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ABSTRACT 
Area MT is a visuotopically organized area in extrastriate cortex of 

primates that appears to be specialized for the analysis of visual mot,ion. To 
examine the full extent and topographic organization of the subcortical 
projections of MT in the macaque, we injected tritiated amino acids in five 
cynomolgus monkeys and processed the brains for autoradiography. The 
injection sites, which we identified electrophysiologically, ranged from the 
representation of central through peripheral vision in both the upper and 
lower visual fields and included, collectively, most of MT. 

Projections from MT to the superior colliculus are topographically or- 
ganized and in register with projections from striate cortex to the colliculus. 
Unlike projections from striate cortex, those from MT are not limited to  the 
upper layer of the stratum griseum superficiale but rather extend ventrally 
from the upper through the lower layer of the stratum griseum superficiale 
and even include the stratum opticum. 

Projections from MT to the pulvinar are organized into three separate 
fields. One field (PI) is located primarily in the inferior pulvinar but extends 
into a portion of the adjacent lateral pulvinar. The second field (P2) partially 
surrounds the first and is located entirely in the lateral pulvinar. The third 
and heaviest projection field (P3) is located posteromedially in the inferior 
pulvinar but also includes small portions of the lateral and medial pulvinar 
that  lie dorsal to the brachium of the superior colliculus. While projections 
from MT to PI and Pz are topographically organized, there appears to be a 
convergence of MT inputs to Ps. 

Projections from MT to the reticular nucleus of the thalamus are located 
in the ventral portion of the nucleus, approximately at the level of the 
caudal pulvinar. There was some evidence that MT sites representing cen- 
tral vision project more caudally than do those representing peripheral 
vision. 

Projections from MT to the caudate, putamen, and claustrum are local- 
ized t o  small, limited zones in each structure. Those to  the caudate terminate 
within the most caudal portion of the body and the tail. Similarly, projections 
to the putamen are always to its most caudal portion, where the structure 
appears as nuclear islands. Projections to the claustrum are located ven- 
trally, approximately at the level of the anterior part of the dorsal lateral 
geniculate nucleus. 

Projections from MT to the pons terminate rostrally in the dorsolateral 
nucleus, the lateral nucleus, and the dorsolateral portion of the peduncular 
nucleus. A topographic organization of these projections was not apparent, 
but there may be a heavier input from the part of MT representing periph- 
eral vision than from the part representing central vision. 

The results indicate that while subcortical projections of MT in the 
macaque are more extensive than  those of either striate cortex or V2, they 
are not more extensive than those of V4 and overlap them considerably. The 
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lack of a unique set of subcortical projections from MT suggests that MT's 
contribution to subcortical visual processing lies in the unique information 
it supplies. 

Key words: visual pathways, extrastriate cortex, superior colliculus, pulvinar, 
striatum, pons 

Area MT is a visuotopically organized area in extrastriate 
cortex that has been identified in Old World and New World 
monkeys and in the prosimian primate Galago. In all spe- 
cies, MT receives direct anatomical projections from both 
striate cortex and V2 (for review, see Weller and Kaas, '81), 
is heavily myelinated (Allman and Kaas, '71; Spatz and 
Tigges, '72; Ungerleider and Mishkin, '79; Gattass and 
Gross, '81; Van Essen et al., '81a, b; Wall et al., '83, and 
has a high proportion of directionally selective neurons 
(Zeki, '74a, '78a, b, '80; Allman et al., '81; Baker et al., '81; 
Van Essen et al., '81a, b). Since MT is the only striate 
projection zone specialized for the analysis of the direction 
of stimulus motion (Zeki, '78a, b), MT may play a unique 
role in providing this information to other visual structures. 

In the present study, we report the location and topo- 
graphic organization of each of the subcortical projections 
of MT in the macaque. Our objectives were to trace the 
downward flow of visual information out of MT, to compare 
the topography of MT's projections with those from the 
many other visual cortical areas that project subcortically, 
and to compare MT's subcortical projections in the macaque 
with those of MT in other primate species (Spatz and Tigges, 
'73; Lin and Kaas, '77, '79; Graham et al., '79; Raczkowski 
and Diamond, '80, '81; Wall et al., '82). Accordingly, we 
placed tritiated amino acids into selected MT sites in five 
cynomolgus monkeys and processed the brains for autora- 
diography. Visual field representations of the injection sites, 
which were determined electrophysiologically, included the 
center of gaze and positions ranging from central through 
peripheral vision in both the upper and lower visual fields. 

METHODS 
Animal preparation 

Five Macuca fmcicularis weighing between 3.5 and 4.5 
kg were used. At least 4 days prior to the recording session 
and injection, a stainless steel recording well (3.5-cm diam- 
eter) and a bolt for holding the animal in a stereotaxic 
machine were implanted under aseptic conditions and pen- 
tobarbital anesthesia. 

The treatment of the animal in the recording session has 
been described in detail elsewhere (Desimone and Gross, 
'79). Briefly, the animal was anesthetized with halothane, 
fixed in the stereotaxic machine by the head bolt, paralyzed 
with pancuronium bromide, and maintained under 70% 
nitrous oxide and 30% oxygen. End-tidal COz and body 
temperature were continuously monitored. The pupils were 
dilated with cyclopentolate hydrochloride and the corneas 
covered with contact lenses selected to focus the eye at 57 
cm. Following the isotope injection, infusion of the paralyz- 
ing agent was terminated, and the animal was returned to 
its cage about 2 hours later. 

Receptive field recording 
The locations of the fovea and the center of the optic disc 

of the contralateral eye were projected onto a tangent 
screen. The horizontal meridian was defined as a line pass- 

ing through both of these points, and the vertical meridian 
as an orthogonal line passing through the fovea. The ipsi- 
lateral eye was occluded. 

