of these six areas, which are 
arranged as rostrocaudally oriented bands. Areas TAa and 
TPO are both on the upper bank of the sulcus, PGa lies at  
the junction of the upper bank with the sulcal floor, IPa lies 
in the floor and extends slightly into the lower bank, and 
TEa and TEm are both on the lower bank. The physiologi- 
cally defined superior temporal polysensory area, STP 
(Desimone and Gross, '79; Bruce et al., '81; Baylis et al., '87; 
Hikosaka et al., '88), includes areas TAa, TPO, PGa, and 
possibly parts of IPa, whereas TEa and TEm are located 
within Bonin and Bailey's ('47) cytoarchitectonic area TE. 
Although we found it convenient to describe our results in 
the rostral superior temporal sulcus in terms of these six 
subdivisions, we had difficulty in defining their architec- 
tonic borders; the dashed lines in Figure 1 and succeeding 
figures therefore represent approximate borders. We fol- 
lowed Seltzer and Pandya in the placement of borders, 
except a t  the caudal limits of areas TAa, TPO, and PGa, 
where we placed the borders somewhat rostral to those 
proposed by Seltzer and Pandya on the basis of our physio- 
logical recordings within this region (Desimone and Unger- 
leider, '86). 

Other areas (V3d, V ~ V ,  PO, LIP, DP, IPG, PP).  
Other visual areas were distinguished primarily on the basis 
of location relative to sulci or relative to other defined visual 
areas, as established in other studies. We use the terms V3d 
and V3v to refer to the dorsal and ventral portions, respec- 
tively, of the visual area adjoining area V2 (at least out to the 
representation of the mid-periphery in V2; see Gattass et al., 
'88). We were occasionally able to distinguish V3 on the 
basis of myeloarchitecture (Van Essen et al., '86; Gattass et 
al., 'as), but not consistently. Area PO (parieto-occipital 
area; Covey et al., '82) borders the far lower peripheral field 
representation of V2, and can be distinguished from adja- 
cent V2 and area 5 on the basis of myeloarchitecture (Colby 
et al., '88), although it is not always possible to distinguish it 
from area V3d. Within the intraparietal sulcus, we use the 
term LIP (lateral intraparietal area) to refer to the cortex 
located between VIP* and the lip of the lower bank of the 
sulcus. This cortex corresponds to area POa of Seltzer and 
Pandya ('80). Andersen and his colleagues originally defined 
LIP as the cortex in the lower bank of the intraparietal 
sulcus with heavy connections with the frontal eye field 
(Andersen et  al., '85). However, Maunsell and Van Essen 
('83b) and Ungerleider and Desimone ('86b) distinguished 
area VIP, a t  the bottom of the sulcus, from the remainder of 
the lower bank on the basis of connections with MT. But 
Andersen continues to use LIP to refer to cortex that 
includes the lateral portion of the projection field of MT and 
extends to the lip of the sulcus (e.g., Andersen et al., '87). 
Another area defined anatomically by Andersen and his 
colleagues is DP, the dorsal prelunate area, located at  the 
dorsal end of the prelunate gyrus (Asanuma et al., '85; May 
and Andersen, '86). Finally, for convenience, we use the 
terms IPG to refer to the cortex of the inferior parietal gyrus 
between LIP and the upper lip of the superior temporal 
sulcus, and PP to refer to the cortex located within the 
superior temporal sulcus posterior and medial to MST 
(Desimone and Ungerleider, '86), although there is no 
reason to believe that IPG and PP define functional cortical 
areas. Part of PP may correspond to the caudal superior 
temporal polysensory area of Hikosaka et al. ('88). 
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The locations of most of the extrastriate areas we refer to 
in this paper are illustrated on a two-dimensional reconstruc- 
tion of the macaque cortex in Figure 1. 

RESULTS 
Physiological localization of MST and FST 
In all of the seven animals, the injections were made 

following determination of the receptive fields in MST and 
FST. The organization of receptive fields we found in the 
superior temporal sulcus was consistent with that found in 
prior studies (Desimone and Ungerleider, '86; Komatsu and 
Wurtz, '88). Figure 2 illustrates on a flattened representa- 
tion of the superior temporal sulcus how we physiologically 
identified FST as well as the central and peripheral field 
representations of MST in one animal (case 1-WGA, -FB, 
and -DY). 

In the most posterior row of recordings (row A), as 
recording sites progressed lateral to medial through MT 
(sites 1A-5A), receptive fields progressed in an orderly 
fashion from the central to peripheral lower visual field. 
Shortly beyond the border of the heavily myelinated portion 
of MT, receptive fields abruptly jumped back to the center 
of gaze and increased tremendously in size (sites 6A-8A), 
which we took to mark the central field representation of 
MST (i.e., MSTc). The receptive field of the FB-injection 
site in MSTc is shown shaded in Figure 2. In the next row of 
recordings (row B), the sites recorded in FST had large 
receptive fields that either included the fovea (1B) or came 
close to it (2B). Further medially, the receptive field at  the 
next site (3B) was located in the upper peripheral field. This 
site was very possibly located in MTp, because MTp 
typically includes the far peripheral representation of MT 
(especially the upper field) and the site was located just 
beyond the heavily myelinated portion of MT, where MTp 
is located (Ungerleider and Desimone, '86a). Further into 
the upper bank, receptive fields were generally very large 
and centered in the upper or lower visual field (sites 5B, 6B) 
which we took to be the peripheral field representation of 
MST (i.e. MSTp). For the MSTp injection, we tried to 
choose a site that was intermediate in location between the 
presumed MTp and PP. Cells in PP have receptive fields 
even larger than those in MST, and some respond to 
non-visual stimuli (Desimone and Ungerleider, '86; Hiko- 
saka et al., '88). The FB injection in MSTp was made just 
posterior to the row B of recordings, at  a site in which the 
receptive field was located in the lower peripheral field. In 
the most anterior row of recordings (row C), the sites 
recorded in FST had receptive fields that included the fovea 
(sites 1C-3C), and we made an injection of WGA. Further 
medially, in MST, the receptive field at one site included the 
fovea (which was somewhat unusual at  this anterior location 
in MST), whereas the remaining fields (sites 5C-6C) were 
located in the mid-peripheral visual field, consistent with 
the organization of MSTp described previously (Desimone 
and Ungerleider, '86). 

The results of this study are based on 16 injections, 
referred to as cases, divided into four groups. The groups 
consisted of four MSTc cases (1-FB, 2-FB, 2-DY, and 2-AA), 
five MSTp cases (1-DY, 3-FB, 3-WGAr, 4-AA, and 5-  
WGAa), five FST cases (3-DY, 6-DY, 7-FB, 1-WGAa, and 
6-DY), and one case with injections in IPG (8-DY) and LIP 
(8-FB). In one case, 3-WGAr, the WGA injection resulted 
primarily in retrogradely labeled cells, whereas in the two 
other cases, 1-WGAa and 5-WGAa, the WGA injections 

resulted primarily in a fine "dust" which we interpreted as 
anterograde terminations rather than retrogradely labeled 
cells. The reason for this difference in labeling was not clear. 

All of the MST and FST injections resulted in label 
within area MT, confirming their placement within the 
projection field of MT in the superior temporal sulcus. In 
addition, the injections revealed connections of MST and 
FST with each other and with a wide variety of other 
extrastriate visual areas, which are summarized in Table 1. 
For each group of injections (i.e., MSTc, MSTp, and FST), 
we have selected one retrograde case and one anterograde 
case as representative examples to illustrate and describe in 
detail. Because of its complexity, the laminar distribution of 
label for only the representative anterograde cases will be 
described in the text. The laminar distribution of label for 
the representative retrograde cases and for all other cases 
not illustrated is shown in Table 2. 

Connections of MSTc 
There were four cases with injections into MSTc. Of 

these, three were cases with retrograde tracers and one with 
an anterograde tracer. Cases 1-FB and 2-AA have been 
chosen as representative cases to illustrate. 

Figures 3 and 4 show the distribution of 
labeled cells following an injection of the retrograde tracer 
FB into MSTc. The receptive field at  the injection site was 
large and included the fovea. I t  was centered in the lower 
contralateral quadrant, but extended across the horizontal 
and vertical meridians. 

Label was 
found in areas V2, V3d and V ~ V ,  V3A, PO, and DP. The 
label in area V2, which was distinguished from adjacent 
areas on the basis of myeloarchitecture (see broken dotted 
line in Fig. 3), consisted of a small patch of cells in the 
dorsomedial portion representing the lower peripheral vi- 
sual field. This label in V2 might represent a connection of 
peripheral V2 with MSTc, or could be due to possible spread 
of label from the injection site into MTp, the peripheral field 
representation of MT, which is known to be connected with 
peripheral V2 (Ungerleider and Desimone, '86a; see Discus- 
sion). The patch of cells extended across the border of V2, 
into a wide expanse of cortex within and adjacent to the 
parieto-occipital sulcus. We interpret this label to be within 
visual area PO (Covey et al., '82), based on its location 
adjacent to the far peripheral representation in V2. There 
were also scattered small patches of cells dorsally in the 
lunate sulcus, within the lunate-intraparietal cleft, and on 
the prelunate gyrus. Although the boundaries of visual areas 
in this region are not very clear, we estimate that one patch 
adjacent to V2 was located in V3d and that other patches 
extended into areas V3A and PO. The label on the prelunate 
gyrus was probably located within May and Andersen's ('86) 
area DP, based on its location. On the ventral surface of the 
hemisphere in prestriate cortex, a patch of labeled cells was 
found in V3v at  the lip of the occipitotemporal sulcus, 
adjacent to V2. 

