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In addition to the major anatomical pathways from Vl into 
the temporal lobe, there are other smaller, “bypass” routes 
that are poorly understood. To investigate the direct projec- 
tion from Vl to V4 (bypassing V2) and from V2 to TEO (by- 
passing V4), we injected the fovea1 and parafoveal repre- 
sentations of V4 and TEO with different retrograde tracers 
in five hemispheres of four macaques and analyzed the dis- 
tributions of labeled neurons in Vl and V2 using flattened 
preparations of the cortex. In Vl, labeled neurons were seen 
after injections in V4 but not TEO. The V4-projecting neurons 
were located in the fovea1 representation of Vl, in both cy- 
tochrome oxidase (CO)-rich blobs and CO-poor interblob 
regions. In V2, TEO-projecting neurons were intermingled 
with V4-projecting neurons, although the former were far 
sparser than the latter. Across the cases, 6-l 9% of the TEO- 
projecting neurons were double labeled, that is, also pro- 
jected to area V4. Both V4- and TEO-projecting neurons 
formed bands that ran orthogonal to the Vl IV2 border, and 
both were located in CO-rich thin stripes and CO-poor in- 
terstripe regions. In some cases, a continuous band of V4- 
projecting neurons was also found along the Vl /V2 border 
in the fovea1 representation of V2. The results indicate that 
the pathways from Vl to V4 and from V2 to TEO involve 
anatomical subcompartments thought to be concerned with 
both color and form. These “bypass” routes may allow coarse 
information about color and form to arrive rapidly in the tem- 
poral lobe. The bypass route from V2 to TEO might explain 
the partial sparing of color and form vision that is seen after 
lesions of V4. By analogy, given the bypass route from the 
fovea1 representation of Vl to V4, lesions of V2 affecting 
the fovea1 visual field would also be insufficient to block 
color and form vision. 
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The occipitotemporal pathway underlying object recognition in 
primates extends from Vl to area TE within inferior temporal 
cortex, via projections through areas V2, V4, and TEO (for 
reviews, see Ungerleider and Mishkin, 1982; Mishkin et al., 
1983; Ungerleider, 1985; Maunsell and Newsome, 1987; Weller, 
1988; Desimone and Ungerleider, 1989; Felleman and Van Es- 
sen, 199 1; Van Essen et al., 1991, 1992). Within at least the 
early stations of this pathway, there are known to be functional 
modules with differential contributions to color, form, and mo- 
tion processing. In Vl and V2, modules can be identified his- 
tologically in cytochrome oxidase (CO)-stained sections (Horton 
and Hubel, 198 1; Livingstone and Hubel, 1982, 1984; Hum- 
phrey and Hendrickson, 1983; Tootell et al., 1983; Carroll and 
Wong-Riley, 1984; Horton 1984; Wong-Riley and Carroll, 1984; 
DeYoe and Van Essen, 1985; Hubel and Livingstone, 1985, 
1987; Shipp and Zeki, 1985, 1989; Cusick and Kaas, 1988; Zeki 
and Shipp, 1989; Gattass et al., 1990; Krubitzer and Kaas, 
1990). In Vl, there are CO-rich blobs in layers 2, 3, 5, and 6, 
which are surrounded by CO-poor interblob regions (Horton 
and Hubel, 1981; Livingstone and Hubel, 1982, 1984; Hum- 
phrey and Hendrickson, 1983; Carroll and Wong-Riley, 1984; 
Horton, 1984; Cusick and Kaas, 1988; Rosa et al., 1988, 199 1; 
Krubitzer and Kaas, 1990). Although both blob and interblob 
regions in layers 2 and 3 receive their predominant input in- 
directly from the parvocellular layers of the LGN via layer IV@ 
(Hubel and Wiesel, 1972; Lund, 1973; Lund and Boothe, 1975; 
Hendrickson et al., 1978; Blasdel and Lund, 1983; Fitzpatrick 
et al., 1985), neurons in the blobs tend to have less orientation 
selectivity, lower spatial frequency tuning, and greater sensitiv- 
ity to color than cells in the interblob regions (Livingstone and 
Hubel, 1984; Tootell et al., 1988a,c; Ts’o and Gilbert, 1988; 
but see Lennie et al., 1990). It should be pointed out, however, 
that the functional significance of the blobs is still a matter of 
debate, given that the blobs also receive indirect magnocellular 
input from the LGN via layer IV& (Lachica et al., 1992) and 
are found in nocturnal primates with poor color vision (Condo 
and Casagrande, 1990). Indeed, Allman and Zucker (1990) have 
proposed that stimulus intensity is represented in the blobs 
rather than color per se, whereas stimulus geometry is repre- 
sented in the interblobs. Outside of the blob/interblob system 
in VI, neurons in layer 4B receive their predominant input 
indirectly from the magnocellular layers of the LGN via layer 
IV& (Hubel and Wiesel, 1972; Lund, 1973; Lund and Boothe, 
1975; Blasdel and Lund, 1983; Blasdel et al., 1985) and tend to 
have high contrast and directional selectivity (Tootell et al., 
1988b). 
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Area V2 has both thick and thin stripes of dense CO staining 
situated in deep layer 3 and layers 4 and 5, each bordered by 
CO-poor interstripe regions (Tootell et al., 1983; Livingstone 
and Hubel, 1984, 1987; DeYoe and Van Essen, 1985; Hubel 
and Livingstone, 1985, 1987; Shipp and Zeki, 1985, 1989; Cus- 
ick and Kaas, 1988; Zeki and Shipp, 1989; Gattass et al., 1990; 
Krubitzer and Kaas, 1990). The CO-rich thin stripes of V2 
receive inputs from the blobs of Vl, the interstripe regions 
receive inputs from the interblob regions of V 1, and the CO- 
rich thick stripes receive inputs from layer 4B of V 1 (Livingstone 
and Hubel, 1984, 1987). Consistent with these inputs, the thin 
stripes tend to have a somewhat greater concentration of color- 
selective cells, the interstripes have a greater concentration of 
orientation-selective cells, and the thick stripes have a greater 
concentration of directionally selective cells (Livingstone and 
Hubel, 1984; DeYoe and Van Essen, 1985; Hubel and Living- 
stone, 1985, 1987; Shipp and Zeki, 1985). 