Varnish-coated tungsten microelectrodes with exposed 
tips of 20 pm were used, which recorded action potentials 
from several neurons or "multiunits." Receptive fields were 
mapped with a hand-held projector. Recordings were guided 
by maps of MT's visuotopic organization within the ma- 
caque superior temporal sulcus (Ungerleider and Mishkin, 
'79; Montero, '80; Gattass and Gross, '81; Gross et al., '81; 
Van Essen et al., '81a) and continued until the desired 
receptive field location of the injection site was achieved. 

Injections of MT 
Injections were made with a 1-p1 Hamilton syringe with 

a beveled 27-gauge needle. An electrode attached to the 
syringe needle was used to verify the receptive field loca- 
tion at the injection site. In each of the monkeys, an equal- 
parts mixture of tritiated proline (New England Nuclear L- 
[2,3,4,5-3H], specific activity 100-140 Ci/mmol) and triti- 
ated leucine (New England Nuclear L-[3,4,5-3H(N)], specific 
activity 100-140 Ci/mmol) was then injected into MT. The 
labeled amino acids, which had been evaporated and then 
reconstituted in 0.9% saline to give a final concentration of 
50 pCi/pl, were injected at  a rate of 0.02 p1/2 min. In each 
case, a single 0.15-p1 injection was made into one 
hemisphere. 

Histological processing 
After a 6-day survival period, the brains were fixed by 

perfusion with 0.9% saline followed by 10% formol-saline. 
Thereafter, they were blocked stereotaxically, removed from 
the skull, photographed, and stored in 30% sucrose in 10% 
formol-saline until they sank. Frozen sections, 30 p m  in 
thickness, were then cut in a plane 20" from the stereotaxic 
frontal plane (see Fig. 2), and every fifth section was pro- 
cessed for autoradiography according to the procedures of 
Cowan et  al. ('72). The sections were mounted, dipped in 
Kodak NTB2 emulsion, and exposed at  4°C for 12 weeks. 
Subsequently, the autoradiographs were developed in KO- 
dak D19, fixed, and counterstained with thionin. Parallel 
series of sections, 900 pm apart, were stained for myelin 
(Gallyas, '79). For purposes of analysis, the locations of 
concentrations of silver grains were charted onto enlarged 
photographs of the thionin-stained sections. 

RESULTS 
Injections of MT 

Figure 1 shows the receptive field plotted at  each of the 
five injection sites, along with the directional preference of 
the units recorded at that site. As indicated in the figure, 
the visual field representations of the injection sites in- 
cluded the center of gaze (MT-1) and positions ranging from 
approximately 7" (MT-2 and MT-3) to 23" (MT-4 and MT-5) 
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Fig. 1. Receptive field recorded at the injection site in each of the five 
cases. Arrows indicate the preferred direction of motion of the cells recorded 

in the upper and lower visual fields. Since the visual field 
representation beyond 23" occupies no more than 20-25% 
of the area of MT (Gattass and Gross, '81; Van Essen et al., 
%la), the five sites injected in the present study covered 
most of MT. 

In all cases the injection site was approximately 2 mm in 
diameter and included all cortical layers. To confrm the 
location of the sites within MT, autoradiographic sections 
through the injection sites were compared with adjacent 
sections stained for myelin. In myelin-stained sections, MT 
appears as a heavily myelinated zone in the posterior bank 
and floor of the superior temporal sulcus (Ungerleider and 
Mishkin, '79; Gattass and Gross, '81; Van Essen et al., %la, 
b). Figure 2 shows the injection site in case MT-3 and an 
adjacent myelin-stained section which verifies the location 
of the site within MT. Figure 3 illustrates the injection sites 
and borders of MT in all the cases. In three cases, MT-2, 
MT-3, and MT-5, the injections were restricted to MT, but 
in the two remaining cases, MT-1 and MT-4, the label 
appeared to spread to a border of MT, and we cannot rule 
out the possibility that there was uptake of label beyond 
the border. In MT-1, representing a lower foveal field, the 
label spread to the lateral border of MT, while in MT-4, 
representing an upper peripheral field, the label spread to 

LOWER 
QUADRANT 

at  each site. VM, vertical meridian of the visual field HM, horizontal 
meridian. 

the medial border of MT. Since the borders of MT represent 
the vertical meridian (Gattass and Gross, '81; Van Essen et 
al., %la), the injection sites in both MT-1 and MT-4 proba- 
bly involved the representation of the vertical meridian 
even though the vertical meridian was not included within 
the receptive field recorded at  the injection site of MT-4. In 
none of the cases was there any detectable spread of label 
up the needle track of the syringe to cortex on the upper 
bank of the superior temporal sulcus. 

Projections of MT 
Labeled fibers from the injection site descended into the 

underlying white matter, coursed anteriorly in the internal 
capsule, and terminated in a number of subcortical struc- 
tures, including the superior colliculus, the pulvinar, the 
reticular nucleus of the thalamus, the caudate, the puta- 
men, the claustrum, and the pons. 