A large expanse of 
labeled cells was found in the heavily myelinated portion of 
MT, continuing into the adjacent posterior half of area FST. 
In addition, labeled cells were found throughout the poste- 
rior portion of MST surrounding the injection site. These 
cells extended into the posterodorsal tip of the superior 
temporal sulcus, in the cortex we have termed PP. 

Labeled cells were 
found in the cortex adjacent to the anterior half of FST in 

Case 1-FB. 

Connections with posterior prestriate areas. 

Connections with caudal STS areas. 

Connections with rostra1 STS areas. 
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Case 1 

VM 

Fig. 2. Physiological determination of the injection sites in case 1. 
Middle: Two-dimensional reconstruction of the portion of the superior 
temporal sulcus (st) indicated by arrows on the lateral view of the 
hemisphere (middle left). The thick line represents the border of the 
sulcus; the dotted lines, the myeloarchitectural borders of areas V4t, 
MT, and FST and the densely myelinated zone (DMZ) of MST. The 
lines A, B, and C represent rows of electrode penetrations also shown on 

the lateral view of the hemisphere. Shaded zones along these rows 
indicate the reconstructions of the sites injected with diamidino yellow 
(DY), fast blue (FB), and wheat germ agglutinin conjugated to horserad- 
ish peroxidase (WGA). Numbers along the rows indicate recording sites. 
The receptive fields recorded at  these sites are shown at  bottom left, 
top left, top right, and bottom right. Shaded receptive fields are 
those recorded at  the injection sites. 

the fundus and upper bank of the superior temporal sulcus. 
While some of this region may be contained within MST 
itself, most of the labeled cells were probably rostra1 to MST 
within Seltzer and Pandya's ('78) areas TPO and PGa. In 
addition, a separate patch of cells was located further 
forward in the floor of the superior temporal sulcus, within 
Seltzer and Pandya's IPa. 

The labeled region 
within area PP in the most posterior tip of the superior 
temporal sulcus continued across the inferior parietal gyrus 
(IPG) into the posterior bank of the intraparietal sulcus. 
Within the intraparietal sulcus, the labeled region was very 
dense and extensive, and included areas LIP and the heavily 
and lightly myelinated portions of VIP. 

Connections with temporal areas. There was a large 
patch of label within cytoarchitectonic area T F  (Bonin and 
Bailey, '47) on the ventral surface of the temporal lobe, as 
well as a scattering of cells in the posterior bank of the 
superior temporal sulcus, within area TEO. 

There was a patch of 
labeled cells in the anterior bank of the upper limb of the 

Connections with parietal areas. 

Connections with frontal areas. 

arcuate sulcus. Based on cytoarchitecture, these cells were 
located within the frontal eye field. 

Figures 5 and 6 show the extent and 
laminar distribution of labeled terminals following an injec- 
tion of tritiated amino acids into the central field representa- 
tion of MST (MSTc). The dark zip in Figure 5 indicates 
label that included layer IV, whereas the light zip indicates 
label that did not include layer IV (see Discussion for the 
interpretation). The receptive field recorded a t  the injection 
site was located close to the fovea, within the representation 
of the central 30' of the lower contralateral visual quadrant. 
Except for V3d, V ~ V ,  TEO, and TF, which were not labeled 
in this case, all of the areas containing labeled cells de- 
scribed in the previous case contained labeled terminals. In 
addition, V4t, which was not labeled in the previously 
described retrograde case, showed some labeling in this case. 

Within the posterior prestriate cortex, the labeled regions 
included the representation of the far peripheral lower 
visual field in V2, area V3A, and area PO, although the label 
in PO was much less extensive than in case 1-FB. The label 
in these three areas had the appearance of vertical columns, 

Case 2-AA. 
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which involved the supragranular and infragranular layers 
but not layer IV. The labeled region in V3A extended out of 
the lunate sulcus onto the most dorsal end of the prelunate 
gyrus, which we take to be area DP. The laminar distribu- 
tion of label within DP differed from that in V3A, in that the 
columns of label in DP included layer IV. 

Within the caudal superior temporal sulcus, a vast ex- 
panse of cortex was labeled, as was true in case 1-FB. The 
labeled region included nearly all of area MT, FST, and PP, 
and even encroached on area V4t beyond the lateral border 
of MT. In addition, most of area MST surrounding the 
injection site was also labeled (including the anterior por- 
tions representing the peripheral visual field). In MT and 
V4t, labeled terminals were found in supragranular and 
infragranular layers, but not in layer IV. In FST, there were 
two patterns of label. In the posterior portion of FST, the 
label did not involve layer IV, whereas in the anterior 
portion the label was in all six cortical layers including layer 
IV. In the anterior portion of MST, i.e., MSTp, there were 
three patches of label with two different laminar distribu- 
tions: one large patch just rostral to the injection site in 
which the terminals did not include layer IV and two 
patches medial to the injection site within the densely 
myelinated zone (DMZ) in which the label included layer 
IV. The labeling within PP resembled this second laminar 
pattern. 

There was labeling on the inferior parietal gyrus (IPG), as 
well as extensive labeling in areas LIP and VIP in the lateral 
bank of the intraparietal sulcus. In all these areas, the 
terminals were found in all layers, including layer IV. 

In the rostral superior temporal sulcus, the anterograde 
label was found predominantly in layer IV of areas TPO, 
PGa, and IPa. 

There were three patches of labeled terminals within the 
floor and anterior bank of the arcuate sulcus. These patches 
were located within the cytoarchitectonic boundaries of the 
frontal eye field, and were limited to layer IV. 

Contralateral connections of MSTc 
In general, the regions labeled within the ipsilateral 

hemisphere were also labeled within the contralateral hemi- 
sphere, but the contralateral labeling was typically less 
extensive. Thus, retrogradely labeled cells were found con- 
tralaterally in posterior prestriate areas V3A, PO, and DP; 
in caudal superior temporal sulcal areas MT, MST, and PP; 
in rostral superior temporal sulcal areas TPO, PGa, and IPa; 
and in parietal areas IPG and VIP. The anterograde case 
showed labeled terminals in areas V3A, MT, MST, and PP. 
Interestingly, whereas the labeled terminals in these areas 
showed the same laminar distribution contralaterally as 
ipsilaterally, the retrogradely labeled cells in all areas of the 
contralateral hemisphere, unlike those of the ipsilateral 
hemisphere, were confined to layer 111. This result is consis- 
tent with that reported recently by Cipolloni and Pandya 
('89), who found that the laminar pattern of ipsilateral 
projection neurons to the superior temporal region varies 
considerably, whereas interhemispheric projection neurons 
are located mainly in layer 111. 

Connections of MSTp 
There were five cases with injections into MSTp. Of these, 

three were cases with retrograde tracers and two with 
anterograde tracers. Cases 1-DY and 4-AA have been chosen 
as representative cases to illustrate. 

Figures 7 and 8 show the distribution of 
labeled cells following the injection of the retrograde tracer 

Case 1-DY. 

DY into MSTp. The receptive field at the injection site did 
not include the fovea and was centered at an eccentricity of 
25" in the lower visual field. 

There were 
three patches of labeled cells in the most dorsomedial 
portion of V2, which contains the representation of the far 
peripheral lower visual field. The location of the label was 
almost identical to that found following tracer injections 
into MSTc (cases 1-FB and 2-AA). In addition, there was 
light label caudal to the V2 border within the corresponding 
lower peripheral field representation of V1 (see Fig. 8, 
section 2). The labeled cells in V1 were located in layer IVB. 
Like the peripheral V2 label following MSTc injections, the 
label in V1 or V2 might be due either to connections of 
peripheral V1 or V2 with MSTp or to possible spread of 
tracer from the injection site into MTp, which has connec- 
tions with peripheral V1 and V2 (see Discussion). Adjacent 
to the anterior border of V2, there were labeled cells within 
the parieto-occipital (PO) sulcus and its medial branch 
(porn). Based on location, we assigned these two patches of 
label to area PO. 