Area V4, which receives inputs from both CO-rich thin stripes 
and CO-poor interstripe regions of V2, has both color- and form- 
selective cells as well as many cells sensitive to both features 
(Desimone et al., 1985, 1992; DeYoe and Van Essen, 1985; 
Shipp and Z&i, 1985,1989; Desimone and Schein, 1987; DeYoe 
et al., 1988; Zeki and Shipp, 1988, 1989; Schein and Desimone, 
1990; DeYoe and Sisola, 199 1; Van Essen et al., 199 1). Although 
V4 also appears to have a modular organization (DeYoe et al., 
1988; DeYoe and Sisola, 1991; Yoshioka et al., 1992), the ge- 
ometry of the modules as well as their relation to color and 
form analysis remain unclear. The major outputs of V4 are to 
areas TEO and TE in the inferior temporal cortex (Desimone 
et al., 1980; Fenstemaker et al., 1984; Weller and Kaas, 1985, 
1987; Ungerleider et al,, 1986; DeYoe and Sisola, 199 1; Distler 
et al., 199 1, 1993; Weller and Steele, 1992), which contains 
neurons selective for many object features, such as color, shape, 
and texture (Desimone et al., 1984; Tanaka et al., 199 1; Fujita 
et al., 1992). 

Although neurons within the stations along the occipitotem- 
poral pathway appear to play a significant role in the analysis 
of color and form information, it should be emphasized that 
this pathway is not equivalent to the “parvo” system. First, as 
stated previously, the blobs in Vl, which contribute to this 
pathway, receive magnocellular as well as parvocellular inputs 
(Lachica et al., 1992), and second, deactivation of magnocellular 
as well as parvocellular layers of the LGN affects the activity 
of V4 neurons (Ferrera et al., 1992). 

In addition to the major anatomical routes into the temporal 
lobe, there are other, smaller, “side routes” or “bypasses” whose 
significance is as yet unclear. Two of the most intriguing ones 
are the direct projection from the fovea1 representation of Vl 
to area V4, bypassing V2 (Kuypers et al., 1965; Cragg and Ains- 
worth, 1969; Zeki, 1978a; Yukie and Iwai, 1985; Steele et al., 
199 l), and the direct projection from V2 to TEO, bypassing V4 
(Morel and Bullier, 1990; Baizer et al., 199 1; Distler et al., 199 1, 
1993; Weller and Steele, 1992). These bypass pathways may 
allow a certain amount of parallel processing across the areas 
of the occipitotemporal projection system. As a start in under- 
standing the types of information that are conveyed along these 
pathways, we injected V4 and TEO with different retrograde 
tracers in the same animals, and we examined the distribution 
of V4- and TEO-projecting cells with respect to each other as 
well as to the CO-rich blobs of Vl and stripes of V2. 

A preliminary report of this work has already appeared (Nak- 
amura et al., 199 1). 