Superior colliculus. Projections from MT to the superior 
colliculus appear to be topographically organized and are 
summarized in Figure 4. According to Cynader and Ber- 
man's ('72) description of the visuotopic organization of the 
macaque superior colliculus, the fovea is represented ante- 
riorly, the peripheral visual field posteriorly, the lower field 
laterally, and the upper field medially. Consistent with this 
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Fig. 2. Injection site in case MT-3. Lower left Brightfield photomicro- 
graph of autoradiographic section through the injection site. Lower right: 
Lateral view of hemisphere indicating location of section (number 50). 
Arrows delimit the anterior and posterior boundaries of MT within the 
superior temporal sulcus. In this and the following figures, distance be- 
tween sections numbered consecutively is 300 pm, and matching sections 

organization, the label was located in the most anterior 
portion of the colliculus for the foveal injection case (MT-1); 
more posteriorly in the colliculus for the central visual field 
cases (MT-2 and MT-3); and in the most posterior portion of 
the nucleus for the peripheral visual field cases (MT-4 and 
MT-5). Likewise, for the lower visual field cases (MT-1, MT- 
3, and MT-5), the label was located laterally in the collicu- 
lus, while for the upper visual field cases (MT-2 and MT-4) 

have been numbered the same across all cases. Upper right: Enlargement 
of superior temporal sulcus in adjacent section, stained for myelin. Arrows 
indicate the medial and lateral borders of MT. ce. central sulcus; ip, intra- 
parietal sulcus; 1, lunate sulcus; la, lateral sulcus; oi, inferior occipital 
sulcus; ts, superior temporal sulcus. 

the label was located more medially. Thus, the projections 
from MT are in topographic register with the visuotopic 
organization of the colliculus. 

It has previously been reported in both New World mon- 
keys and Galago (Symonds and Kaas, '78; Graham et al., 
'79; Wall et al., '82; Weller and Kaas, '82) that, unlike 
projections from striate cortex to the colliculus, those from 
MT are not limited to the upper layer of the stratum gri- 
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Fig. 3. Injection sites in all MT cases. Section shown in each case is 
through the center of the injection site. Arrows indicate the medial and 
lateral borders of MT, as determined by myeloarchitecture. Section numbers 
are indicated in parentheses; for the approximate location of the sections, 
refer to the lateral view of the hemisphere in Figure 2. Also see Figure 2 
for abbreviations. 

seum superficiale (SGS) but rather extend ventrally into 
the lower layer as well. The present results indicate that 
this is also true for Old World monkeys. Figure 5 shows 
brightfield and darkfield photomicrographs of the superior 
colliculus following injections of striate cortex (Ungerleider 
et al., '83) and MT. The resuits demonstrate that whereas 
label following a striate injection is restricted to the upper 
layer of SGS, label following an  MT injection (MT-4) ex- 
tends from the upper layer through the lower layer of SGS 
and even includes, though less densely, the stratum opti- 
cum. We have found these same results in each of 19 cases 
with injections of striate cortex (unpublished data) and in 
each of the 5 cases in the present study with injections 
of MT. 

Pulvinar. Each of the MT injection cases displayed at  
least three patches of label in the pulvinar, though the 
location of the patches varied from animal to animal within 
the inferior, lateral, and (occasionally) medial pulvinar sub- 
divisions. To understand the organization of these projec- 
tions, we have tried to relate the locations of label in each 
animal to previously described visual field representations 
in the pulvinar. On the basis of electrophysiological experi- 
ments, Bender ('81) described two complete representations 
of the contralateral visual field in the macaque pulvinar. 
In a subsequent anatomical study, we found that striate 
cortex projects to all parts of one representation but only to 
the central visual field portion of the second representation 
(Ungerleider et  al., '83). The present anatomical results 
indicate that MT projects, by contrast, not only to all parts 
of both representations but also to a third field in the 
pulvinar which Bender ('81) did not describe. This third 
field may be the area that Benevento and Standage ('82) 
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Fig. 4. Topographic organization of projections from MT to the superior 
colliculus. Visual field eccentricity of injection site is indicated under each 
case. Section numbers are indicated on right. Note that location of the label 
moves from the most anterior portion of the colliculus in the foveal visual 
field case (MT-I), through more posterior portions in the central visual field 

cases (MT-2 and MT-3), and to the caudal pole in the peripheral visual field 
cases (MT-4 and MT-5). Note also that the label is located laterally in the 
lower visual field cases (MT-1, MT-3, and MT-5) and more medially in the 
upper visual field cases (MT-2 and MT-4). 
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Fig. 5. Comparison of location of label in the superior colliculus following 
injections of striate cortex (upper panels) and MT (lower panels, case MT-4). 
Injection site of the striate case has been published previously (Ungerleider 
et al., '83: case 4) Note that label resulting from the striate injection is 
restricted to the upper layer of the stratum griseum superficiale, while label 

found to be reciprocally connected with MT. Figure 6A-F 
illustrates, in serial sections through the puIvinar, both the 
location and organization of each of the three pulvinar 
fields to which MT projects (see lower right panels) as well 
as the results from the individual MT cases. 

The procedure used in each case to assign individual 
patches of labeled terminals to one of the three projection 
fields in the pulvinar was as follows: First, each patch was 
followed from slide to slide, at  150-pm intervals, in order to 
establish whether the patches remained separate, merged, 
or split into additional patches. Registration pin holes, 
placed stereotaxically in the brain during blocking, were 
used to align the sections. In most instances, there was a 
single patch of label within each of the projection fields, 
and the patches were clearly separate from one another. In 
a few instances, a single patch of label was clearly split by 
one or more of the large fiber bundles that pass through the 
pulvinar, and so we regarded these as single projections 
rather than multiple (e.g., MT-2 and MT-5, Fig. 6C; MT-1, 

resulting from the MT injection extends from the upper layer of the stratum 
griseum superficiale through the lower layer and even includes, though less 
densely, the stratum opticum. CG, midbrain central gray; LSGS, stratum 
griseum supe~ficiale, lower layer; SGI, stratum griseum intermediale; SO, 
stratum opticurn; USGS, stratum griseum superficiale, upper layer. 