There was exten- 
sive intrinsic label throughout the remainder of MST, 
although it is not clear if any of this label was located within 
the central field representation, i.e., MSTc (see Fig. 2). 
Interestingly, there was an absence of label just medial to 
the border of the heavily myelinated portion of MT. Our 
recordings in this unlabeled region suggested that at  least 
part of it contained the representation of the upper periph- 
eral field in MTp (see Fig. 2). Thus, the absence of label in 
this region is consistent with an injection site in the lower 
visual field representation of MSTp. Within MT, there was 
a moderate amount of label confined to the more posterior 
portions, which include much of the representation of the 
lower peripheral visual field. In addition to MST and MT, 
there was moderate label within the posterior portion of 
FST and scattered cells in both the posterior tip of the 
superior temporal sulcus, within area PP, and in the most 
extreme posterior portion of V4t. 

There were two 
patches of labeled cells in the rostral superior temporal 
sulcus. One was located in the fundus and upper bank of the 
sulcus (see Fig. 8, section 5 ) ,  within what appeared to be 
areas PGa and TPO. The other patch was in area IPa, in the 
floor of the sulcus just in front of area FST. 

As was the case follow- 
ing injections of MSTc, labeled cells were found on the 
inferior parietal gyrus (IPG) as well as in the adjacent bank 
of the intraparietal sulcus, in areas LIP and VIP. Interest- 
ingly, unlike the cases with MSTc injections, this case 
contained cells in VIP which tended to be concentrated in 
the lightly myelinated portion in the fundus of the sulcus 
and avoided the heavily myelinated portion in the posterior 
bank. Similarly, in a study of connections of area MT, 
Ungerleider and Desimone ('86b) noted that the central 
field representation of MT had connections with both the 
heavily and lightly myelinated portions of VIP, whereas the 
peripheral field representation in MT tended to be more 
heavily connected with the lightly myelinated portion. 

Figures 9 and 10 show the extent and 
laminar distribution of labeled terminals following an injec- 
tion of tritiated amino acids into MSTp. The receptive field 
a t  the injection site was large and centered in the upper 
visual quadrant at  an eccentricity of about 50". With the 
exception of V1 and the rostral superior temporal sulcal area 
IPa, nearly all of the cortical areas that contained labeled 

Connections with posterior prestriate areas. 

Connections with caudal STS areas. 

Connections with rostral STS areas. 

Connections with parietal areas. 

Case 4-AA. 
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Fig. 3. Case 1-FB. Distribution of retrogradely labeled cells follow- 
ing an injection of the fluorescent dye fast blue (FB) into MSTc, shown 
on a two-dimensional map of the cortex. The injection site is indicated in 
black. The density of dots indicates the relative density of labeled cells. 
The myeloarchitectural boundaries of V2, V4t, MT, FST, DMZ, and 
VIP* are shown with dotted lines. The dashed lines in the rostra1 
superior temporal sulcus represent approximate cytoarchitectural bound- 
aries of areas. The visual areas containing labeled cells are indicated on 

the map. The thin lines running through the map indicate layer IV 
contour lines from selected cross sections whose locations are shown on 
the lateral view of the hemisphere in Figure 4. The receptive field of the 
cells recorded at the injection site is shown at  left. Abbreviations: ar, 
arcuate sulcus; ce, central sulcus; ec, external calcarine sulcus; p, 
principal sulcus. For all other conventions and abbreviations, see 
Figure 1. 
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Fig. 4. Case 1-FB. Distribution of labeled cells following an injection 
into MSTc, shown on cross sections whose locations are indicated on the 
lateral view of the hemisphere at  top left and on the two-dimensional 
map in Figure 3. The dots indicate the relative density and laminar 
distribution of labeled cells. V1 on the cross sections and the V l N 2  
border on the lateral view are indicated with a dashed line. The 

myeloarchitectural boundaries of V2, V4t, MT, FST, and VIP* are 
indicated with solid arrows, and the approximate cytoarchitectural 
boundaries of the rostra1 superior temporal sulcal areas are indicated by 
arrows with a broken line. The thick line through the lateral view 
represents the most anterior section unfolded in the map in Figure 3. For 
all abbreviations, see Figures 1 and 3. 

cells following injections of retrograde tracers into MSTp 
also contained labeled terminals following the amino acid 
injection. 

Within prestriate cortex, a single patch of label spanned 
the border between areas V2 and PO, at the representation 
of the far peripheral lower field in V2. There was a very 
small patch of label within the posterior portion of the 

intraparietal sulcus which we assigned to V3A. In V2, PO, 
and V3A, the labeled terminals were in layer I and layers V 
and VI but not in layer IV. 

Within the caudal superior temporal sulcus, a large zone 
of label included areas MT, MST, FST, and PP. The label 
throughout most of MT was in the supragranular layers, 
avoiding layer IV. In MST, the label was homogeneously 
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Case 2-AA 
( M STc) 

L 1 

Fig. 5. Case 2-AA. Distribution of labeled terminals following an 
injection of tritiated amino acids (AA) into MSTc, shown on a two- 
dimensional map of the cortex. Projections that  included layer IV are 
shown in dark shading, projections that excluded layer IV are shown in 

light shading, and the injection site is shown in black. The striped zone 
surrounding the injection site indicates cortex nonspecifically labeled by 
the injection halo or intrinsic connections. For all other conventions and 
abbreviations, see Figures 1 and 3. 
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Fig. 6. Case 2-AA. Distribution of labeled terminals following an 
injection into MSTc, shown on cross sections whose locations are 
indicated on the lateral view of the hemisphere at  top left and on the 

two-dimensional map in Figure 5. For all conventions and abbreviations, 
see Figures 1,3,  and 4. 

distributed in all layers including layer IV. In FST, the label The large projection zone in the caudal superior temporal 
was in the rostral portion of the area and the laminar sulcus continued into the rostral part of the sulcus and 
distribution of labeled terminals varied. In some FST included the posterior portions of areas TPO and PGa. 
patches, the label spread across all layers, including layer There was an additional patch of label in PGa more 
IV, whereas in other patches it was largely confined to layer anteriorly, but in this case, unlike case 1-DY with an 
IV. In PP, the label included all layers. injection of retrograde tracer into MSTp, no label was found 
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Fig. 7. Case 1-DY. Distribution of retrogradely labeled cells following an injection of diamidino yellow 
(DY) into MSTp, shown on a two-dimensional map of the cortex. For all conventions and abbreviations, see 
Figures 1 and 3. 
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Fig. 8. Case 1-DY. Distribution of retrogradely labeled cells following an injection into MSTp, shown on 
cross sections whose locations are indicated on the lateral view of the hemisphere a t  top left and on the 
two-dimensional map in Figure 7. For all conventions and abbreviations, see Figures 1,3, and 4. 

in IPa. The terminals were concentrated in layer IV in both 
areas TPO and PGa. 

Within the parietal cortex, there was extensive label in 
VIP, which included all layers. Figure 11 shows a column of 
label in VIP in case 4-AA. 

Within the frontal lobe, labeled terminals were found in 
the frontal eye field, both in the floor of the arcuate sulcus 
and more anteriorly on the prearcuate gyrus. In both 
regions, the label was heaviest in layer IV. 

Contralateral connections of MSTp 
The label in the contralateral hemisphere was minimal in 

the MSTp cases, for unknown reasons. We found labeled 
cells in V2 and VIP in one case, and in MST in two cases. 
Anterograde label was seen in PO in one case, and in MT 
and MST in two cases. As in the MSTc cases, labeled cells in 
the contralateral hemisphere were located only in layer 111, 
whereas the laminar distribution of labeled terminals varied 
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Case 4-AA 
(MSTp) 
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Fig. 9. Case 4-AA. Distribution of labeled terminals following an injection of tritiated amino acids (AA) 
into MSTp, shown on a two-dimensional map of the cortex. For all conventions and abbreviations, see 
Figures 1,3, and 5. 

from one projection zone to another. The terminals were 
concentrated in layer IV in PO and MT, but homogeneously 
distributed across all layers, including layer IV, in MST. 

Connections of IPG and LIP 
The results described above indicate that MSTc and 

MSTp have a number of differences in their connections. 
The most prominent difference is that MSTc has extensive 
connections with the inferior parietal gyrus (IPG) and 
adjacent area LIP in the intraparietal sulcus, whereas 
MSTp does not. Because it was possible that our injections 

in MSTp missed a portion that was interconnected with 
these parietal areas, we made multiple injections of the 
retrograde tracers DY and FB into the parietal areas IPG 
and LIP, respectively, in one case (case 8). The resulting 
label was analyzed in the intraparietal sulcus, the superior 
temporal sulcus, and the neighboring cortex. Figure 12 
shows the injection sites and the distribution of labeled cells 
within these regions. 

The DY-injection sites covered 
most of the inferior parietal gyrus, but the portion adjacent 
to the superior temporal sulcus was spared in order to avoid 

Connections of IPG. 
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Fig. 10. Case 4-AA. Distribution of labeled terminals following an injection into MSTp, shown on cross 
sections whose locations are indicated on the lateral view of the hemisphere at  top left and on the 
two-dimensional map in Figure 9. For all conventions and abbreviations, see Figures 1,3, and 4. 

any leakage of the dye directly into this sulcus (Fig. 12). 
Labeled cells were found in a large zone of the intraparietal 
sulcus, on the dorsal prelunate gyrus, throughout a large 
extent of the superior temporal sulcus, and in the posterior 
portion of the lateral sulcus. 