Materials and Methods 
Four adult monkeys (Macuca ndutta) weighing 4.7-5.1 kg were used. 
In each monkey, we injected areas V4 and TEO with different retrograde 
tracers. In three monkeys (cases 1, 3, and 4) injections were placed in 
a single hemisphere, whereas in the fourth monkey (cases 2L and 2R) 
both hemispheres were injected. The tracers used (Sigma Chemical 
Company) were the fluorescent dyes fast blue (FB) and diamidino yellow 
(DY) as well as wheat germ agglutinin conjugated to horseradish per- 
oxidase (WGA-HRP). 

Injections of tracers into areas V4 and TEO. Surgery was performed 
under aseptic conditions. Anesthesia was induced with ketamine hy- 
drochloride (10 mg/kg, i.m.) and maintained with either sodium pen- 
tobarbital (i.v.) or a mixture of isoflurane gas (l-2%) and oxygen to 
effect. Body temperature was maintained between 35°C and 37°C by 
heating pads (circulating warm water) surrounding the animal, and heart 
and respiratory rates were monitored throughout surgery. A midline 
incision of the skin and unilateral craniotomy were made in all animals, 
except in case 2 in which the skull was opened bilaterally and tracers 
were injected into both hemispheres. After the craniotomy, the dura 
was opened to expose the inferior occipital, lunate, posterior middle 
temporal, and superior temporal sulci. 

In all cases, we attempted to inject the fovea1 representations of V4 
and TEO as well as portions of either the upper or lower parafoveal 
visual field, or both. Injections into both areas were placed on the basis 
of the sulcal landmarks. Previous studies have shown that the lower 
field representation of V4 is on the prelunate gyrus and in the adjacent 
banks of the lunate and superior temporal sulci, and the upper field 
representation is in the inferior occipital sulcus, extending ventrally 
several millimeters onto the inferior occipital gyrus (Maguire and Baizer, 
1984; Desimone and Ungerleider, 1986; Gattass et al., 1988). Just an- 
terior to the upper field representation of V4 lies area TEO (Boussaoud 
et al., 1991). In TEO, the upper visual field is represented posteriorly 
while the lower field representation is located adjacent and anterior to 
it. Based on earlier mapping studies, we considered the V4/TEO border 
to be located just anterior to the inferior occipital sulcus and the TEO/ 
TE border to be located just anterior to the posterior middle temporal 
sulcus (Gattass et al., 1988; Distler et al., 199 1, 1993; Boussaoud et al., 
199 1). We subsequently confirmed the visuotopic location of the injec- 
tion sites based on the distribution of labeled cells in V2, although we 
recognize that this interpretation does not take into account the pos- 
sibility of heterotopical connections. 

Pressure injections were made using a I ~1 Hamilton syringe with a 
beveled 27 gauge needle, which was guided into the appropriate site 
with the aid-of an operating microscope. From three to eight-injections 
of DY (0.2 rrl each of 4% DY) were DIaced into V4 in adiacent. closelv ~ 
spaced loci on the prelunate gyrus and in the anterior lip of the inferior 
occipital sulcus, and 3-12 injections of FB (0.3 ~1 each of 2% FB) were 
placed into TEO in closely spaced loci in and around the posterior 
middle temporal sulcus. In addition, in two cases, eight (case 1) or four 
(case 4) injections of WGA-HRP (0.2 ~1 each of 5% WGA-HRP) were 
placed in a more anterior part of TEO in a second surgery performed 
12 d after the first. We always injected the more sensitive retrograde 
tracer FB into TEO in order to maximize the chance of revealing weak 
V2-TEO projections. 

Histological processing. Following a survival period of 14 d after DY 
and FB injections (2 d after WGA-HRP injections), the animals received 
a lethal dose of sodium pentobarbital and were perfused transcardially 
with cold (4°C) saline, followed by 2 liters of 0.1 M phosphate buffer 
(pH 7.4) with 5% glycerol at 4°C. The absence offixative in the perfusion 
was necessary for the subsequent procedure of flattening the cortex. 
Following the perfusion, the brain was removed from the skull and 
photographed, and the cortex was flattened. Just prior to the flattening 
procedure, we injected the fluorescent dye dextran tetramethyl rhoda- 
mine (Molecular Probes) into the cortex along the lips of the sulci to 
mark them. To flatten the cortex, we first removed the arachnoid and 
vessels from its surface, physically opened the sulci, dissected away the 
white matter using cotton-tipped applicators, and then pressed the re- 
maining gray matter between two glass plates (see Olavarria and Van 
Sluyters, 1985; Tootell and Silverman, 1985; Rosa et al., 1991). The 
flattened tissue was blocked and fixed in 3% paraformaldehyde in phos- 
phate buffer between 15 min and 2 hr (Rosa et al., 199 1). The tissue 
was then washed with 5% glycerol in buffer, transferred into 10% glycerol 
in buffer (I O-30 min), and then kept in 20% glycerol in buffer (20 min 
to 12 hr) for cryoprotection. Finally, the tissue was embedded in a 
solution containing 3% gelatin, 30% albumin, and 3-4% glutaraldehyde. 
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After the albumin blocks had hardened, they were immersed into a 
-70°C 2-methyl butane (95%) solution and maintained at this tem- 
perature until sectioned (Rosene et al., 1986). 

