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Independent Projection Streams from Macaque Striate
Cortex to the Second Visual Area and Middle Temporal Area

Lawrence C. Sincich and Jonathan C. Horton
Beckman Vision Center, University of California, San Francisco, San Francisco, California 94143

The interareal wiring of the neocortex is usually depicted as a network of single point-to-point connections, often side-stepping
the possibility that some neurons may project to multiple cortical areas. The prevalence of such neurons is unknown; if they are abun-
dant, cortical circuits are more likely to be connectionally diffuse. We used a dual-tracer approach to determine whether single neurons in the
macaque primary visual cortex (V1) project to two extrastriate areas, the second visual area (V2) and the middle temporal area (MT). We found
two large intermingled groups of single-labeled neurons in layer 4B of V1 projecting independently to either V2 or MT. A third, sparser group of
double-labeled neurons projected to both areas; we termed these manifold neurons. We also found that MT-projecting cells were distributed
indiscriminately with respect to cytochrome oxidase compartment in layer 4B, revealing a subpopulation that provides a potential source of
patch input from V1 to MT. The results demonstrate that primary sensory cortices can use multiple projection strategies to distribute signals to
higher areas, and suggest that feedforward projections may route signals with more specificity than feedback pathways.
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Introduction
The occipital, temporal, and parietal lobes of the cerebral cortex
harbor a large number of cortical areas that respond to visual
stimuli. On average, each area is connected to 15 others in the
macaque brain (Felleman and Van Essen, 1991). This invites the
question: do typical cortical neurons project to 15 areas, a few
areas, or just one? Decades of mapping connections with single
tracers have provided a basic interareal wiring diagram of the
cortex. However, the use of single tracers cannot easily reveal
whether a given neuron projects to multiple areas (Giolli and
Towns, 1980; Bullier and Kennedy, 1987; Barbas, 1995). Single
feedback axons have been reconstructed, showing that some neu-
rons do project to multiple areas (Rockland and Drash, 1996;
Rockland and Knutson, 2000), but the strategies used by feedback
and feedforward projections may not be the same (Weller and
Kaas, 1983; Krubitzer and Kaas, 1989; Salin and Bullier, 1995).
Few studies have used multiple tracers to address this issue for
feedforward intrahemispheric projections in primates (Schwartz
and Goldman-Rakic, 1984; Nakamura et al., 1993). One study in
the cat has shown that 1–3% of area 17 neurons projects to both
areas 18 and 19 (Bullier et al., 1984). It is likely that single projec-
tion neurons also target multiple areas in macaque visual cortex,
but their prevalence is not known.

Surprisingly, neuroanatomists have not agreed on a term to
distinguish cortical neurons that project to a single area versus

multiple areas (Lockard, 1992). We propose the term “manifold”
for neurons that send an axon branch to at least two different
cortical areas and the term “solitary” for neurons that project to
just one area. If manifold neurons are rare, then most informa-
tion in the cortex must be transmitted by solitary neurons. If so,
are there multiple classes of solitary neurons that handle the pro-
jections to multiple areas? This question, like the issue of mani-
fold neurons, cannot be addressed with a single retrograde tracer.

The existence of feedforward manifold neurons, or multiple
classes of solitary neurons, requires injection of different retro-
grade tracers into corresponding loci within different target cor-
tical areas. For example, in the visual system, injections must be
made into recipient cortical areas at identical points in each reti-
notopic map. Furthermore, the cortical areas in question must be
well accepted, accessible, and identifiable. The primary visual
cortex (striate cortex, or V1) is ideally suited for revealing pat-
terns of feedforward projections. It contains cells in layer 4B that
project to the second visual area (V2) and middle temporal area
(MT, or V5) (Lund et al., 1975; Maunsell and Van Essen, 1983;
Ungerleider and Desimone, 1986; Shipp and Zeki, 1989; Sincich
and Horton, 2002a). The retinotopic organization in V1, V2, and
MT has been mapped previously, and the areas have characteris-
tic patterns of cytochrome oxidase (CO) staining that make them
recognizable in tissue sections. The cortical targets of projection
neurons in layer 4B, whether solitary or manifold, cannot be
determined by cell morphology alone (Shipp and Zeki, 1989).