Within the intraparietal sulcus, there was extensive retro- 
grade labeling in both banks. The label in the upper bank of 
the sulcus was located in Brodmann’s area 5 ,  and the label in 

the lower bank covered virtually all of area LIP and much of 
area VIP. More posteriorly in the sulcus there was label 
which we assigned to area PO on the basis of its location. On 
the dorsal prelunate gyrus, there were a few labeled cells in 
area DP. 

Within the caudal superior temporal sulcus, a large zone 
of labeled cells included area PP and extended just medial 
to the posterior end of MT into the region containing the 
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Fig. 11. A Brightfield photomicrograph of myelin-stained section 
through the intraparietal sulcus. Area VIP, shown on the lower (lateral) 
bank, consists of both a lightly myelinated portion at the fundus of the 
sulcw and a heavily myelinated portion farther up the lower bank. Box 

indicates the region enlarged in B. Scale bar = 1 mm. B Anterograde 
label in area VIP after an injection of tritiated amino acids into MSTp 
(case 4-AA). Note that the projection is within the lightly myelinated 
portion of VIP. Scale bar = 500 rm. 

central field representation of MST (Desimone and Unger- 
leider, '86). The labeled zone appeared to avoid the cortex in 
the upper bank of the sulcus adjacent to the more anterior 
portions of MT, where we have previously identified MTp 
and MSTp (Desimone and Ungerleider, '86). Thus, the 
inferior parietal gyrus appears to be connected preferen- 
tially with MSTc rather than MSTp, confirming the results 
from our MST injections, although a rim of labeled cells 
along the upper lip of the sulcus might fall within the outer 
margins of MSTp, as might a separate patch of cells located 
just medial to area FST. Very few cells were found in area 
FST itself, consistent with our results from FST injections 
(see below). The labeled cells in the caudal superior tempo- 
ral sulcus were fairly equally distributed across the supra- 
granular and infragranular layers (Figs. 12,13). 

There was extensive label in the rostral superior temporal 
sulcus, mainly in the upper bank and sulcal floor but 
including portions of the lower bank as well. The label was 
located predominantly in Seltzer and Pandya's ('78) areas 
TAa, TPO, PGa, and IPa; except for IPa, the label was 
confined to the posterior halves of these areas. There was, in 
addition, sparse labeling in TEa, TEm, and TEO. The 
laminar distribution of labeled cells in these areas varied, 
but the pattern most frequently seen was the one with a 
fairly equal distribution of cells in the supragranular and 
infragranular layers. 

The FB-injection sites in the 
posterior bank of the intraparietal sulcus were confined to 
area LIP between the border of VIP and the lip of the sulcus 
(Fig. 12). Although a large portion of LIP was injected, the 
most posterior portion appeared to be spared. 

Figure 12 shows the extent and location of the regions 
containing labeled cells, which were remarkably similar to 
those following the injections into the inferior parietal 
gyrus. One difference that is readily apparent from the 
illustration is that the inferior parietal gyrus itself was only 
sparsely labeled following the injections in LIP. This sparse 
labeling probably reflects the fact that any FB-labeled cells 
would be masked by the dense DY injections on the gyrus. 
Similarly, the density of DY -labeled cells in the lateral bank 

Connections of LIP. 

of the intraparietal sulcus was probably underestimated, 
due to the masking effect of the FB injections. 

Within the caudal superior temporal sulcus, labeled cells 
were again found in the cortex immediately adjacent to the 
posterodorsal border of MT, which is the location of MSTc, 
but were largely absent from the more anterior and lateral 
portions of MST, where MSTp is located. There was, 
however, a region of labeled cells located on the upper bank 
of the sulcus at  the level of FST, which may have extended 
into the confines of MSTp. Thus, like the inferior parietal 
gyrus, area LIP appears to be preferentially connected with 
MSTc, although it may have connections with the outer 
margins of MSTp. More rostrally in the superior temporal 
sulcus, the results were similar to those described after DY 
injections into IPG, except that the FB injections in LIP led 
to much more extensive labeling in areas FST and IPa in the 
sulcal floor and less extensive labeling in area TAa on the 
upper bank of the sulcus. In MST and FST, the cells were 
found to be equally distributed in the supragranular and 
infragranular layers, in agreement with the results from our 
MST and FST cases. The label in the rostral superior 
temporal sulcal areas showed a similar laminar distribution. 

Connections of FST 
There were five cases with injections into area FST. Of 

these, three were cases with retrograde tracers and two with 
anterograde tracers. Cases 6-DY and 1-WGAa have been 
chosen as representative cases to illustrate. 

Figures 14 and 15 show the distribution of 
labeled cells following an injection of the retrograde tracer 
DY into FST. The receptive field at  the injection site was 
large and located close to the representation of the fovea 
within the upper visual field. 

Connections with posterior prestriate cortex. There 
were multiple, small patches of labeled cells in prestriate 
cortex. Dorsally, labeled cells were in the annectent gyrus, 
the anterior bank of the ventral portion of the lunate sulcus, 
and the adjacent prelunate gyrus. Based on location, we 
assigned the first patch to area V3A and the second two to 

Case 6-DY. 
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Fig. 12. Case 8. Distribution of retrogradely labeled cells following 
injections of diamidino yellow (DY) and fast blue (FB), respectively, 
into the inferior parietal gyrus (IPG) and the lateral intraparietal area 
(LIP). The distribution of DY-labeled cells is shown on the map at  left 
and in the top row of cross sections, whereas the distribution of 
FB-labeled cells is shown on the map at  right and in the bottom row 
of cross sections. The cortex included in these maps is indicated by the 

bold outline on the lateral view of the hemisphere at  top. The cross- 
hatched area in the upper bank of intraparietal sulcus (ip) on the maps 
and just above this sulcus on the lateral view of the hemisphere indicates 
the region of cortex surgically removed in order to inject the lower bank 
of the sulcus (see text for details). For all other conventions and 
abbreviations, see Figures 1,3, and 4. 
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area V4. Ventrally, there was an additional sparse patch of 
label in the ascending limb of the inferior occipital sulcus, 
which we also assigned to V4. The labeled cells in V4 had no 
particular visuotopic organization, as the dorsal sites ap- 
peared to be located in the representation of the parafoveal 
or mid-peripheral lower visual field in V4, whereas the 
ventral site appeared to be within the representation of the 
upper parafoveal visual field (Gattass et  al., ’88). 

In MT, the labeled 
region appeared to form a ring just inside the borders of the 
heavily myelinated portion of the area, which primarily 
represents the vertical meridian in both the upper and Iower 
visual fields (and thus also the foveal representation). The 
ring was “broken” at  the posterodorsal boundary of MT, 
where the far peripheral field representation in MT has 
been reported to extend outside the heavily myelinated zone 
(Ungerleider and Desimone, ’86a). Outside of MT, the 
labeled region extended through most of area V4t, located 
laterally, and throughout the remainder of FST. Like the 
labeled region in MT, the label in V4t had a peculiar 
topography, given that V4t contains only a representation of 
the lower visual field (Desimone and Ungerleider, ’86), 
whereas the receptive field at  the injection site was centered 
in the upper visual field. In addition to V4t, there were also 
patches of label in the most posterior tip of the sulcus, i.e., in 
PP, and one small patch was located in MST. 

In contrast to the 
location of label following MST injections, which was concen- 
trated in the upper bank and floor of the sulcus, the label 
following FST injections was concentrated in the floor and 
lower bank of the sulcus. The labeled region included areas 
PGa and IPa in the floor, and TEa in the lower bank. 

The lateral bank of 
the intraparietal sulcus contained a moderate concentration 
of labeled cells, which extended slightly over the lip of the 
sulcus onto the inferior parietal gyrus (IPG). The preferen- 
tial connection of FST with the intraparietal sulcus rather 
than the adjacent gyrus confirms the results from case 8, in 
which the connections of the sulcus and gyrus were com- 
pared directly. Within the sulcus, the labeled region in- 
cluded the heavily myelinated portion of VIP as well as LIP 
located closer to the lip of the sulcus. 

Connections with temporal areas. There were multiple 
patches of labeled cells in the temporal cortex. Several 
patches were located in area TEO in the lower bank of the 
superior temporal sulcus and on the lateral surface of the 
temporal lobe. There was also a patch of cells within 
cytoarchitectonic area TE, which extended into the occipito- 
temporal sulcus, within cytoarchitectonic area TF (Bonin 
and Bailey, ’47). 

There were labeled 
cells in the anterior bank of the lower limb of the arcuate 
sulcus. Based on the cytoarchitecture, these cells were not 
located in FEF but were adjacent to its ventral border (see 
Discussion). 