Frozen sections, 50 pm thick, were cut tangential to the cortical sur- 
face. Every third section was mounted on a gelatinized slide from 0.45% 
saline for fluorescent examination (and subsequent CO histochemistry; 
see below). An adjacent series of sections was mounted from 0.05 M 

phosphate buffer for CO histochemistry. In cases 1 and 4, the remaining 
sections were collected in a cold (4°C) solution containing 600 ml of 
glycerol, 600 ml of ethylene glycol, and 1000 ml of 0.05 M phosphate 
buffer(pH 7.4) for subsequent HRP histochemistry. These HRP sections 
were kept in a freezer overnight at -20°C. 

Sections for HRP histochemistry were processed according to the 
protocol of Gibson et al. (1984) modified from Mesulam (1978). After 
processing, the sections were mounted on gelatinized slides, dried, de- 
hydrated, cleared, and coverslipped. CO histochemistry was performed 
according to a protocol (Rosa et al., 1991) modified from Silverman 
and Tootell (1987). 

Data analysis. Each labeled neuron was charted using a computerized 
plotting system with position encoders attached to a microscope stage 
(Minnesota Datametrics). The section outlines, the locations of sulcal 
borders, and the locations of retrogradely labeled cells were entered into 
the computer, and enlarged sections (I 0- 12 x) were plotted using a pen 
plotter. After the charting of labeled cells was complete, the same sec- 
tions were further processed for CO histochemistry. Thus, there were 
two series of sections stained for CO, one that was processed imme- 
diately after sectioning and another that was processed after examination 
of fluorescent label. Photographs of the CO-stained sections were over- 
laid with the computer plots to determine which CO structures con- 
tained the V4- .and TEO-projecting cells. For ease of comparison, all 
figures were prepared so that the drawings of injection sites appear in 
the right hemisphere, although some of the experiments were done in 
the left. The lateral views of the hemispheres were drawn from pho- 
tographs taken before the cortex was flattened. 

Results 
We present the distribution of V4- and TEO-projecting neurons 
in V2 and the distribution of V4-projecting neurons in Vl. Of 
the five hemispheres injected, four had overlapping distribu- 
tions of V4- and TEO-projecting neurons (cases 1, 2L, 2R, and 
3). Of these four, we were able to determine with confidence 
the CO stripe pattern in V2 in three (cases 1, 2R, and 3) and 
these cases will be described in detail. 

Distribution of labeled cells in V2 
Case 1. In this case, 7 injections of DY were placed in V4 along 
the prelunate gyrus, 11 injections of FB were placed in TEO 
just caudal to the posterior middle temporal sulcus, and 8 in- 
jections of WGA-HRP were placed farther anteriorly in TEO, 
just rostra1 to the posterior middle temporal sulcus (Figs. IA,B, 
2A, B). 

Figure 1 shows the resulting distribution of labeled cells in 
the dorsal part of V2. The figure illustrates the labeling from 
only the DY and WGA-HRP injections, as only DY and WGA- 
HRP labeled cells were found in overlapping regions of this part 
of V2. The location of DY-labeled cells in V2 indicated that 
the V4 injections involved much of this area’s lower visual field 
representation, from the fovea to the mid-periphery (Gattass et 
al., 198 1). The location of WGA-HRP labeled cells indicated 
that the rostrally placed TEO injections were located mainly in 
the region representing the fovea1 and parafoveal lower visual 
field (Gattass et al., 198 1). (There was, in addition, a small, 
separate WGA-HRP injection site in TEO in the region rep- 
resenting the upper peripheral visual field; this injection site 
resulted in a small cluster of labeled cells in ventral V2.) 

As shown in Figure 1C (middle), V4-projecting neurons in 
V2 were located in heavily labeled bands of 2-4 mm in width, 
oriented orthogonal to the V l/V2 border. The bands were sep- 

arated by gaps of l-2 mm. The labeled bands nearly filled the 
CO-rich thin stripe and CO-poor interstripe regions, but largely 
avoided the thick stripes. Occasionally, dense accumulations of 
labeled cells were located just inside the boundaries of the thick 
stripes, with some labeled cells extending into the interior. 