We used a dual-tracer technique to map the projections of
layer 4B neurons in V1 to areas V2 and MT in the macaque
(Sincich and Horton, 2002c). Most retrogradely filled cells were
single labeled, closely interspersed within layer 4B and residing in
both patch and interpatch CO compartments. The projections
from V1 to V2 and MT are therefore substantially exclusive, de-
spite arising from the same V1 layer. A subpopulation of the
MT-projecting neurons in layer 4B provides the only possible
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direct source of CO patch output from V1, which may convey
color signals. Double-labeled manifold neurons were present but
sparse, forming a minority of V1 cells that provide identical in-
formation to V2 and MT. Thus, V1 may convey at least three
different visual signals from layer 4B, with segregated solitary
projections being the most prevalent feedforward strategy at this
juncture in the visual pathway. If other cortical areas use similar
projection strategies, then wiring schemes of the neocortex must
be reconfigured to account for the presence of manifold
pathways.

Materials and Methods
Experimental animals and surgical procedures. Experiments were con-
ducted in four adult male Macaca fascicularis using procedures approved
by the University of California, San Francisco Committee on Animal
Research and in accordance with National Institutes of Health guide-
lines. Anesthesia was induced with ketamine HCl (10 mg/kg, i.m.). The
animal was intubated endotrachially and anesthesia was maintained with
1.5% isoflurane in a 1:1 mixture of N2O:O2. We monitored electrocar-
diogram, respiratory rate, body temperature, blood oxygenation (SpO2),
endtidal CO2, and inspired/expired levels of anesthetic gases throughout
the experiment. A 5% dextrose in half-normal saline solution was given
intravenously at 3 ml/kg per hour. After the animal was placed in a
stereotaxic frame, a craniotomy was made to expose the lunate and su-
perior temporal sulci. The dura was widely reflected to make sulci
obvious.

Retrograde tracers were reconstituted in filtered, sterile balanced salt
solution. For MT injections along each of six to seven penetrations, four
120 nl pressure injections of 0.1% gold-conjugated cholera toxin B sub-
unit (CTB; List Biologic, Campbell, CA) (Llewellyn-Smith et al., 1990)
were made every 1.5 mm at depths between 7 and 11.5 mm into the
posterior bank of the superior temporal sulcus (STS) (Ungerleider and
Mishkin, 1979; Gattass and Gross, 1981; Van Essen et al., 1981; Weller
and Kaas, 1983). The angle of approach was roughly sagittal but was
adjusted to account for variation in gross cortical anatomy according to
our experience. Beginning 18 mm from the midline, we spaced the pi-
pette penetrations 2 mm apart in a zig-zag line moving laterally (for entry
points on the prelunate gyrus, see Fig. 2d,e). For V2 injections, 9 –12 60 nl
pressure injections of 4% wheat-germ agglutinin (WGA) conjugated to
horseradish peroxidase (HRP) (L-3892; Sigma, St. Louis, MO) were
placed 3 mm apart along the posterior lip of the lunate sulcus, each at a
depth of 600 �m. After completing the injections, the dura was sutured
and the bone flap was replaced. We repeated the injections in the other
hemisphere. Buprenorphine (0.02 mg/kg i.m.) was administered postop-
eratively every 8 hr until the animal recovered from surgery.

The injections were placed successfully in four hemispheres of three
animals. In the remaining two hemispheres, and in both hemispheres of
the fourth monkey, the injections did not produce overlapping label
either because CTB was deposited in dorsal MT, leading to retrograde
labeling in the wrong portion of V1, or because the WGA–HRP injections
intended for V2 strayed into V1.

The monkey shown in Figure 1 is from a series of experiments exam-
ining the correlation between CO stripes in V2 and the projections from
V1 in macaques (Sincich and Horton, 2002b). We used tritiated proline
injections to anterogradely label the axons of V1 neurons projecting to
extrastriate cortex. In all 10 hemispheres of this study, we found terminal
fields labeled in V2 and MT, with no evidence of secondary areas near MT
in the STS that received direct input from V1. However, weak projections
may not have been revealed with the autoradiographic exposures we
used. The labeled fields were used as additional guides for the placement
of CTB injections in MT and to provide assurance that no region imme-
diately surrounding MT might transport stray tracer to V1.