The injection of WGA into FST in case 
1 resulted in heavy anterograde label, with few retrogradely 
labeled cells. The distribution of labeled terminals is shown 
in Figures 16 and 17. The receptive field recorded at  the 

The distribution of label was similar, but not identical, to 
that of case 6-DY, which had an injection of retrograde 
tracer in FST. In posterior prestriate cortex, limited label 
was again found dorsally in V3A and ventrally in V4. Unlike 
case 6-DY, however, there was a small patch of label within 

Connections with the  caudal STS. 

Connections with the  rostra1 STS. 

Connections with parietal areas. 

Connections with frontal areas. 

Case 1-WGAa. 

Fig. 13. Montage of photomicrographs illustrating the laminar injection site was and the fovea. 
distribution of DY-labeled cells in MST after an injection into the 
inferior parietal gyrus (IPG) in case 8. Cells are located predomi- 
nantly in layers 111, the upper half of V, and VI. Scale bar = 100 ~ m .  
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Fig. 15. Case 6-DY. Distribution of retrogradely labeled cells following an injection into FST, shown on 
cross sections whose locations are indicated on the lateral view of the hemisphere a t  top left and on the 
two-dimensional map in Figure 14. For all conventions and abbreviations, see Figures 1,3, and 4. 

V3d. In all of these areas, the label was confined to the 
supragranular layers. 

In the caudal superior temporal sulcus, there was exten- 
sive label in V4t, MT, and MST. Unlike the MT label in case 
6-DY, which was concentrated around the MT border, the 
MT label in case 1-WGAa was very widespread, covering 
most of the visual field representation. In all of the areas of 
the caudal superior temporal sulcus, the label was confined 
to supragranular layers I through I11 and excluded layer IV. 

As in case 6-DY, the label within the rostra1 superior 
temporal sulcus was found mainly in the floor and lower 
bank of the sulcus, including areas TPO, PGa, IPa, and TEa. 
In all these areas, labeled terminals were concentrated in 
layer IV. 

Within parietal cortex, only area VIP contained label, 
which was confined to the supragranular layers. In the 
temporal cortex, only area TEO contained label, which was 
also confined to the supragranular layers. Unlike the TEO 
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Fig. 16. Case 1-WGAa. Distribution of labeled terminals following an injection of wheat germ agglutinin 
conjugated to horseradish peroxidase (WGA) into FST, shown on a two-dimensional map of the cortex. For 
all conventions and abbreviations, see Figures 1,3,  and 5. 
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Fig. 17. Case 1-WGAa. Distribution of labeled terminals following an injection into FST, shown on cross 
sections whose locations are indicated on the lateral view of the hemisphere at  top left and on the 
two-dimensional map in Figure 16. For all conventions and abbreviations, see Figures 1,3, and 4. 
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label in case 6-DY, the TEO label in this case was limited to 
the superior temporal sulcal portion of the area. Also unlike 
case 6-DY (but like the other retrograde cases), this case had 
no label within TE. 

Finally, there were two patches of label in the arcuate 
sulcus, both of which were within the cytoarchitectural 
borders of the frontal eye field. In one patch the label did not 
include layer IV, whereas in the other patch it shifted its 
laminar appearance from one section to another; in a 
posterior section the label excluded layer IV, but in an 
adjacent more anterior section it included layer IV. This 
latter section and an adjacent section stained with thionin 
are illustrated in the photomicrographs in Figure 18. This 
figure shows that the location of the patch of label coincides 
with a high density of large layer V pyramidal cells, which is 
a marker for the frontal eye field (Stanton et al., ’89). 

Contralateral connections of FST 
The label in the contralateral hemisphere was limited to a 

few zones. In the retrograde cases, we found labeled cells in 
areas MT, MST, FST, and PGa. Of the two anterograde 
cases, one (case 1-WGAa) showed labeled terminals in areas 
V3A, MT, MST, FST, PGa, IPa, and VIP; and the other 
(case 6-AA) showed label only in MST. Labeled cells were 
always found in layer 111, whereas the location of the labeled 
terminals varied. In areas V3A, MT, FST, PGa, IPa, and 
VIP, the labeled terminals excluded layer IV. In MST, the 
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terminals were located in the supragranular layers in case 
1-WGAa, but spanned all layers, including layer IV, in case 
6-AA. 

DISCUSSION 
We have found that, in addition to their connections with 

MT, areas MST and FST have connections with each other 
and with a variety of cortical areas located in the prestriate, 
parietal, superior temporal sulcal, temporal, and prefrontal 
cortex. In the following discussion, we first address the issue 
of variability in connections. We then summarize the connec- 
tions of MST and FST and consider how the laminar 
pattern of the connections relates to the hierarchical organi- 
zation of extrastriate visual cortex. Finally, we discuss the 
relative contributions of MST and FST to the dorsal and 
ventral visual processing streams in cortex, and propose that 
there may be a third processing stream, directed to the 
cortex of the rostra1 superior temporal sulcus, that plays a 
role in either motion perception, the integration of object 
and spatial perception, or both. 

Variability in connections 
The connections found in each of the individual cases are 

summarized in Table 1. Because the amount of retrograde or 
anterograde label found in the different areas varied consid- 
erably, we qualitatively estimated the “strength” of the 

Fig. 18. Left: Darkfield photomicrograph illustrating anterograde 
labeling in the frontal eye field (lower bank of the lower limb of the 
arcuate sulcus) after an injection of wheat germ agglutinin conjugated to 
horseradish peroxidase into area FST in case 1-WGA. Right: Brightfield 

photomicrograph of an adjacent thionin-stained section showing the 
large layer V pyramidal cells that constitute the cytoarchitectural 
marker for the frontal eye field (Stanton et al., ’89). Scale bar = 200 pm 
for both panels. 
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connections in each case, as indicated by the number of plus 
signs in the table. The table indicates that there is a certain 
amount of variability not only in the strength but also in the 
existence of specific anatomical connections across cases. 

There are a number of possible reasons for variability in 
our anatomical data. One is that the visual areas we injected 
are not anatomically uniform. Whereas a number of years 
ago it was generally accepted that each visual area had one 
specific set of connections, it has recently become clear that 
different substructures within an area can have different 
connections. For example, alternating anatomical (cy- 
tochrome oxidase) "stripes" within V2 have differential 
connections with areas V4 and MT (DeYoe and Van Essen, 
'85; Shipp and Zeki, '85). Thus, it is possible that MST and 
FST also have anatomical substructures with different 
connections and that we happened to inject different sub- 
structures in different animals. Indeed, MST in particular is 
heterogeneous in myeloarchitecture, which suggests some 
anatomical heterogeneity. Another, more mundane, explana- 
tion is that the tracers we employed are not equally sensi- 
tive, and in fact, it has been our experience that the 
fluorescent dyes are the most sensitive at  revealing connec- 
tions while tritiated amino acids are the least. Yet another 
possibility is that some of the injections may have spread 
beyond the confines of the areas we intended to inject or 
that the dyes were occasionally taken up by fibers of passage 
either in the cortex or in the underlying white matter. 
Finally, there may be genuine interanimal variability in 
anatomical connections. By listing in Table 1 the connec- 
tions found in each of the cases, we have, to some extent, left 
it  for the reader to decide which connections are reliable and 
which are not. Nonetheless, we have the practical, or 
heuristic, problem of summarizing the data and drawing 
summary figures. If, for example, we found a weak connec- 
tion in one of four cases, should we list (and draw) a 
connection or not? For the summaries in Figures 19-21, we 
arbitrarily decided to show connections if they were present 
in at  least 40% of the cases with injections in a particular 
area. We felt that rejecting connections found in fewer cases 
reduced the possibility of accepting a projection that actu- 
ally resulted from inadvertent spread or uptake of tracer in 
another area. 

Connections of MSTc and MSTp 
We found both MSTc and MSTp to be connected with 

each other and with the following areas: the posterior 
prestriate areas V2, V3A, and PO; the caudal superior 
temporal sulcal areas PP, MT, and FST; the parietal area 
VIP; the rostra1 superior temporal sulcal areas TPO, PGa, 
and IPa; and the frontal area FEF. In addition, we found 
connections between MSTc and areas DP, IPG, LIP, TEO, 
and TF, and between MSTp and V1. 