As shown in Figure 1 C (top), TEO-projecting neurons in V2 
were intermingled with the V4-projecting ones but were far 
sparser. Like the cells projecting to V4, those projecting to TEO 
formed several bands of about 3 mm in width, separated by I- 
2 mm gaps, oriented orthogonal to the Vl/V2 border. TEO- 
projecting cells were largely confined to the thin stripes and 
interstripe regions, with only a few cells located in the thick 
stripes. Seventeen percent (37 of 218) of the TEO-projecting 
cells were double labeled (stars in Fig. lC, top), that is, also 
projected to V4. Most of the double-labeled neurons were dis- 
tributed in thin stripes and interstripe regions, but three of them 
were situated at the border of a CO-rich thick stripe. 

In addition to the bands of labeled cells running orthogonal 
to the VI/V2 border, V4-projecting cells were also found in a 
strip running parallel to the V2/V3 border and intersecting the 
orthogonal bands (Fig. lC, middle). These cells were located 
about 8 mm from the Vl/V2 border, and, therefore, in the 
absence ofany additional criteria, could not be assigned to either 
V2 or V3. Intermingled with V4-projecting cells, a small number 
of TEO-projecting neurons were also distributed within this 
region, in a wide strip spanning two CO-rich thick/thin cycles 
at the presumed V2N3 border (Fig. lC, top). 

Figure 2 shows the resulting distribution of labeled cells in 
the ventral part of V2 in the same case. In this part of V2, almost 
no DY-labeled cells resulting from the V4 injections were ob- 
served, but the FB labeling from the posteriorly placed TEO 
injections was moderately heavy. The location ofthe FB-labeled 
cells indicated that these posteriorly placed TEO injections were 
located in the region representing the fovea1 and parafoveal 
upper visual field (Gattass et al., 198 1). As shown in Figure 2C, 
TEO-projecting neurons in ventral V2 were located in heavily 
labeled bands of 1.5-4 mm in width, oriented orthogonal to the 
Vl/V2 border. The bands were separated by gaps of 2-3 mm. 
Labeled neurons were mainly distributed in CO-poor interstripe 
regions, but considerable numbers were in CO-rich thin stripes 
as well. Occasionally, labeled cells were also found just inside 
the boundaries of the CO-rich thick stripes, with a few TEO- 
projecting cells extending into the interior. Because of the lack 
of overlap between the distributions of DY- and FB-labeled 
cells, no cell was double labeled with these two tracers. 

Case 2R. In this case, 8 injections of DY were placed in V4, 
and 11 injections of FB were placed in TEO (Fig. 3A.B). Three 
of the V4 injections were located in the lower part of the pre- 
lunate gyrus, and five were placed along the anterior lip of the 
inferior occipital sulcus. According to the distribution of labeled 
cells in V2, these V4 injections fell largely in the area’s upper 
visual field representation, but also in some ofthe representation 
of the parafoveal lower visual field (Gattass et al., 1981). The 
TEO injections were placed in the region surrounding the pos- 
terior middle temporal sulcus; the location of labeled cells in 
V2 indicated that the region injected included the fovea1 and 
parafoveal representations, in both the upper and lower visual 
field. Both the V4 and TEO injection sites apparently spared 
the representation of the vertical meridian in the upper and 
lower visual fields, as labeled DY and FB cells were concentrated 
in the more anterior parts of V2, away from VI/V2 border 
dorsally as well as ventrally. Because V2 does not project con- 
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Figure I. Distribution of TEO- and 
V4-projecting neurons in a flattened 
preparation of a dorsal part of V2 in 
case 1. Injection sites of DY in V4 and 
WGA-HRP in TEO are shown on the 
lateral view of the brain (dots in A) and 
on the flattened cortex (black dots and 
sohd black regions in B). The extent of 
the individual DY injection sites, which 
included all cortical layers, ranged from 
1.2 to 2.8 mm in diameter. The WGA- 
HRP injections also included all cor- 
tical layers; the posterior injection site 
was about 6.0 x 2.5 mm and the an- 
terior one was about 11.0 x 5.0 mm. 
In A-C, the VI/V2 border is indicated 
with a dashed bne. In B, the lips of the 
sulci are drawn with solid lines, and the 
cortex within the sulci is shaded gray. 
Data within the box outlined m B is 
shown enlarged in C. In C (top), TEO- 
projecting neurons are indicated with 
triangles, and neurons projecting to both 
TEO and V4 are indicated with stars. 
Each triangle and star indicates a sin- 
gle-labeled cell. In C (mzddle), V4-pro- 
jetting neurons are indicated with open 
circles. A small circle indicates a single 
cell; a medium-sized arcle, five cells; 
and a large nrcle, 25 cells. In C(top and 
mzddle), labeled cells are from two sec- 
tions overlaid and aligned using sulcal 
borders and blood vessels and are plot- 
ted in relationship to the CO stripes of 
V2. CO-rich thin stripes are indicated 
with broken lines, and CO-rich thick 
stripes with solid lines. These stripes 
were drawn from the photograph of the 
section shown in C (bottom). For ease 
of comparison, the injection sites are 
illustrated here in a right hemisphere, 
although the experiment was done in 
the left. Sulcal abbreviations in this and 
subsequent figures: amt, anterior mid- 
dle temporal sulcus; io, inferior occip- 
ital sulcus; lu, lunate sulcus; ot, occip- 
itotemporal sulcus; pmt, posterior 
middle temporal sulcus; st, superior 
temporal sulcus. 