Histology. After 2–3 d for transport, the animals were given a lethal
dose of pentobarbital (150 mg/kg) and cardially perfused with 2 L of
0.9% saline followed by 1 L of 1% paraformaldehyde in 0.1 M phosphate
buffer (PB), pH 7.4. The brain was removed and flatmounts were pre-
pared containing V1 and the cortex within the lunate sulcus and STS
(Olavarria and Van Sluyters, 1985). The flatmounts were left overnight in

1.33% paraformaldehyde plus 30% sucrose in PB at room temperature
under light pressure (�4 gm/cm 2). We cut frozen sections parallel to the
pial surface, alternating between 25 �m thick for CO processing (Wong-
Riley, 1979) and 75 �m for CTB/WGA–HRP histochemistry (Sincich
and Horton, 2002a). Silver intensification of CTB was done with the
IntenSE-M kit (Amersham Biosciences, Little Chalfont, UK). CO-
stained sections were photographed before processing for CTB. Sulcal
boundaries were traced from the first sections, which retain the arach-
noid membranes that were cut to initially open the sulci in the intact
brain. We also photographed the brains during unfolding to keep track of
the gross anatomical landmarks.

Data analysis. In all four analyzed cases, there was heavy CTB labeling
in opercular V1, including areas near the border with V2. For cell count-
ing, labeled cells were plotted by camera lucida at 400� magnification. In
flattened CTB/WGA–HRP-stained material, layer 4B cells were usually
captured in a single section. Multiple (5–12) 0.25 mm 2 fields in each
hemisphere were selected for cell counting in layer 4B. These fields were
opposite V2 injections in all three stripe types, often straddling the
stripes. We surveyed each section at low magnification to locate the
portion of each section where the density of cells labeled by each tracer
overlapped maximally. Selecting such regions for high magnification
analysis optimized the likelihood of detecting double-labeled cells. We
used the CO pattern to identify cortical layers; in all cases, layer 4A was
superficial to the CTB-labeled cells. The density of labeled cells varied
between animals, primarily because double-labeled regions did not nec-
essarily contain the densest population of any one label, and because
histological processing is inherently variable. Single-labeled cells in one-
third of every counted field and all double-labeled cells were outlined for
cell body area measurements. These outlines were transferred into Illus-
trator 9.0 (Adobe Systems, San Jose, CA) to calculate areas using the
CADtools 2.1 extension (Hot Door, Grass Valley, CA).

Cell morphology is not readily determined in tangential sections. In
many cases, we could not decide whether a cell was one of two known
morphologies, stellate or pyramidal. However, in particularly well la-
beled cells, apical dendrites could be observed by focusing through the
section. Pyramidal cells often had three basal dendrites, giving them a
triangular appearance in the top-down view (see Fig. 5b,d). In contrast,
stellates had more compact cells bodies, with less tapering at the start of
their lateral dendrites. Because weak labeling would lead to the underes-
timation of pyramidal cells, we did not quantify the proportion of pyra-
midal versus stellate cells.

To quantify the relationship between MT-projecting neurons and CO
patches, we analyzed only areas in which CTB-labeled cell density was
high. We aligned digital images of sections from layer 3 and 4B with
Photoshop 6.0 (Adobe Systems) using blood vessels as guides. Minor
scaling and no warping were needed for alignment. Vessel profiles in the
layer 3 CO image were filled in with the mean image luminance. A low-
pass Fourier-filtered version of this image (cutoff frequency, 1.1 cycles/
mm) was subtracted from the original to produce a gray-level flattened
version of the CO pattern. This image was blurred with a Gaussian filter
(� � 70 �m). To produce a spatial average of the CO values surrounding
MT-projecting cells similar to that of Boyd and Casagrande (1999), a
340 � 340 �m region centered on the position of each labeled cell was
summed for all cells in the field (except those within 170 �m of the
border). The gray range of the spatial average was multiplied by 40 to
heighten contrast. This analysis was performed on one �12 mm 2 field in
each monkey. Each field was taken from a different eccentricity to control
for possible foveal versus peripheral variation. In a separate analysis, the
processed CO image was divided into three gray levels (patch, border,
interpatch), each occupying one-third of the image area. A three-way � 2

test was used to determine whether the distribution of cells among these
three gray levels differed significantly from chance. Analysis routines
were written in MatLab 5.0 (MathWorks, Natick, MA).