Connections with V l  and the dorsomedial posterior 
prestriate cortex. The connections with V1 and V2 
involved only their representations of the far peripheral 
visual field. This finding of connections between cortex in 
the upper bank of the superior temporal sulcus and periph- 
eral V1 and V2 confirms our previous finding that the 
central field representations in V1 and V2 project to the 
heavily myelinated portion of MT, but that peripheral field 
representations project beyond the heavily myelinated zone, 
in the floor and upper bank of the sulcus (Ungerleider and 
Desimone, '86a; also see Ungerleider and Mishkin, '79). 
Likewise, our previous electrophysiological mapping of MT 
indicated that the heavily myelinated portion of MT does 

not contain a representation of the far peripheral visual field 
(Desimone and Ungerleider, '86; but see Maunsell and Van 
Essen, '87, for an alternate view). Rather, the far peripheral 
field representation appears to be located in the upper bank 
of the superior temporal sulcus, just medial to the heavily 
myelinated portion of MT, in the vicinity of where we 
previously found projections from peripheral V1 and V2. 
This displacement of the peripheral field representation 
appeared to be more extensive for the upper visual field than 
for the lower. We used the term MT* for the heavily 
myelinated portion of MT, and the term MTp for the far 
peripheral representation beyond MT* (Ungerleider and 
Desimone, '86a). Although MTp was surrounded on three 
sides by MST and could not be distinguished from MST 
histologically, we argued at  that time that MTp should be 
considered part of MT rather than MST, based on both 
common anatomical inputs and similarity in receptive field 
size (Desimone and Ungerleider, '86). A very similar organi- 
zation of MT and MTp has recently been reported in the 
Cebus monkey (Fiorani et al., '89). 

In the present study, we found retrograde and/or antero- 
grade label in both peripheral V1 and V2 following injec- 
tions that we interpreted to be centered in MSTp rather 
than MTp, based on both visuotopic organization and 
receptive field size. One possible explanation for the V1 and 
V2 label is that the MST injections may have inadvertently 
spread into adjacent portions of MTp, which we have argued 
does indeed receive projections from peripheral V1 and V2 
(Ungerleider and Desimone, '86a). Because MTp is not 
histologically distinguishable from MST, we cannot rule out 
this possibility. Consistent with the spread-of-tracer hypoth- 
esis, the labeled cells we found in V1 were located in layer 
IVB, which is the layer that projects to MT (Maunsell and 
Van Essen, '83b; Ungerleider and Desimone, '86b), and 
presumably to MTp as well. Alternatively, it is possible that 
the label we found in V1 and/or V2 was not due to spread 
into MTp but rather reflected actual connections of MST 
with the peripheral (but not central) field representation of 
V1 and/or V2. If so, then the projections we found previ- 
ously (Ungerleider and Desimone, '86a) from peripheral V1 
and V2 to the superior temporal sulcus must have encom- 
passed both MTp and portions of MST. 

What might be the function of peripheral field inputs to 
MST from V1 and/or V2? There is precedent for such 
asymmetrical projections of central versus peripheral field 
representations to posterior parietal cortex (Zeki, '80; Unger- 
leider et al., '83; Ungerleider and Desimone, '86b; Colby et 
al., '88; for review, see Desimone and Ungerleider, '89). 
Because these peripheral field projections arise from early 
stations in the visual hierarchy, they provide fast input to 
the occipitoparietal system (i.e., the dorsal stream), possibly 
serving an alerting function for peripheral field stimulation. 

Both MSTc and MSTp were found to have reciprocal 
connections with visual areas V3A and PO. The connections 
with area PO confirm a recent study of Colby et al. ('88), who 
found labeled cells in MST following fluorescent dye injec- 
tions in PO. 

We found both 
MSTc and MSTp to be connected with areas MT, FST, and 
PP in the caudal superior temporal sulcus. The presence of 
labeled cells in MT confirms previous studies reporting 
projections from MT to MST (Maunsell and Van Essen, 
'83b; Ungerleider and Desimone, '86b; see also Weller et al., 
'84). However, it was difficult, if not impossible, to relate the 
receptive field location at the injection site in MST to the 

Connections with caudal STS areas. 
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Connections of MSTc 

Connections of MSTp 

Fig. 19. Location of the areas found to be connected with MSTc 
(top) and MSTp (bottom) and the laminar organization of the 
connections, shown on lateral views of the hemisphere with the sulci 
partially opened. Heavy arrowheads indicate “forward” projections, 
which terminate predominantly in layer IV, and light arrowheads 

indicate “backward” projections, which terminate outside layer IV. 
“Intermediate-type” projections are indicated by two, reciprocal heavy 
arrowheads. The absence of an arrowhead indicates that the projection 
is still unknown. 
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Connections of FST 
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Fig. 20. Location of the areas found to be connected with FST and the laminar organization of the 
connections, shown on a lateral view of the hemisphere with the sulci partially opened. For all conventions, 
see Figure 19. 

presumed visuotopic locus of the resulting label in MT. This 
difficulty was due to a number of factors, including wide- 
spread label within MT in many cases, the large receptive 
field size and scatter in MST, the variability in the size and 
effectiveness of the different tracer injections, and the fact 
that the overall visual field representation in MT is rather 
coarse and varies from animal to animal. 

All cases with 
injections in MSTc and MSTp gave rise to label in the 
rostral portion of the superior temporal sulcus, both in the 
upper bank and floor. Using Seltzer and Pandya's ('78) 
subdivisions, we assigned the label to areas TPO, PGa, and 
IPa. Both TPO and PGa are contained within the superior 
temporal polysensory area (STP), and a portion of IPa, 
especially anteriorly, may be contained within it as well. 
Neurons within STP are selective for visual, auditory, or 
somesthetic inputs, and many STP cells are responsive to 
two or three of these modalities (Desimone and Gross, '79; 
Bruce et al., '81; Baylis et al., '87; Hikosaka et  al., '88). The 
specific contribution that MST neurons may make to STP 
function is discussed in a later section. 

Connections with parietal areas. Because the projec- 
tions of a number of prestriate visual areas to parietal cortex 
are more extensive from their peripheral field representa- 
tions than from their central field representations (for 
review, see Desimone and Ungerleider, '89), we were sur- 
prised to find that the central field representation of MST, 
i.e., MSTc, has more extensive connections than the periph- 
eral field representation, i.e., MSTp. Whereas MSTc has 

Connections with rostral STS areas. 

connections with a fairly wide zone of parietal cortex, which 
includes IPG, LIP, and VIP, MSTp has connections with 
only VIP. This difference was confirmed in case 8, in which 
IPG and LIP were injected with different fluorescent dyes. 
Cells labeled with either dye were concentrated just beyond 
the posterodorsal end of MT, where MSTc tends to be 
located, and were absent from cortex adjacent to the middle 
and more anterior portions of MT, where MSTp tends to be 
located. Our finding of connections between MSTc and IPG 
confirms the results of prior studies that have demonstrated 
label within the region of our area MST after injections of 
either retrograde or anterograde tracers in the inferior 
parietal gyrus (Seltzer and Pandya, '78, '84; Neal et al., '88). 

In three of the 
four MSTc cases there was retrograde label within areas 
TEO and TF, indicating projections from these areas to 
MSTc. Since the reciprocity of corticocortical connections 
has only rare exceptions (for review, see Van Essen, '85), 
MSTc presumably returns projections to these areas, even 
though we did not see them in our one MSTc anterograde 
case. 

In all four MSTc cases and in 
two of the five MSTp cases, there was label within the 
prefrontal cortex. The label was located within the rostral 
bank of the arcuate sulcus and immediately anterior to this 
sulcus on the prearcuate gyrus. Stanton et al. ('89) have 
noted that the FEF, defined as the zone within and around 
the arcuate sulcus from which saccadic eye movements can 
be evoked by low-threshold stimulation (Bruce et al., '85), 

Connections with temporal areas. 

Connections with FEF. 
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Fig. 21. Summary of visual cortical areas and their connections 
(adapted and updated from Ungerleider and Desimone, ’86b). Solid 
lines indicate projections that originate from both central and periph- 
eral visual field representations, and dotted lines indicate projections 
that arise exclusively from peripheral field representations. “d” indi- 
cates that the connections of V3 with both V1 and FST are limited to the 
dorsal portion of V3. “m” indicates that the projection from V2 to VIP is 
limited to VIP’s medial portion. The complete connections of MTp and 

V4t are as yet unknown and are therefore not illustrated separately from 
those of MT and V4, respectively. The connection between V4 and FST 
includes V4t. The diagram suggests that, in addition to the occipitotem- 
poral (ventral) stream for object vision and the occipitoparietal (dorsal) 
stream for spatial vision, there may be a third processing stream which 
relays motion information from MST and FST forward into the cortex 
of the rostra1 superior temporal sulcus. For other conventions, see Figure 
19. 

coincides with cortex characterized by a high density of 
large layer V pyramidal cells that corresponds roughly to the 
union of Walker’s (’40) cytoarchitectonic areas 8A and 45. 

Interestingly, M T  does not project to the low-threshold 
portion of the FEF, but rather to a distinct zone ventral to it 
(Kaas and Krubitzer, ’88). 

We found the label in our MST cases to be within these 
cvtoarchitectonic boundaries. but confined to the dorsome- Connections of FST 
dial part of the FEF, i.e., area 8A. Both Huerta et al. (’87) 
and Barbas (’88) recently reported labeled cells in MST 
following injections of horseradish peroxidase into area 8A. 
We thus confirm the existence of such a projection and 
present evidence for a reciprocal projection from the dorso- 
medial (area 8A) part of the FEF back to MSTc and MSTp. 