A 

tralaterally to either V4 or TEO, except at the representation of Figure 3 illustrates the resulting distribution of labeled cells 
the vertical meridian (Ungerleider et al., 1983; Tanaka et al., within dorsal and ventral V2. V4-projecting neurons were found 
1990), we are confident that the injections placed in the other in both the lower field representation of V2, within the lunate 
hemisphere did not contribute significantly to either the DY or sulcus, and in the upper field representation located in the in- 
FB labeling in this case. ferior occipital sulcus (Fig. 3C,D, bottom). As in the previous 
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case, neurons projecting to V4 in this case were distributed in 
bands oriented orthogonal to the Vl/V2 border; these bands 
were 2-3 mm in width separated by l-2 mm gaps. The bands 
were largely confined to the thin stripe and interstripe regions, 
but a few cells were also located within the thick stripes. Neurons 
projecting to TEO were again intermingled with those projecting 
to V4, but in this case there were far fewer TEO-projecting 
neurons. Consequently, the labeled region appeared as clusters 
of cells rather than as bands. However, the cells were nearly all 
confined to the CO-rich thin stripes and CO-poor interstripe 
regions (Fig. 3C,D, top), consistent with the previous case. Dou- 
ble-labeled cells (stars in Fig. 3C,D, top; arrows in Fig. 4) con- 
stituted 19% (42 of 225) of the TEO-projecting cells, and were 
found mainly in the fovea1 representation of V2 (Fig. 4), where 
the structure of the CO staining pattern was less clear. In the 
regions where CO-rich stripes were apparent, double-labeled 
cells were confined to the thin stripes and interstripe regions. 

Case 3. Three injections of DY were placed into the fovea1 
representation of V4, just anterior to the tip of the lunate sulcus, 
and three of FB were placed into the fovea1 representation of 
TEO, above the posterior middle temporal sulcus (Fig. S&B). 
DY- and FB-labeled cells were located in overlapping regions 
on the posterior bank of the lunate sulcus, corresponding to the 
fovea1 representation in the lower visual field. 

As in the previous cases, cells projecting to V4 (DY labeled) 
were concentrated in bands of about 2-3 mm in width, with l- 
2 mm gaps, oriented orthogonal to the V l/V2 border (Fig. X, 
bottom). The bands were located largely within the thin stripe 
and interstripe regions, with some extension into the thick stripes, 
particularly around their borders. Unlike the finding in the pre- 
vious two cases, the labeled bands merged in V2 at the V l/V2 

Figure 2. Distribution of TEO-pro- 
jetting neurons in a flattened prepara- 
tion of a ventral part of V2 in case 1. 
Injection sites of FB in TEO are shown 
on the lateral view of the brain (dots in 
A) and on the flattened cortex (dots in 
B). The extent of the individual FB in- 
jection sites, which included all cortical 
layers, ranged from 0.5 to 1.8 mm in 
diameter. Area in the box outlined in B 
is shown enlarged in C. In C, TEO- 
projecting cells are indicated with cross- 
es; a small cross indicates one TEO- 
projecting cell, and a large cross, five 
TEO-projecting cells. Labeled cells are 
from three sections overlaid and aligned 
using sulcal borders and blood vessels 
and are plotted in relationship to the 
CO stripes of V2. Although the exper- 
iment was done in the left hemisphere, 
the injection sites are illustrated here in 
the right. All abbreviations and other 
conventions are as in Figure 1. 

border, forming a continuously labeled zone at the border. Also, 
unlike the other cases, the CO-rich stripes appeared to fade away 
before reaching the Vl/V2 border. Thus, this continuously la- 
beled zone seemed to occupy a CO-poor region. 