Results
To guide the placement of tracers into retinotopically corre-
sponding locations in V2 and MT, we first mapped the terminal
fields of V1 neurons projecting to these extrastriate areas. We
subsequently verified the location of the cortical areas postmor-
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tem by staining the tissue for CO. V1, V2, and MT are all recog-
nizable in CO sections if the cortex is unfolded and flattened
before histological processing (Fig. 1a). V1 contains the charac-
teristic rows of CO patches (Horton and Hubel, 1981), V2 is
identified by the series of pale-thin-pale-thick CO stripes running
perpendicular to the V1–V2 border (Tootell et al., 1983), and MT
can be recognized as a mottled CO pattern within the superior
temporal sulcus (Tootell and Taylor, 1995). The anterogradely
labeled terminal fields produced by [ 3H]proline injections in V1
coincided with the locations of the V2 and MT CO patterns (Fig.
1b,c). In all cases (n � 10 hemispheres), V2 was found in the
posterior bank of the lunate sulcus (LS), and MT was located
within the posterior bank of the STS, in agreement with previous
studies (Cragg, 1969; Zeki, 1969; Ungerleider and Mishkin, 1979;
Van Essen et al., 1981). No other terminal labeling was found in
the STS, suggesting that the primary area in this sulcus that re-
ceived input from V1 is MT. Figure 1c also demonstrates that V2
is more densely innervated than MT.

Figure 2. Injection locations in V2 and MT. a, Lateral view of a macaque right hemisphere,
illustrating pipette entry points. The blue sagittal plane is diagrammed in b. The dotted line is
the V1–V2 border. b, Tracer deposit sites for WGA–HRP in V2 and CTB in MT, as they might
appear in a sagittal section. c, Single flatmount section from the right hemisphere of Monkey 2.
The blue dashed line encircles MT, as estimated from the entire series of sections. Anatomical
axes: posterior–anterior, left–right; dorsal–ventral, top– bottom. d, Same section as in c, with
the injection sites from an adjacent CTB/WGA–HRP-reacted section aligned and superimposed
digitally. Sulci outlines are drawn in white (IOS, inferior occipital sulcus). The black box outlines
the region in which a deeper section was photographed for Figure 3. e, Left hemisphere of
Monkey 1, with sulcal outlines and injection sites. The black box is a region in V1 in which
overlapping labeled cells appeared in a deeper layer 4B section (shown at higher magnification
in Figure 4). Scale bar, 1 cm.

Figure 1. Location of V1 projection zones in V2 and MT. a, Single flatmount section cut
through the superficial layers of the right occipital cortex of a macaque, showing the CO pattern
in V1, V2, and MT. b, Same section as in a with areas identified and sulci outlined in white. Sulcal
boundaries are tracked during the unfolding process. The blue dotted line indicates area MT as
judged by the CO pattern. c, Adjacent section to a, processed for autoradiography and photo-
graphed in dark-field. The large [ 3H]proline injections in V1 lead to anterogradely labeled fields
of axon terminals centered in V2 and MT. Scale bar, 1 cm.
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We used these maps along with sulcal landmarks to guide the
retrograde tracer injections into retinotopically similar areas in V2
and MT (Fig. 2a). WGA–HRP was injected along a narrow strip of
exposed V2, representing parafoveal visual space near the lower ver-
tical meridian (Gattass et al., 1981). As the meridian itself is repre-
sented at the V1–V2 border, retrogradely transported WGA–HRP
appeared in V1 at a location mirrored across this border. In contrast
to V2, MT is completely buried in a sulcus (Fig. 2b). We made a series
of CTB injections in the posterior bank of the STS, in the MT region
that represents the same part of visual space as the V2 injections
(Ungerleider and Mishkin, 1979; Gattass and Gross, 1981; Van Essen
et al., 1981; Weller and Kaas, 1983).

In four hemispheres from three animals, the two tracers were
injected successfully in similar retinotopic locations in V2 and MT
(Fig. 2c–e). In these cases, the WGA–HRP injections were confined
to V2. The CTB injections landed in the ventral MT, in which the
central visual field is represented. MT has a vague boundary in CO-
stained tissue, making it difficult to be sure the CTB injections were
strictly limited to this cortical area. In fact, in several cases, we suspect
some CTB landed just outside MT (Fig. 2d,e). However, two lines of
evidence indicate that these extraneous tracer deposits did not con-
taminate our results. First, CTB-labeled cells in V1 were found ex-
clusively in the lower two-thirds of layer 4B and in upper layer 6 (Fig.
3). These are the same two layers found to project to MT in all
previous studies (Lund et al., 1975; Maunsell and Van Essen, 1983;
Ungerleider and Desimone, 1986; Shipp and Zeki, 1989). Second, of
the cortical areas bordering MT [transitional V4, medial superior
temporal (MST), floor of superior temporal, and 7a], only V4 is
known to receive a direct projection from V1 (Felleman and Van
Essen, 1991). This projection arises from V1 neurons in layer 2–3
(Yukie and Iwai, 1985; Nakamura et al., 1993). Because no labeled
neurons were found in layer 2–3 (Fig. 3b), no spillage occurred into
V4. Peripheral MST may receive a projection from peripheral V1
(Boussaoud et al., 1990). However, this population would not have
been counted in our analysis, which was restricted to the area of V1
representing the central 8° of visual space.