FST shares a number of cortical connections with MST, 
but has a number of differences in connections as well. One 
of the biggest differences is in the connections with posterior 
prestriate visual areas. The only prestriate area we found to 
be interconnected with both MST and FST is area V3A. 
Unlike MST, FST does not have reliable connections with 
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either V1, V2, or PO; nor is FST connected with DP. 
Conversely, FST, but not MST, has connections with the 
dorsal portion of V3 (V3d) and with areas V4 and V4t. 

In the caudal superior temporal sulcus, FST, like MST, 
was found to have extensive connections with MT, con- 
firming our earlier study (Ungerleider and Desimone, '86b). 
Unlike MST, however, FST does not appear to be connected 
with PP. 

FST was also found to have extensive connections with 
the rostral superior temporal sulcus. These connections are 
with portions of the superior temporal polysensory area 
(which includes areas TPO and PGa) in the upper bank of 
the sulcus and with area IPa in the floor, as is the case for 
MST. However, unlike the connections of MST, those of 
FST spread further into the lower bank of the sulcus, 
involving area TEa. Whereas the upper bank of the sulcus 
contains polysensory responsive cells and has been shown to 
receive multimodal anatomical inputs (Jones and Powell, 
'70; Seltzer and Pandya, '78, '84; Desimone and Gross, '79; 
Bruce et al., '81; Baylis et al., '87; Hikosaka et al., '88), the 
lower bank appears to be exclusively visual (Desimone and 
Gross, '79; Baylis et al., '87). Thus, FST appears to contrib- 
ute to both visual and polysensory systems. 

In parietal cortex, the connections of FST are less exten- 
sive than those of MSTc, but somewhat more extensive than 
those of MSTp. Like MSTc, FST has connections with VIP 
and LIP, but, unlike MSTc, FST is not reliably connected 
with IPG. This difference is evident in case 8, which received 
injections of one fluorescent dye into LIP, within the 
intraparietal sulcus, and of another dye into IPG, the 
inferior parietal gyrus. The LIP injections resulted in la- 
beled cells throughout most of FST, whereas the IPG 
injections resulted in virtually no cells in FST. 

In the temporal cortex, we found connections of FST both 
with area TEO and with cortex in cytoarchitectonic area TF 
(Bonin and Bailey, '47), similar to the connections of MSTc. 
Recently, TEO has been mapped electrophysiologically and 
has been found to contain a crude topographic organization, 
with a large representation of the central visual field (Bous- 
saoud et al., '88). Because of its heavy interconnections with 
both areas V4 and TE (Desimone et al., '80; Fenstemaker et 
al., '84; Ungerleider, '85), TEO is likely to be involved in 
processing both form and color information. Thus, the 
connections of FST with TEO, in conjunction with its 
connections with V4, V4t, and with TEa in the rostral 
superior temporal sulcus, suggest that FST could receive 
both form and color information, and might, in turn, play a 
role in object recognition. 

Finally, we found that, like MST, FST has connections 
with the frontal eye field, confirming Huerta et al. ('87). In 
all but one case, 6-DY, the label was within the architectur- 
ally designated FEF, i.e., the region characterized by large 
layer V pyramidal cells (Stanton et  al., '89). In case 6-DY, 
the label was located about 2 mm beyond the ventral border 
of this region, indicating either that the presence of large 
layer V cells is not a precise marker for the FEF (defined as 
the region from which saccades can be elicted by low- 
threshold stimulation; Bruce et al., '85) or that the connec- 
tions of FST with prefrontal cortex extend beyond the FEF. 
Interestingly, unlike MST, FST appears to be connected 
with both the area 8A and area 45 (Walker, '40) portions of 
the FEF. 

Comparison with New World monkeys 
The organization and connections of MST and FST 

appear to be remarkably similar in Old World and New 
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World monkeys. In the owl monkey, Weller et al. ('84) 
described the projection zone of MT in the cortex immedi- 
ately surrounding it, which they termed area ST. They 
suggested on the basis of anatomical data that ST might 
actually contain two separate areas, a dorsal zone, corre- 
sponding to our MST, and a ventral zone, corresponding to 
our FST. This correspondence was recently confirmed by 
Fiorani et al. ('89), who mapped MST and FST physiologi- 
cally in the New World Cebus monkey. Just as we found in 
the macaque, in the owl monkey Weller et al. ('84) found 
that the "MST" and "FST" portions of ST have connec- 
tions with MT, posterior parietal cortex, the rostral superior 
temporal sulcus, dorsomedial prestriate cortex, and the 
frontal eye field. Further, they found that the FST portion 
of ST has more extensive connections with both area DL (a 
probable homologue of V4) and temporal cortex than does 
the MST portion, whereas the MST portion alone has 
connections with the peripheral field representation of V2, 
similar to what we found in the macaque. Thus, notwith- 
standing some differences in terminology across species, our 
present results provide additional evidence that New World 
and Old World monkeys share a common organization of 
extrastriate cortex. 

MSTc and MSTp: Two functional 
subregions of MST? 

MST has a history of being subdivided. The area was 
originally defined by Maunsell and Van Essen ('83b) as the 
complete projection field of area MT within the superior 
temporal sulcus. This projection field extended from the 
upper bank of the sulcus, medial to MT, through the floor of 
the sulcus in front of MT. Later, we divided this large region 
into two different visual areas on the basis of differences in 
myeloarchitecture, in visual topography, in receptive field 
size, in incidences of directionally selective cells, and in 
anatomical connections with MT (Desimone and Ungerlei- 
der, '86; Ungerleider and Desimone, '86b). We retained the 
name MST for the portion of the MT projection field in the 
upper bank of the superior temporal sulcus and adopted the 
name FST for the field in front of MT in the sulcal floor. 
Within MST, we found that neurons in the most posterior 
portion (adjacent to the dorsal "tip" of MT representing the 
peripheral visual field) tended to contain large receptive 
fields located on or near the center of gaze (i.e., MSTc), 
whereas neurons in the more anterior portions tended to 
have large receptive fields located in the peripheral visual 
field (i.e., MSTp). Consistent with these divisions, Saito et 
al. ('86) found both that the area we term FST had fewer 
directionally selective cells than MST, and that within 
MST, the most posterior portion contained cells sensitive to 
rotary motion and expansion/contraction, whereas the more 
anterior portion contained cells sensitive to more conven- 
tional directions of motion. The two portions of MST 
appear to correspond to our MSTc and MSTp, respectively. 
Finally, Komatsu and Wurtz ('88) have recently reported 
that cells in MSTc (their MSTm) have responses related to 
tracking eye movements, whereas cells in MSTp (their 
MST1) do not. They also found, as did we (Desimone and 
Ungerleider, '86) and Saito et al. ('86)' that FST contains 
fewer directionally selective cells than MST. One difference 
between our findings and those of Komatsu and Wurtz is 
that they reported that MSTp (defined by a high incidence 
of directionally selective cells) does contain a representation 
of the fovea in a narrow strip of cortex adjacent to the 
anterior end of MT. This strip is located within a small part 
of our FST, adjacent to MT. They proposed that MST 
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contains two functional subdivisions or areas. The first is a 
division equivalent to our MSTc, with large central recep- 
tive fields. The second division consists of both our MSTp, 
with peripheral receptive fields, and a small portion of our 
FST, with central receptive fields. 

In the present study, we found many similarities in the 
anatomical connections of MSTc and MSTp but a few 
differences. The major difference is that MSTc has more 
widespread connections both with parietal cortex and with 
temporal visual areas than does MSTp. Although these 
differences in anatomical connections alone would not jus- 
tify subdividing MST into two areas, the combination of 
anatomical and physiological differences between MSTc 
and MSTp support the division of MST proposed by 
Komatsu and Wurtz (’88). However, we feel that  the issue of 
whether MSTp contains a foveal representation within a 
part of our FST deserves further study. 

Hierarchical organization of extrastriate 
visual areas: Laminar organization of 

connections 
Numerous anatomical studies in primates have demon- 

strated that cortical projections directed away from the 
primary visual cortex tend to originate in the supragranular 
layers and terminate preferentially in layer IV, whereas 
projections directed back toward the primary visual cortex 
tend to originate in the infragranular layers and terminate 
in layers outside of layer IV (Kuypers et  al., ’65; Spatz and 
Tigges, ’72; Tigges et  al., ’73, ’74; Spatz, ’77; Wong-Riley, ’78; 
Rockland and Pandya, ’79; Wall et  al., ’82; Maunsell and 
Van Essen, ’83b; Weller et  al., ’84; Kennedy and Bullier, ’85; 
Weller and Kaas, ’85; Ungerleider and Desimone, ’86b). The 
terms “forward” or “feedforward” have been used for the 
former pattern of projections and the terms “backward” or 
“feedback” have been used for the latter. Thus, projections 
from lower-order visual areas to higher-order ones exhibit 
the forward type of laminar pattern, whereas projections 
from higher-order visual areas to lower-order ones exhibit 
the backward type of laminar pattern. In addition to 
forward and backward connections, Maunsell and Van 
Essen (’83b) introduced the term “intermediate” to describe 
connections that were not clearly forward or backward, in 
that either the laminar pattern varied from one patch of 
label to another within a given area or the terminals were 
homogeneously distributed in all layers including layer IV. 
Maunsell and Van Essen (’83b) suggested that the interme- 
diate type of laminar pattern characterizes connections 
between areas located at  the same hierarchical level. Based 
on these three laminar patterns, the multiple extrastriate 
visual areas in the monkey can be arranged in a hierarchical 
order (Maunsell and Van Essen ’83b; Weller et  al., ’84; 
Ungerleider and Desimone, ’86b; Colby et  al., ’88). Friedman 
et al. (’86) have shown that the multiple areas in the 
somatosensory system can similarly be arranged into a 
cortical hierarchy, suggesting that these principles of lami- 
nar organization may apply to all sensory systems. 