The TEO-projecting neurons were sparser than in either of 
the two previous cases, probably because there were fewer in- 
jection sites. However, nearly all of the cells were located in the 
thin stripes and interstripes (Fig. 5C, top), consistent with the 
other cases. Two double-labeled neurons were found (stars in 
Fig. 5C, top), constituting about 6% (2 of 33) of the total pop- 
ulation of TEO-projecting cells. One of them was in a CO-rich 
thick stripe, at the border with a CO-poor interstripe region, 
and the other was in an interstripe region. 

Cases 2L and 4 (not illustrated). In case 2L, we placed 8 DY 
injections into the lower portion ofthe prelunate gyrus and along 
the anterior lip of the inferior occipital sulcus, regions in V4 
representing fovea1 and parafoveal vision in the lower and upper 
visual fields, respectively, and 12 FB injections surrounding the 
posterior middle temporal sulcus, a region in TEO representing 
the same portions of the visual field. Both V4- and TEO-pro- 
jetting cells were found dorsally and ventrally in V2, and, as in 
the previously described cases, the two classes of cells were 
intermingled. However, CO staining in this case was not sat- 
isfactory, precluding the study of the relation between the sites 
of labeled cells and the pattern of CO staining. Double-labeled 
neurons were about 13% (12 of 89) of the total population of 
TEO-projecting neurons. 

In case 4, we placed four injections of DY into V4, six of FB 
into TEO, and four of WGA-HRP into a somewhat more an- 
terior location of TEO. The distribution of labeling in V2 in- 
dicated that the DY injection sites included the region of V4 
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Figure 3. Distribution of TEO- and 
V4-projecting neurons in a flattened 
preparation of dorsal and ventral parts 
of V2 in case 2R. The extent of the 
individual injection sites, which in- 
cluded all cortical layers, ranged from 
0.5 to 2.0 mm in diameter for the DY 
sites and from 0.6 to 1.5 mm in di- 
ameter for the FB sites. For abbrevia- 
tions and all conventions, see Figure 1. 

representing the fovea1 lower visual field, the FB injection sites 
included the region of TEO representing the fovea1 upper visual 
field, and the WGA-HRP injection sites included the region of 
TEO representing the center of gaze. Thus, V4- and TEO-pro- 
jetting neurons were mostly segregated in different parts of V2, 
with very little overlap of the two cell populations. Since the 
region in V2 containing TEO-projecting neurons that were la- 
beled with WGA-HRP was so restricted, only the distribution 
of TEO-projecting neurons that were labeled with FB will be 
described. These neurons formed bands of 1.0-l .5 mm in width, 
separated by 3-4 mm gaps, oriented orthogonal to the VlN2 
border, similar to the other cases. Although the CO staining was 

less satisfactory in this case than in cases 1, 2R, and 3, it ap- 
peared that the TEO-projecting neurons were distributed mainly 
in CO-poor interstripe regions. Interestingly, V4-projecting cells 
were located at V2’s vertical meridian representation, and, as 
in case 3, formed a continuously labeled zone in V2 along the 
VI/V2 border. This zone appeared to span all stripe and inter- 
stripe regions. 

Distribution of labeled cells in VI 
In cases 1, 2L, 3, and 4, V4-projecting neurons were found in 
Vl . In all four cases, most of the labeled cells were in the fovea1 
representation of V 1, with scattered cells in the parafoveal rep- 
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resentation. All but a few cells were located in the supragranular 
layers, presumably layers 2 and 3. 

In all four cases with V4-projecting cells in Vl, we were able 
to determine the relation between the location of the labeled 
cells and the pattern of CO staining. The data from case 3 have 
been selected to illustrate this relationship. In this case, the 
labeled cells were located near the Vl/V2 border in the fovea1 
representation. As shown in Figure 5D (top), the labeled cells 
appeared to be evenly distributed across CO-rich blob and CO- 
poor interblob regions. This was a consistent finding in the four 
cases. To test quantitatively whether the distribution of labeled 
cells was indeed random with respect to the CO blobs, we com- 
puted the density of labeled cells (cells/mm’) separately for blob 
and interblob regions. The computation was performed on a 
heavily labeled region of about 7 mm2 in the fovea1 represen- 
tation of Vl, which is shown in the upper left part of Figure 5D 
(top). The density was 71 cells/mm* in the blobs and 65 cells/ 
mm* in the interblob regions, which was not a significant dif- 
ference (x2 = 0.387; p > 0.5). It should be noted that in all cases 
the density of labeled cells in both the blob and interblob regions 
of Vl was far less than the density of labeled cells in the thin 
stripe and interstripe regions of V2 (see Figs. lC, middle; 
bottom). 