Injection of these two tracers gave rise to overlapping fields of
labeled neurons in V1, near the dorsal V1–V2 border. High densities

of cells filled with WGA–HRP or CTB were
intermingled in layer 4B, which is �110 �m
thick. A smaller population of cells was scat-
tered through layer 6. Our analysis concen-
trates on the more numerous cells in layer 4B.

A survey of a representative field (Fig. 4a)
from Monkey 1 revealed 897 cells containing
WGA–HRP and 78 cells containing CTB.
Only six neurons were double labeled (Fig.
4b). The density of WGA–HRP cells (598
cells per square millimeter) was extremely
high, suggesting that we labeled a high pro-
portion of the cells in the field that projected
to V2. The density of the MT-projecting cells
(52 per square millimeter) was lower but
similar to that reported in a previous study
(Shipp and Zeki, 1989). Therefore, the pau-
city of double-labeled cells was probably not
attributable to inadequate labeling of the
populations that project to V2 and MT. This
point is important, because if only a small
percentage of the cells projecting to V2 and
MT is labeled successfully, the likelihood of
identifying double-labeled cells is reduced.

Double-labeled cells were also scarce in
the other three hemispheres (Table 1). The abundance of single-
labeled cells in layer 4B showed that neurons representing identical
points in visual space project to different visual areas. This raises the
possibility that V2 and MT receive input from different cell types.
Both pyramidal and stellate cells are known to project from layer 4B
to V2 and MT (Tigges et al., 1981; Shipp and Zeki, 1989; Rockland,
1992). The distribution of soma areas of neurons labeled by our
injections supported the idea that different cell populations contrib-
ute to the three projection streams (Fig. 5). V2-projecting neurons
were small pyramidal or stellate cells (median area, 7.5 �m2) (Fig.
5a) and less commonly medium-sized pyramidal cells (Fig. 5b). In
contrast, MT-projecting neurons were much larger (median area,
19.4 �m2) and included the distinctive stellate neurons, as described
by Meynert (1872) (Fig. 5c), as well as many pyramidal cells (Figs. 3d,
5d). Double-labeled cells were an intermediate size (median area,
15.4 �m2) and often pyramidal in morphology (Fig. 5e,f). Deter-
mining the true number of pyramidal cells was precluded by partial-
cell filling and tangential sectioning. However, apical dendrites,
when present, could be recognized by focusing through the tissue.
These data provide evidence that the input to V2 and MT comes
primarily from segregated V1 populations, but the segregation is not
based on a pyramidal versus stellate cell distinction. Frequently, cells
labeled with different tracers were located in the same vertical cell
column (Fig. 5g,h). The double-labeled population of medium-sized
cells constituted a sparse third population that must convey the same
visual signal to both V2 and MT. A nonparametric rank-sum test
(Wilcoxon) showed that the double-labeled size distribution was
statistically distinct from the two single-labeled populations (double
vs CTB, p � 0.0036; double vs WGA–HRP, p � 1 � 10�5).

We have shown previously that V1 cells in layer 4B projecting
to the thick CO stripes of V2 are clustered into interpatch com-
partments (Sincich and Horton, 2002a). The thick V2 stripes
project, in turn, to area MT (DeYoe and Van Essen, 1985; Shipp
and Zeki, 1985). Therefore, one might predict that cells project-
ing directly from V1 to MT are also concentrated in interpatches.
To examine this issue, we compared the distribution of labeled
cells with the pattern of CO staining in V1. Although patches are
present in layer 4B, they are faint. Therefore, we aligned 4B sections

Figure 3. MT-projecting cells in V1. a, Brightfield image of a CO-stained section containing CTB-labeled cells. Many layers are
visible in this area because the plane of section was oblique to the cortical surface. b, Inverted dark-field image of the same section
in a, showing that CTB labeling was found only in layers 4B and 6. Laminar boundaries (blue) are taken from the CO pattern. c, High
magnification view of the boxed field in b, showing light, medium, and heavily labeled neurons. The two top labeled cells were
also CO-rich, as evident in the proximal dendrite staining. d, Pyramidal cell from the next section. Its apical dendrite was cut off
where it left the section. Stellate cells (c, top) had no apical process. Scale bars: a, b, 500 �m; c, d, 50 �m.
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reacted for both WGA–HRP and CTB with CO sections cut through
layer 3, in which patches stand out in the highest contrast. Typical
fields (Fig. 4a,b) contained WGA–HRP-labeled cells scattered indis-
criminately in both patches and interpatches as expected, because
the V2 injections landed in thick, thin, and pale CO stripes (Fig. 2e).
The CTB-labeled cells also appeared to be distributed randomly with
respect to the patch–interpatch system.