Fig. 6D). In one case, MT-4, the patches of label within two 
of the projection fields merged and were not unequivocally 
separable in a few sections (Fig. 6 0 .  After the projections 
in each case were reconstructed, their locations in the pul- 
vinar were compared to the visuotopic maps of the inferior 
and lateral pulvinar described by Bender ('81) and Unger- 
leider et al. ('83). These maps were modified slightly from 
the originals (which were reconstructed on sections in the 
stereotaxic frontal plane) to accommodate the slightly dif- 
ferent plane of section used in the present study (20" from 
the frontal plane). Compared to a frontal plane of section, 
in the plane of section of the present study the ventral 
portion of the pulvinar appears in relatively more anterior 
sections. In all but one instance, the projections from MT to 
the two visuotopically organized fields of the pulvinar were 
located within 0-500 pm of the locations predicted by the 
maps; in the single exception, MT-2, one projection was 
located 1.5-2.0 mm more ventrally than the predicted loca- 
tion (Fig. 6B, patch l). 
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One visual field representation in the pulvinar occupies 
most of the inferior pulvinar but extends into a portion of 
the lateral pulvinar as well (Bender, ’81; Ungerleider et al., 
’83; see Fig. 6A-D, lower right panel). We shall term this 
representation “PI.” The vertical meridian of P1 is found 
along PI’S dorsal and lateral margins, and the horizontal 
meridian runs obliquely through the middle of Pi, such 
that the upper visual field is located in Pl’s ventral and 
lateral quadrants and the lower visual field in its dorsal 
and medial quadrants. Central vision is located dorsally 
and laterally in P1, and peripheral vision is located ven- 
traIly and medially, adjacent to the medial geniculate nu- 
cleus. While most of P1 is contained within the inferior 
pulvinar, the representation of the fovea extends caudally 
out of the inferior pulvinar into the medial portion of the 
lateral pulvinar. 

The projections from MT to P1 correspond to Pl’s visuo- 
topic organization. First, in the upper visual field cases 
(MT-2 and MT-4), the label was located ventrally and lat- 
erally within P1, while in the lower visual field cases (MT- 
1, MT-3, and MT-5), the label was located dorsally and 
medially (Fig. 6A-C). Second, in the central visual field 
cases (MT-1, MT-2, and MT-3), the label was located dor- 
sally and laterally within P1, while in the peripheral visual 
field cases (MT-4 and MT-3, the label was located ventrally 
and medially (Fig. 6A-C). Third, in the foveal injection case 
(MT-l), the label extended out of the inferior pulvinar to 
enter the medial portion of the lateral pulvinar, where the 
foveal representation of P1 is located (Fig. 6C). Finally, in 
the case in which the MT injection involved the horizontal 
meridian (MT-31, the label was distributed obliquely across 
the middle of the inferior pulvinar, i.e., across the horizon- 
tal meridian of Pl (Fig. 6B). 

In addition to Pl, there is a second representation of the 
visual field in the pulvinar, which we shall term “P2.” Pz 
is located entirely within the lateral pulvinar and partially 
surrounds P1 (Bender, ’81; Ungerleider et al., ’83). The 
upper visual field of P2 is located ventrally, adjacent to the 
upper visual field of P1, and the lower visual field of Pz is 
located dorsally, adjacent to the lower visual field of PI. P1 
and Pq share a common rewesentation of the vertical me- 

third patch was largely contained within the inferior pul- 
vinar but extended across the brachium of the superior 
colliculus to include a small region of the lateral pulvinar 
and sometimes the medial pulvinar as well (Fig. 6B-E). We 
shall term this third MT projection field “P3.” P3 appears 
to abut the peripheral visual field representations of PI 
anteriorly (Fig. 6B, C) and of P2 posteriorly (Fig. 6D, E), 
though it was not possible to establish these borders pre- 
cisely. In all cases, the projections from MT to P3 were 
heavier than those to either P1 or Pz. Although the label in 
the upper visual field cases (MT-2 and MT-4) extended more 
ventrally in P3 than it did in the lower visual field cases 
(MT-1, MT-3, and MT-5, Fig. 6D), the projections from all 
cases seemed to overlap at  least partially (Fig. 6C-E). Thus, 
the anatomical data suggest that MT inputs representing 
all parts of the visual field converge within this zone. 

Reticular nucleus of the thalamus. As labeled fibers 
coursed medially to enter the pulvinar, they passed through 
the reticular nucleus. Although much of the label within 
the reticular nucleus seemed to be associated with fibers of 
passage, some terminal label also was found. The label was 
located ventrally in the reticular nucleus, approximately at 
the level of the brachium of the superior colliculus. In 
general, the more central the visual field representation of 
MT, the more caudal was the projection to the reticular 
nucleus (compare MT-1, MT-2, and MT-3 in Fig. 6F with 
MT-4 and MT-5 in Fig. 6C, D). No other topography was 
apparent. 

Caudate, putamen, and claustrum. Projections from MT 
to the caudate, putamen, and claustrum were localized to 
small, limited zones in each structure, and therefore none 
of the projections exhibited any obvious topographic orga- 
nization. Figure 7 illustrates the projections to the caudate, 
putamen, and claustrum in both a lower foveal field case 
(MT-1) and an upper peripheral field case (MT-4). Even 

Fig. 6. Location and topographic organization of projections from MT to 
the pulvinar. A-F. Section numbers are indicated in lower left corners of 
upper left panels. Distance between sections numbered consecutively is 300 

ridian: which lies along (he inner boundary of pz. The 
the Outer boundary Of ‘27 

i.e., along the lateral margin of the lateral pulvinar. The 
horizontal meridian of P2, unlike that of P1, is split and 
doubly represented, just as it is split in area v2 in the 
cortex (Cragg and Ainsworth, ,69; Zeki, ,69; Allman and 
Kaas, ’74; Gattass et al., ’81; Ungerleider and Mishkin, 
’82). 