In general, we have found it more difficult to characterize 
laminar patterns as clearly forward, backward, or intermedi- 
ate the farther away we move from the striate cortex. 
Retrograde data in the absence of anterograde data are 
particularly difficult to evaluate, as many cortical projec- 
tions originate from both infragranular and supragranular 
layers. Van Essen and Felleman (personal communication) 
have also found it difficult to classify connections on the 
basis of retrograde data alone. These difficulties notwith- 

standing, we have used our combined retrograde and anter- 
ograde data to classify as best we could the laminar patterns 
of connections of MST and FST and to place new visual 
areas into a cortical hierarchy. 

Figures 19 and 20 summarize and classify the connections 
of MST and FST. Forward connections are shown with 
closed arrowheads, backward connections with open arrow- 
heads, and intermediate connections with two, reciprocal 
closed arrowheads. Figure 21 illustrates the hierarchical 
scheme for extrastriate cortex from Ungerleider and Desi- 
mone (’86b), updated by the results of the present study. 
The connections shown in the diagram are based on studies 
from numerous laboratories (for review, see Desimone and 
Ungerleider, ’89). The “wiring” diagram is consistent, in 
general, with other recently proposed anatomical schemes 
(Maunsell and Van Essen, ’83b; Maunsell and Newsome, 
’87; Colby et  al., ’88; Andersen, ’89). One unexpected result 
of the present study is that virtually all subdivisions within 
cytoarchitectonic area PG (including MST) appear to oc- 
cupy the same hierarchical level. This principle should be 
tested in future anatomical studies of areas located within 
PG cortex. 

The motion analysis system 
A wide variety of psychophysical, anatomical, and physio- 

logical evidence suggests that the visual system analyzes 
motion largely separately from either form or color, a t  least 
in the early stages of the system (e.g., Cavanagh et al., ’84; 
DeYoe and Van Essen, ’85; Shipp and Zeki, ’85; Livingstone 
and Hubel, ’87b; also see Maunsell and Newsome, ’87). The 
separation may begin as early as the lateral geniculate 
nucleus, in which cells in the magnocellular layers, or M 
cells, have greater contrast sensitivity, poorer wavelength 
selectivity, and respond better to high velocities than do 
cells in the parvocellular layers, or P cells (Gouras, ’69; 
Schiller and Malpeli, ’77; Shapley et  al., ’81; Hicks et al., ’83; 
Derrington and Lennie, ’84; Kaplan and Shapley, ’86). M 
cells project to layer 4Ca in striate cortex (Hubel and 
Wiesel, ’72; Lund and Boothe, ’75), which in turn projects 
heavily to layer 4B (Lund, ’73; Lund and Boothe, ’75; 
Fitzpatrick et  al., ’85), in which cells are predominantly 
directionally selective (Dow, ’74; Livingstone and Hubel, 
’84). Layer 4B cells project to area MT, to area V3d, and to 
the thick cytochrome oxidase stripes in V2 (Maunsell and 
Van Essen, ’83b; Burkhalter et  al., ’86; Ungerleider and 
Desimone, ’86b; Livingstone and Hubel, ’87a). Many cells in 
V3d and the thick stripes in V2 are also directionally 
selective (DeYoe and Van Essen, ’85; Burkhalter et al., ’86; 
Felleman and Van Essen, ‘87; Hubel and Livingstone, ’87), 
and these structures in turn project to M T  (Maunsell and 
Van Essen, ’83b; DeYoe and Van Essen, ’85; Shipp and Zeki, 
’85; Ungerleider and Desimone, ’86b), which likewise has a 
high proportion of directionally selective cells (Zeki, ’74; 
Baker et  al., ’81; Maunsell and Van Essen, ’83a; Lagae et  al., 
’89). The motion analysis system appears to continue with 
areas MST and FST. These two areas receive major inputs 
from area MT, and 90% and 30%, respectively, of their cells 
are directionally selective (Desimone and Ungerleider, ’86; 
Saito et  al., ’86). 

Within MST and FST, cells have receptive fields that are 
larger than those in MT, and thus integrate motion informa- 
tion over a wider portion of the visual field. A new type of 
direction selectivity is also found in MST, in that some MST 
cells are selective for the expanding or contracting image of 
any object moving in depth (Desimone and Ungerleider, ’86; 
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Saito et al., '86). Furthermore, some MST cells respond in 
relation to tracking eye movements, suggesting that MST 
contains mechanisms that utilize information about direc- 
tion of motion to generate the appropriate eye tracking 
signal (Komatsu and Wurtz, '88; Newsome et al., '88). 
Consistent with this notion, lesions in MST acutely impair 
smooth pursuit eye movements (Dursteler et al., '87; Durst- 
eler and Wurtz, '88). 

Where and how is motion information used beyond MST 
and FST? According to a model originally proposed by 
Ungerleider and Mishkin ('82), there are two major process- 
ing systems, or "pathways," in visual cortex, both of which 
originate in the striate cortex (see Fig. 21). One of the 
pathways, the ventral stream, is directed into the inferior 
temporal cortex and is important for object recognition. The 
other, the dorsal stream, is directed into the posterior 
parietal cortex and is important for visuospatial perception 
and visuomotor performance. The results from the present 
study indicate that MST and FST contribute to both 
streams, although more so to the dorsal than to the ventral. 
All portions of MST as well as FST have connections with 
areas in posterior parietal cortex. In fact, MST is actually 
located within cytoarchitectonic area PG, and typically a t  
least a portion of MST has been included within the lesion 
site in studies showing spatial vision deficits following 
posterior parietal lesions (Pohl, '73; Milner et al., '77; 
Ungerleider and Brody, '77; Mishkin and Ungerleider, '82; 
Mishkin et al., '83). Information supplied by MST and FST 
about direction of motion could contribute to the spatial 
and visuomotor functions of posterior parietal cortex, and 
might also supply further stages of motion analysis in this 
cortex. Some cells in parietal cortex, like MST cells, respond 
in relation to tracking eye movements (Lynch et al., '77; 
Mountcastle et al., '75; Sakata et al., '83, '85; Andersen et al., 
'87), and other cells have a complex form of directional 
selectivity, in which they respond to motion directed either 
towards or away from the fovea, i.e., opponent vector motion 
(Motter and Mountcastle, '81). In addition to these dorsal 
stream connections, MSTc and FST also have connections 
with area TEO, and FST has connections with V4, V4t, and 
TEa, all of which are associated with the ventral stream. 
Thus, it is likely that MSTc and FST provide information 
about motion that is useful for object recognition. Although 
MSTp does not appear to have direct connections with 
ventral stream areas, this is not surprising, given the 
emphasis of the peripheral rather than central visual field in 
MSTp and the converse in ventral stream areas. 

In addition to their input to dorsal and ventral stream 
areas, MST and FST supply a large expanse of cortex within 
the superior temporal sulcus, and some of the neuronal 
properties of this cortex suggest that it might constitute a 
further stage in the system underlying motion. One of the 
major targets of MST and FST within the superior temporal 
sulcus is STP, the superior temporal polysensory area, in 
which cells have even larger receptive fields, in many cases 
completely encompassing both visual hemifields, and many 
cells are selective for movement in depth, rotational move- 
ment, or opponent vector motion (Bruce et al., '81; Hikosaka 
et  al., '88). Interestingly, it has also been reported that some 
STP cells are selective for particular "biological" types of 
motion, such as walking (Bruce et al., '81; Perrett et al., '85). 

Alternatively, the cortex of the rostra1 superior temporal 
sulcus may be involved in far more than motion analysis. In 
addition to inputs from MST and FST, areas in the superior 
temporal sulcus receive strong inputs from both posterior 
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parietal and inferior temporal cortex (Seltzer and Pandya, 
'78, '84; Baizer et al., '88; also see Morel and Bullier, '87). 
Thus, at  least from an anatomical point of view, the cortex of 
the superior temporal sulcus is in a unique position to 
integrate motion, spatial, and object information. 
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