Quantitative analysis of the distribution of CTB-labeled cells in
each animal confirmed the lack of any tendency for MT-projecting
cells to favor patches or interpatches. Figure 6a shows a 3 � 4.25 mm
field of V1, neighboring the field shown in Figure 4a and photo-

graphed in dark-field illumination to reveal
CTB labeling in layer 4B. The layer 3 CO sec-
tion aligned with this field (Fig. 6b) was gray-
level coded and superimposed on a plot of
the cells (Fig. 6c). Generating a spatial aver-
age of the CO density in the tissue surround-
ing each cell showed that MT-projecting
cells did not preferentially reside in patches
or interpatches (Fig. 6d). This analysis was
repeated in three additional hemispheres
representing eccentricities from 1 to 15° for a
total of 1688 cells. No correlation with CO
patches was found at any eccentricity (Fig.

6d–g) (Shipp and Zeki, 1989), as evident by the noncentered, low-
amplitude dark peaks in the spatial correlograms. Randomly shuf-
fling the cell locations within the field produced similar low-
amplitude correlograms. A �2 analysis comparing the total number
of CTB-labeled cells in patches, interpatches, or border regions
(Boyd and Casagrande, 1999) also revealed no correlation (Table 2).

Our data indicate that the direct V13 MT pathway is rooted
diffusely in both patches and interpatches, whereas the indirect V1
3V2 thick stripe3MT pathway arises primarily from interpatches
(DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Sincich and
Horton, 2002a). This distinction may have functional importance
because the direct MT pathway contains a different blend of infor-
mation, because it incorporates the patches. The manifold popula-
tion constitutes a third, albeit small pathway. Virtually all of the
double-labeled cells that we encountered (35 of 38) were located in
interpatches (Table 1). This implies that most manifold cells send
one axon branch to V2 thick stripes and the other branch to MT.
Such cells convey information both directly and indirectly to area
MT. What remains unknown is how signals from these cells carried
along one axon branch are modified by intermediate processing in
V2.

Discussion
Using a dual-tracer method, we found that V2 and MT receive sub-
stantially independent input from V1. Manifold cells were uncom-
mon, despite our efforts to maximize their labeling by choosing pop-
ulations that cohabit a single layer and injecting retinotopically
overlapping locations in V2 and MT. Cell-size differences supported
the idea that separate populations project to each extrastriate area.

Our data show that layer 4B neurons play a more diverse role
in visual processing than previously thought. In overviews of the
visual system, layer 4B has been treated as a single entity, trans-
mitting a magnocellular-dominated motion signal to the extra-
striate cortex (Livingstone and Hubel, 1988; Zeki and Shipp,
1988; Van Essen and Gallant, 1994). Mounting evidence instead
suggests that layer 4B mediates the distribution of multiple chan-
nels of visual information to the extrastriate cortex. Most layer 4B
neurons are highly tuned for orientation (Hubel and Wiesel,
1968; Blasdel and Fitzpatrick, 1984). A subset of these oriented
cells is selective for direction of motion (Dow, 1974; Schiller et al.,
1976; Hawken et al., 1988). These two classes may differ morpho-
logically, perhaps corresponding to the neurons that project to
V2 and MT respectively. Stellates, for instance, are the most prev-
alent type among the MT-projecting cells (Lund et al., 1975;

Figure 5. Distinct cell types project to V2 and MT. a, b, WGA–HRP-labeled cells were most
often small stellate (a, asterisk) or pyramidal neurons and less frequently medium-sized pyra-
mids ( b). CTB-labeled neurons included the large Meynert cells characteristic of layer 4B ( c) and
pyramids ranging in size (d ). e, f, Double-labeled cells were always medium-sized cells. g, h,
Single-labeled neurons could often be found situated within the same cortical column. i, Distri-
bution of cell body areas for each type of labeling across all animals, showing that double-
labeled cells (red) formed a subpopulation among the smaller V2-projecting cells (gray) and
MT-projecting cells (white). Only one of every three fields were measured for the single-labeled
cells. Scale bar: a– h, 20 �m.