pm; sections shown are therefore spaced either 0.6 or 0.9 mm apart. Visual 
field eccentricity of injection site is indicated next to each case. For each 
case, panels a t  different anterior~posterior levels can be aligned by the 
registration mark ( + )  placed in the panels’ lower right corners. Visuotopic 
organization of Pi  and P2, indicated on photomicrographs in lower right 
panels, is based on previous electrophysiological results (Bender, ,811, the 
topography of striate projections to the pulvinar (Ungerleider e t  a]., ’83L 
and the topography of MT projections as indicated in the present study. 
Squares represent the horizontal meridian of the visual field, filled circles 
the vertical meridian, and dashes the isoeccentricity lines. Open triangles 

meridian lies 

Like the MT projections to pl, those to p2 appear to be 
topographically Organized. For 
field cases (MT-2 and MT-4, Fig. 6B-E), the label was 10- 

mark the borders of P3. Numbers placed next to the sites of label in the iine 
drawings refer to the three projection fields, PI, P2, and Pa. Note that in 
sections 82 through 89 the architectural boundaries of the inferior and 
lateral nuclei of the Dulvinar. which are indicated on the line drawings. do 

in the upper 

cated ventrallv within F’?, but inthe lower visual field cases not correspond to the‘boundaries of Pi, P2, or P3, which are indicated i n  the 
(MT.1, M T - ~ ,  and M T - ~ , - F ~ ~ .  6c-3 ,  the label was located 
dorsally. In addition, in the case in which the injection 
involved the horizontal meridian (MT-3), there were two 

photomicrographs. Field PI  occupies most of PI but extends into a portion 
of PL as well. The vertical meridian of Pi  forms its outer boundary, and the 
horizontal meridian runs obliquely through the middle of Pi. Field P2 is 
located entirely in PL and partially surrounds P,. The vertical meridian of 

seDarate Datches of label at the lateral margin of the lateral P:, forms its inner boundar;, and the horizontal meridian IS split and doubly v 

pulvinar. One patch was located dorsally on the horizontal 
meridian of the lower visual field of Pa, and the other patch 
was located ventrally on the horizontal meridian of the 
upper visual field of P2 (Fig. 6C, D). 

In each case, in addition to patches of label within the P1 
(inferior and adjacent portion of the lateral pulvinar) and 
Pz (lateral pulvinar) representations, there was a third 
patch of label located posteromedially in the pulvinar. This 

represented at  the outer bbundary of Pu. Field P3 is locatedpredominantiy 
in PI but extends into PL and PM as well. The projections to P3 among the 
five cases appeared to be a t  least partially overlapping. There is insufficient 
information, either electrophysiological or anatomical, to indicate the bor- 
ders of Pz or Pa in 6F, even though there was label a t  this level of the 
pulvinar in three cases (MT-1, MT-3, and MT-4). Br sc, brachium colliculi 
superior; Cd, N. caudatus; GLd, N. geniculatus lateralis dorsalis; GM, N. 
geniculatus medialis; PI, N. pulvinaris inferior; PL, N. pulvinaris lateralis; 
PM, N. pulvinaris medialis; R, N. reticularis; SG, N. suprageniculatus; 
VPL, N. ventralis posterior lateralis. 
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Case MT- 4 
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Fig. 7. Representative examples of projections from MT to the caudate, 
putamen, and claustrum. MT-1 and M T 4  are lower foveal and upper periph- 
eral visual field cases, respectively. Section numbers are indicated at  the 
upper left of each panel. Note that the locations of label within each struc- 
ture are very similar, even though the visual field representations of the 

though the visual field representations of the injection sites 
in these two cases were far apart, the locations of the 
resulting label were very similar. 

Projections from MT to the caudate were restricted in all 
cases to the posterior 1.5 mm of the nucleus. The projection 
sometimes appeared as separate patches of label located 
both dorsally in the most caudal portion of the body of the 
caudate and ventrally in the portion of the tail of the 
caudate as it descends lateral to the lateral ventricle (e.g., 
MT-4, Fig. 7). In the most posterior section through the 
caudate, however, these patches appeared to form one con- 

93 

94 76 

U 
2 mm 

injection sites in the two cases are far apart. Cd, N. caudatus; C1, N. 
claustrum; Glo Pal, N. globus pallidus; GLd, N. geniculatus lateralis dor- 
salis; Pul, N. pulvinaris; Put, N. putamen; R, N. reticularis; VL, N. ventralis 
lateralis; VPI, N. posterior inferior; VPL, N. posterior lateralis. 

tinuous projection field. In one case, MT-4, a second projec- 
tion was found dorsally in the body of the caudate; this 
second projection was 2.0 mm anterior to the first and 
extended rostrally for approximately 5.0 mm. Among all 
the subcortical projections found in MT-4, only this one to 
the body of the caudate was unmatched by similar projec- 
tions in the other cases. Thus, this single subcortical projec- 
tion could have been due to spread of label in MT-4 from 
the injection site into cortex located medial to MT in the 
superior temporal sulcus; the possibility of spread of label 
in this case was raised earlier (see Methods). 
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Projections from MT to the putamen were seen in all 
cases but MT-2, in which the relevant portion of the puta- 
men was lost as a result of the brain having been blocked 
at this level. In the other four cases, the projection was 
always to the most posterior sections through the putamen, 
where the structure appears as nuclear islands. From this 
point, the projection extended rostrally for about 2.0 mm, 
always within the most ventral portion of the putamen. 

The projection from MT to the claustrum in each case 
was located ventrally, approximately 2.5 to 5.0 mm in front 
of the caudal pole of the nucleus near the rostral pole of the 
dorsal lateral geniculate nucleus. The projection always 
appeared as a single patch of label, about 0.5 mm in diam- 
eter, extending 1.0 to 2.0 mm rostrocaudally. 

Pons. In three of the five cases, MT-1, MT-2, and MT-4, 
the ventral brainstem was processed for autoradiography. 
The injection sites in these three cases represent a lower 
foveal field, an upper central field, and an upper peripheral 
field, respectively. In each of these cases, a contingent of 
labeled fibers left the internal capsule, coursed ventrally 
through the cerebral peduncle, and terminated dorsolat- 
erally in the rostral pons. In all cases, there was label in 
the lateral nucleus of the pons, but sometimes labeled 
patches also were located in the dorsolateral nucleus and 
in the dorsolateral portion of the peduncular nucleus (for 
classification of pontine nuclei in the macaque, see Nyby 

and Jansen, '51). As with projections to the caudate, puta- 
men, and claustrum, no topographic organization of projec- 
tions to the pons could be discerned. On the other hand, 
although only one patch of label was evident in MT-1, there 
were two separate patches in MT-2 (see Fig. 8), and at  least 
five separate patches in MT-4. Thus, there may be a heavier 
projection to the pons from the more peripheral visual field 
representations of MT than from the more central ones. A 
deemphasis of the central visual field in the corticopontine 
projection has been reported previously for the cat (Cohen 
et al., '81). 

Ventral lateral geniculate nucleus. In MT-2, but in no 
other case, there was a light projection to the ventral lat- 
eral geniculate (pregeniculate) nucleus (GLv; Olszewski, 
'52). The projection was to the most medial portion of the 
GLv, just above the level of the anterior part of the dorsal 
lateral geniculate nucleus. Since the label appeared only in 
this one case, the finding must remain tentative. On the 
other hand, Maunsell and Van Essen ('82) have reported a 
projection from MT to the macaque GLv in several cases. 

DISCUSSION 
We have found that MT in the macaque projects subcort- 

ically to the superior colliculus, three different fields within 
the pulvinar, the reticular nucleus of the thalamus, the 
caudate, the putamen, the claustrum, and the pons. MT 

Fig. 8. Location of projections from MT to the pons. Left Brightfield patches. GLd, N. geniculatus lateralis dorsalis; GP, N. griseum pontis; 
PCM, peduncularis cerebellaris medius; Py, tractus pyramidalis; RTP, N. 
reticularis tegmenti pontis; SN, substantia nigra. 

photomicrograph of section through the rostra1 pons (section number 95). 
Arrows indicate two patches of label in the lateral nucleus of the pons. 
Right: Darkfield photomicrograph showing enlargement (X8.5) of the two 
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projections to the superior colliculus are topographically 
organized, as are those to at least two of the three fields 
within the pulvinar. MT or parts of it may also project to 
the ventral lateral geniculate (pregeniculate) nucleus, but 
our evidence on this point is inconclusive. 

Subcortical projections of visual cortical areas in 
the macaque 

In the macaque, the only cortical visual area whose sub- 
cortical projections have been extensively studied is striate 
cortex. Striate cortex projects to the dorsal lateral genicu- 
late nucleus (Campos-Ortega et al., '70; Ogren and Hen- 
drickson, '76; Graham, '82), the superior colliculus (Wilson 
and Toyne, '70; Ogren and Hendrickson, '76; Graham, '82), 
the inferior and lateral pulvinar (Campos-Ortega et al., '70; 
Campos-Ortega and Hayhow, '72; Lund et al., '75; Ogren 
and Hendrickson, '76; Graham, '82; Ungerleider et al., '83), 
and possibly the thalamic reticular nucleus (Campos-Or- 
tega et al., '70; Ogren and Hendrickson, '76). Although the 
subcortical projections of MT and striate cortex are par- 
tially overlapping, those of MT are far more extensive. 

The only structure to which striate cortex projects that 
MT does not is the dorsal lateral geniculate nucleus (GLd). 
We had anticipated such a projection from MT, since Lin 
and Kaas ('77) had reported one in the owl monkey, though 
it was sparse. In addition, Hendrickson et  al. ('78) had found 
a region of retrogradely labeled neurons in the infragranu- 
lar layers of the superior temporal sulcus of the macaque 
following horseradish peroxidase injections into the GLd, 
although it was not clear whether the region containing 
labeled neurons was in fact MT. The present results suggest 
that a projection from MT to the GLd is not present in all 
primate species, and that the cortical area that projects to 
the GLd in the macaque, found by Hendrickson et al. ('78) 
is located outside of MT. 

Unlike the dorsal lateral geniculate nucleus, the present 
findings indicate that the superior colliculus of the ma- 
caque does receive input from both striate cortex (Wilson 
and Toyne, '70; Ogren and Hendrickson, '76; Graham, '82) 
and MT. Previous studies have shown that the topography 
of the striate-colliculus projection is in register with the 
electrophysiologically derived map of the colliculus (Cy- 
nader and Berman, '72), and our own findings indicate this 
is also the case for the MT-colliculus projection. On the 
other hand, whereas striate input to the colliculus is largely 
restricted to the upper half of the stratum griseum superfi- 
ciale (Ogren and Hendrickson, '76; Graham, '82), our find- 
ings indicate that MT input extends from the upper through 
the lower layer of the stratum griseum superficiale and 
even includes the stratum opticum. This difference in the 
laminar termination of inputs from striate cortex and MT 
in the macaque parallels that  found in both owl monkey 
(Graham et al., '79) and Galugo (Symonds and Kaas, '78; 
Wall et al., '82). Thus, the laminar termination of cortical 
input to the colliculus appears to follow the same principle 
across all primate species, namely, that visual processing 
areas subsequent to striate cortex send projections to deeper 
portions of the colliculus than does striate cortex Weller 
and Kaas, '82). 