Table 1. Cells labeled by tracer injections in V2 and MT

Hemisphere CTB (MT) WGA–HRP (V2)

Double (percentage
of CTB-labled,
percentage of WGA-
HRP-labeled)

Location of doubles
(interpatch, patch)

Area examined
(mm2)

Monkey 1, L 168 1934 17 (9.1, 0.8) 16,1 3
Monkey 2, L 116 203 8 (6.4, 3.8) 7,1 1.5
Monkey 2, R 258 204 11 (4.1, 5.1) 10,1 1.25
Monkey 3, R 47 404 2 (4.1, 0.5) 2,0 1.75
Totals 589 2745 38 35,3* 7.5

*A two-way �2 test allotting CO patches one-third of the total V1 area showed that the distribution of double-labeled cells in interpatches was significant
(p � 0.001).

Figure 4. Three different output populations in layer 4B. a, A single section cut tangentially through layer 4B of Monkey 1, processed for WGA–HRP and CTB. Individually lettered neurons are
shown at higher magnification in Figure 5. b, Desaturated image of the CO pattern in layer 3, showing the distribution of labeled cells in a in patch (gray outline) and interpatch compartments. Blue
dots indicate WGA–HRP-labeled cells projecting to V2, green squares indicate CTB cells projecting to MT, and red squares indicate double-labeled cells. Black arrows point to blood vessels used for
alignment. Scale bar, 200 �m.
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Shipp and Zeki, 1989) and the only cells in layer 4B to receive a
predominantly magnocellular input (via layer 4C�) (Yabuta et
al., 2001). Microelectrode recordings have shown that V1 cells
projecting directly to MT are highly direction-selective (Movs-
hon and Newsome, 1996). However, in this physiological study,
their morphology was unknown.

The pyramidal cells of layer 4B receive both magnocellular and
parvocellular inputs (Sawatari and Callaway, 1996; Yabuta et al.,
2001) and form part of the population that projects to V2 (Rockland,
1992). With the present data, it appears that smaller layer 4B pyra-
midal cells are the main candidate for carrying parvocellular infor-
mation into V2. Thus, not only is layer 4B one of the first layers in
which orientation and direction selectivity are generated in V1, it
may also be a key area for the segregation and distribution of these
tuning features. The manifold cells, as a third group, are the only cells
that send a common signal to extrastriate areas. Medium-sized pyram-
dial cells in the prefrontal cortex have been shown previously to send
dual efferents (Schwartz and Goldman-Rakic, 1984), suggesting that
this may be common cell morphology for manifold projections.

The projection from V1 to V2 thick stripes originates from inter-
patches (Sincich and Horton, 2002a), implying that a functional
segregation exists between cells in patches and interpatches of layer
4B. In this context, note that layer 4B cells projecting to MT arise
from interpatches and patches. A subpopulation of 4B cells, located
in patches, therefore projects to MT but not the V2 thick stripes,
which in turn project to MT. We can only speculate about the signal
they carry. It has been suggested that patches mediate color process-
ing in V1 (Livingstone and Hubel, 1984; Ts’o and Gilbert, 1988),
although this idea is controversial (Edwards et al., 1995; Leventhal et
al., 1995). If correct, the V1 patch cells in 4B projecting to MT may
convey color information (Saito et al., 1989; Dobkins and Albright,
1994; Seidemann et al., 1999; Thiele et al., 2001).

Although we found no relationship between MT-projecting cells
and CO patches, which is in agreement with a previous study (Shipp
and Zeki, 1989), there does appear to be a correlation in some noc-
turnal primates. In the owl monkey and bushbaby, the direct V1 to
MT projection is denser than in macaques and tends to originate in
CO patches (Boyd and Casagrande, 1999). It is possible that a genu-
ine species difference exists. However, the difference in density of the
projection may be a confounding factor. We found a mean density of
50 cells per square millimeter in the macaque, whereas Boyd and
Casagrande (1999) reported a mean density of 423 cells per square
millimeter for the owl monkey and bushbaby combined. Boyd and
Casagrande found a correlation with CO patches only for their cases
with the densest labeling. This implies that a correlation might be
difficult to detect in macaques because the 4B projection to MT is
sparser. However, one case from Shipp and Zeki’s macaque data was
analyzed by Boyd and Casagrande (1999), who found a correlation
at a density of 13 cells per square millimeter. Thus, some macaques
may have more MT-projecting cells in CO patches, but in light of our
additional data, we conclude that this clustering is not a general
tendency among macaques.