A third subcortical structure to which striate cortex pro- 
jects is the pulvinar (Campos-Ortega et  al., '70; Campos- 
Ortega and Hayhow, '72; Lund et al., '75; Ogren and Hen- 
drickson, '76; Graham, '82; Ungerleider et al., '83). Projec- 
tions from striate cortex to the pulvinar in the macaque 
terminate in two separate visuotopically organized fields 
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(Ungerleider et al., '83), which were originally identified 
electrophysiologically (Bender, '81). The first field, PI, is 
located primarily within the inferior pulvinar but extends 
into the adjacent lateral pulvinar. The second field, P2, is 
located entirely within the lateral pulvinar and partially 
surrounds the first field. In previous work, we had found 
that striate cortex projects topographically to all parts of 
PI, i.e., to its entire visual field representation, but only to 
the part of P2 in which the central 7" of the visual field is 
represented (Ungerleider et  al., '83). Our present results 
indicate, by contrast, that MT projects topographically to 
the entire visual field representation in both P, and Pa, or 
out to at least 23" in the periphery of the upper and lower 
visual fields. In addition, MT projects to a third field within 
the pulvinar, PB. This field, which may be the same one 
described recently by Benevento and Standage ('82), is lo- 
cated posteromedially in the inferior pulvinar but includes 
small portions of the adjacent lateral and medial pulvinar 
as well. It is unclear whether P3 is topographically orga- 
nized, since there seemed to be considerable overlap in the 
locations of label within this field from our individual cases. 
Such overlap suggests that neurons within P3 have large 
receptive fields. To our knowledge, no one has yet reported 
on the properties of neurons in this part of the pulvinar. 

With the exception of the reticular nucleus of the thala- 
mus (Campos-Ortega et al., '70; Ogren and Hendrickson, 
'761, there is no evidence in the macaque that striate cortex 
projects to any of the remaining subcortical structures that 
receive MT input. Similarly, subcortical projections of V2 
appear to be less widely distributed than those of MT. Our 
own data (unpublished) indicate that V2 projects to the PI 
and P g  fields in the pulvinar, confirming other reports (Be- 
nevento and Davis, '77; Lund et al., '811, and to both the 
superior colliculus and the reticular nucleus of the thala- 
mus. We have not seen projections from V2 to either the 
caudate, the putamen, the claustrum, or the pontine nuclei, 
which is consistent with the findings regarding V2 in New 
World monkeys (for review, see Weller and Kaas, '81). 

Unlike the limited subcortical targets of both striate cor- 
tex and V2, the targets of V4 do include all of the structures 
that receive MT input (Dineen and Hendrickson, '82). While 
the locations of all of V4's projections within these struc- 
tures have not yet been reported, V4's projections to at  
least the caudate nucleus and the P1 and P2 fields in the 
pulvinar appear to overlap considerably if not completely 
with those of MT (e.g., see Benevento and Davis, '77: Figs. 
3, 4; Yeterian and Van Hoesen, '78: Fig. 6). Thus, as in the 
New World monkey (Graham et al., '79), MT in the ma- 
caque seems to lack unique subcortical targets but rather 
has targets in common with several other cortical visual 
areas. This finding suggests, in turn, that MT's contribu- 
tion to subcortical visual processing may be reflected not in 
a unique set of projections but in the specific visual infor- 
mation it provides. 

Subcortical projections of MT in other primates 
The subcortical projections of MT have been previously 

described in the owl monkey (Lin and Kaas, '77, '79; Gra- 
ham et al., '79), the marmoset (Spatz and Tigges, '73), and 
the prosimian primate Galugo (Raczkowski and Diamond, 
'80, '81; Wall et  al., '82). Wall et al. ('82) have summarized 
the subcortical projections of MT in these species, and we 
have adapted their summary table to include our own re- 
sults and those of Maunsell and Van Essen ('82) in the 
macaque (see Table 1). The table indicates that there are at  
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TABLE 1. Subcortical projections of MT in Primates' 

Prosimian New World monkeys Old World monkey 
Galago Marmoset Owl monkey Macaque 

Superior colliculus X X X X 
Pulvinar complex X X X X 
Reticular N. X X X X 
Caudate X X X 
Putamen X X X X 
Claustrum X X 
Pontine N. X X X X 
Pregeniculate N. X X ? (GIv N.? 
Pretectum X X X 
Lateral posterior N. X 
Subthalamic N. X 
Accessory optic N. X 
Dorsal lateral X 

geniculate N. 

'Adapted from W a l l e t  al. ('82). 
'Ventral lateral  geniculate nucleus. 

L.G. UNGERLEIDER ET AL. 

There is some, though less compelling, evidence that field 
P3 described here in the macaque is homologous to the IP, 
zone in the owl monkey (Lin and Kaas, '79). Both fields are 
located in the posteromedial portion of the inferior pulvi- 
nar, and both receive a dense projection from MT (Graham 
et al., '79; Lin and Kaas, '79). However, in New World 
monkeys (Hollander, '74; Spatz and Erdmann, '74; Graham 
et al., '79; Lin and Kaas, '79) and Galago (Symonds and 
Kaas, '78), striate cortex also projects to IP,, while there is 
no evidence that striate cortex projects to P3 in the macaque 
(Campos-Ortega and Hayhow, '72; Ogren and Hendrickson, 
'76; Graham, '82; Ungerleider et al., '83). 

The superior pulvinar in the owl monkey, like the inferior 
pulvinar, also appears to contain several subdivisions, al- 
though these are less easily identified by architectonic cri- 
teria (Graham et al., "79). MT in the owl monkey projects to 
two of these subdivisions, the lateral (SPJ and the central 
(SP,) nuclei, but not to the medial (SP,) subdivision (Gra- 
ham et al., '79). Field P2 in the macaque may correspond to 
the SPl nucleus in the owl monkey, since Pz and SP1 both 
receive projections not only from MT but also from striate 
cortex (Graham et al., '79; Ungerleider et al., '83) and both 
MT and striate cortex project to similarly located regions 
in the squirrel monkey (Hollander, '74), marmoset (Spatz 
and Tigges, '73; Spatz and Erdmann, '74), and Galago (Sy- 
monds and Kaas, '78; Raczkowski and Diamond, '80; Wall 
et al., '82). While the SP, nucleus of the superior pulvinar 
also receives a projection from MT in the owl monkey (Gra- 
ham et al., '79) and Galago (Wall et al., '82; but see Ra- 
czkowski and Diamond, '81), we have not seen a 
corresponding projection in the macaque. 

Role of MT in visual processing 
The physiological properties of MT neurons suggest that 

MT is specialized for visual motion analysis. MT has a high 
proportion of neurons that are sensitive to the direction of 
stimulus movement (Zeki, '74a, '78a,b, '80; Allman et al., 
'81; Baker et al., '81; Van Essen et al., '81a), and in the 
macaque this cortical field has been termed the "motion 
area" of the superior temporal sulcus (Zeki, '78a). More- 
over, it has recently been shown (Albright et al., '83) that 
MT contains a columnar system for directionally selective 
cells that is similar in organization to the columnar system 
for stimulus orientation in striate cortex (Hubel and Wie- 
sel, '74; Hubel et al., '78). Finally, some MT neurons appear 
to respond to changing retinal disparity or to stimuli with 
expanding or contracting contours (Zeki, '74b), suggesting 
that these units may signal movement not only in the 
frontal plane but also in depth. 

Although MT neurons are sensitive to the direction of 
movement, they are less sensitive to other stimulus param- 
eters, such as form, orientation, size, and color (Zeki, '78a, 
b; Van Essen et al., '81a; but see Zeki, '80). This greater 
sensitivity to stimulus motion than to form suggests that 
MT may play a greater role in visual spatial functions than 
in visual pattern perception. Several additional lines of 
evidence support this proposal. First, monkeys with MT 
lesions are unimpaired on visual pattern discriminations 
(Ungerleider and Mishkin, unpublished data; G. Barber, R. 
Gattass, and C.G. Gross, personal communication), but they 
are impaired in their ability to retrieve a small food pellet 
out of a narrow slot, to detect and grasp a loose peanut 
mounted on a background of fixed peanuts (Barber et al., 
personal communication), and to generate normal pursuit 
eye movements in response to a moving target (Newsome 

least five subcortical structures that receive MT projections 
across all primates studied. These structures include the 
superior colliculus, the pulvinar, the reticular nucleus, the 
putamen, and the pontine nuclei. In addition, in the ma- 
caque, as in both the owl monkey and marmoset, there is a 
projection from MT to the caudate and perhaps to the pre- 
geniculate nucleus as well. Finally, the macaque resembles 
the marmoset in having an MT projection to the claustrum. 
The pretectum is the only structure that consistently has 
been found to receive MT input in other primate species 
but not in the macaque. In the present study, all of the 
label seen in the pretectum was interpreted to be fibers 
projecting to the superior colliculus, although it is possible 
that some of this label was associated with terminals. 

In all primates studied, MT projects to several fields 
within the pulvinar. Kaas and his colleagues have proposed 
that in New World primates these projection fields are 
localized in separate architectonic subdivisions (Graham et 
al., '79; Lin and Kaas, '79; Wall et al., '82; Weller and Kaas, 
'82). It is difficult to establish the corresponding MT projec- 
tion fields in the macaque, since these fields, unlike those 
in New World primates, are not architecturally distinct (see 
Fig. 6). On the other hand, a possible correspondence with 
a pulvinar projection field in New World monkeys can be 
suggested for each of the three pulvinar fields that we have 
described. 

The inferior pulvinar in the owl monkey has been subdi- 
vided into three nuclei (Lin and Kaas, '79). MT in the owl 
monkey projects to two of these subdivisions, the central 
(IF',) and the medial (IP,) nuclei, but not to the posterior 
(IP,) subdivision (Graham et al., '79; Lin and Kaas, '79). 
MT projections to the P1 field described here in the ma- 
caque may be comparable to those described to the IP, zone 
in the owl monkey. In both species, the projection is to a 
retinotopic representation of the contralateral visual field 
within similarly located portions of the inferior pulvinar 
(Allman et al., '72; Bender, '81). A comparable projection 
field of MT has been observed in both the marmoset (Spatz 
and Tigges, '73) and Galago (Raczkowski and Diamond, '80, 
'81; Wall et al., '82). The fact that Pl in the macaque 
(Ungerleider et al., '83) and IP, in New World monkeys 
(Hollander, '74; Spatz and Erdmann, '74; Graham et al., 
'79; Lin and Kaas, '79) and Gulag0 (Symonds and Kaas, '78) 
both receive additional topographically organized input 
from striate cortex provides further evidence that these two 
regions of the pulvinar may be homologous. 
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et al., '83). Second, the part ofthe pons to which MT projects 
in the macaque may be analogous to the part of the pons in 
the cat that contains visually responsive neurons that are 
sensitive to a wide range of velocities and directions of 
stimulus movement but relatively insensitive to stimulus 
form (Baker et al., '76). This portion of the pons projects in 
turn to the cerebellum, suggesting that MT could be part of 
a corticopontinecerebellar circuit, which Glickstein et al. 
('80) have proposed participates in the visual guidance of 
movement. Finally, among MT's cortical projections are 
two fields located in area 7 (Maunsell and Van Essen, '82; 
Ungerleider et  al., '821, indicating that MT provides a link 
through which visual input from striate cortex reaches the 
parietal lobe. Thus, MT may also be part of a circuit in- 
volved in visuospatial functions at  the cortical level (for 
review, see Ungerleider and Mishkin, '82). 
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