Our findings modify the overall picture of interareal connec-

Figure 6. MT-projecting cells are independent of the CO patch system. a, Inverted dark-field
image of CTB-labeled cells in layer 4B. The top left corner of the section passed out of layer 4B.
Black arrows point to blood vessels used for alignment. b, CO section from layer 3 aligned with
the section in a. c, Gray-level rendered image of CO density, divided into three zones of equal
area for �2 analysis: patch (inside black contours), border (between black and white contours),
and interpatch. Cells (red) plotted over the density image from a, showing no tendency to
cluster in any zone. Spatial correlation analysis showed that the mean CO density in the neigh-
borhood of MT-projecting cells was not clearly related to patches in this case (d ), nor in three
other hemispheres (e– g) at different eccentricities (Table 2). Spatial correlation values were
contrast enhanced because they were of very low amplitude, ranging within � 3 from mean
gray (128) as indicated by the gray-scale bar. Scale bars: a–c, 1 mm; d–g, 100 �m.

Table 2. Distribution of MT-projecting neurons among CO columns in V1

Hemisphere Eccentricity Patch Border Interpatch
�2

p value*

Monkey 1, L 3° 126 140 113 0.24
Monkey 2, L 1° 106 120 127 0.38
Monkey 2, R 7° 186 170 180 0.69
Monkey 3, L 15° 232 227 204 0.36

*Three-way �2 test using a parcellation of V1 into patch, border, or interpatch zones of equal area.
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tions in the visual system. Connections have always been depicted
as being formed unitarily by areas or layers; however, neurons are
the basic projection units. We do not know how prevalent man-
ifold projections are, in part because a functional relationship
between injected sites (e.g., homotopy in sensory areas) is re-
quired to produce double labeling. Injections with dual tracers
are seldom made into related portions of different cortical areas
(Kennedy and Bullier, 1985; Morel and Bullier, 1990; Burton and
Fabri, 1995). We injected the same retinotopic loci in V2 and MT
and found that double-labeled cells averaged 6% of the MT-
projecting neurons and 2.5% of the V2-projecting neurons,
probably low estimates given the unknown efficiency of the trac-
ers. Perhaps the most significant finding was that the populations
of layer 4B solitary neurons projecting to either V2 or MT are
different, on the basis of their distinct size histograms.

If the brain distributes signals using many segregated classes of
solitary neurons and manifold neurons, conventional wiring
schemes must be revised to incorporate an exponential increase
in the number of potential information channels. Because every
cortical area projects to many other areas, our results also empha-
size that each “link” between the areas is composed of at least one
solitary and one manifold connection. For example, a network
of five areas fully connected with solitary axons would have
n(n � 1) � 20 links. This number jumps to n 2(n � 1)/2 � 50
links, if one assumes that neurons in each area send a solitary
axon or a manifold axon to two other areas. Because some neu-
rons may target three or more areas, this equation does not ac-
count for the number of conceivable projections. Of course, not
all of these projections need to exist. In a cortical scheme based on
an n(n � 1) model, only 31% of the possible connections have
been demonstrated (Felleman and Van Essen, 1991).

The small percentage of double-labeled cells that we found indi-
cates that feedforward cortical projections, at least from V1, are pre-
dominately solitary. Solitary neurons also dominate feedback pro-
jections, but manifold neurons appear to be relatively more
common (Salin and Bullier, 1995). For instance, the reconstruction
of axons from tracer-filled MT cells showed that 2 of 20 terminated
in both V1 and V2 (Rockland and Knutson, 2000). Another study
found that 21–31% of the MT feedback neurons were double labeled
after different retrograde tracers were injected at corresponding
points in V1 and V2 (Kennedy and Bullier, 1985). Thus, it appears
that V1 sends information to V2 and MT via primarily segregated
channels but receives a substantial fraction of its feedback from MT
via projections that are shared with V2.

The finding of three potential output channels from layer 4B
of V1, in which, until recently, only a single channel was assumed
(Livingstone and Hubel, 1988; Zeki and Shipp, 1988; Merigan
and Maunsell, 1993; Van Essen and Gallant, 1994), provides a
glimpse of the complexity of cortical connections. If each type of
projection arising from a cortical area carries a unique signal (a
reasonable assumption if form follows function), the signal han-
dling capability of the brain is considerably enriched by the exis-
tence of multiple output streams from individual cortical layers.
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