Discussion 
The present findings confirm earlier reports of direct projections 
from fovea1 Vl to V4 (Kuypers et al., 1965; Cragg and Ains- 
worth, 1969; Zeki, 1978a; Yukie and Iwai, 1985; Steele et al., 
199 1) and from V2 to TEO (Morel and Bullier, 1990; Baizer et 
al., 199 1; Distler et al., 199 1, 1993; Weller and Steele, 1992). 
They also localize the source of the projections within the struc- 
tural modules of Vl and V2. By placing injections of different 
tracers in topographically corresponding portions of V4 and 
TEO, we found that the projections from V2 to both V4 and 
TEO originate in the CO-rich thin stripes and CO-poor inter- 
stripe regions, although the projections to TEO arc much sparser 
than those to V4. Moreover, we found that the projection from 
fovea1 Vl to V4 originates in both the CO-rich blobs and CO- 
poor interblob regions. 

The irzformation conveyed along the occipitotemporal path- 
way. The intermingling of V2 cells projecting to areas V4 and 
TEO suggests that similar information is relayed to both areas. 
This conclusion is supported by the large proportion of double- 
labeled cells projecting to these areas, 6-19% of the TEO-pro- 
jetting cells having been double labeled in the cases with sig- 
nificant overlap of V4- and TEO-projecting cells. Although there 
is still some question about the relative proportions of color- 
and orientation-selective cells in the CO-rich thin stripe and 
CO-poor interstripe regions of V2, it is commonly accepted that 
these two stripe systems, taken together, contain many color- 
and form-selective cells, as well as some cells selective for both 
(Livingstone and Hubel, 1984; DeYoe and Van Essen, 1985; 
Hubel and Livingstone, 1985, 1987). The form-selective cells 
include both orientation-selective cells, end-stopped cells, and 
“special complex” cells that respond best to a small stimulus 
within a large receptive field (Hubel and Livingstone, 1985, 
1987). What the thin stripe and interstripe regions lack are large 
numbers of directionally selective cells, which are mainly lo- 
cated instead in the CO-rich thick stripes that project to area 
MT (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Hubel 
and Livingstone, 1987). We found only a few labeled cells in 

l 100pm ’ 

Figure 4. Photomicrograph indicating the presence of several double- 
labeled cells (see arrows) in the fovea1 representation of V2 after injec- 
tions of DY in V4 and FB in TEO in case 2R. 

the thick stripes projecting to either V4 or TEO, but it is not 
known if these were directionally selective. 

Area V4 continues the analysis of color and form information 
relayed from V2, with cells sensitive to color, orientation, size, 
and shape (Zeki, 1973, 1978b,c, 1983a,b; Desimone and Schein, 
1987; Schcin and Desimone, 1990). Many cells in V4 have 
receptive fields with large suppressive surrounds that are also 
color and form selective, such that they respond best to stimuli 
that differ from their background in color or form (Desimone 
et al., 1985, 1992; Desimone and Schein, 1987; Schein and 
Desimone, 1990). Less is known about cells in TEO, but Tanaka 
et al. (199 1) have recently reported that some TEO cells are 
selective for complex shapes as well as color. 

In addition to the “bypass” route from the thin stripe and 
interstripe regions of V2 to area TEO, we also found a “bypass” 
projection from the blob and interblob regions of fovea1 Vl to 
area V4. Just as the projection from V2 to TEO involves far 
fewer cells than the projection from V2 to V4, so too does the 
projection from Vl to V4 involve far fewer cells than the pro- 
jection from Vl to V2. As with the thin stripe and interstripe 
regions of V2, the relative contribution of the blob and interblob 
regions to color and form is still somewhat unsettled, but to- 
gether they carry both types of information (Livingstone and 
Hubel, 1984; Tootell et al., 1988a,c; Lennie et al., 1990). 

The sign$cance of bypass projections. Given the disparity 
between the large numbers of cells projecting within the main- 
stream routes along the occipitotemporal pathway (i.e., from 
V 1 via areas V2 and V4 into area TEO) and the small numbers 
projecting along the bypass routes (i.e., fovea1 Vl to V4 and V2 
to TEO), how significant can the bypass routes be for visual 
processing? One possibility is that they provide a means for 
coarse-grained information to arrive rapidly in the temporal 
lobe. This advance information about the current stimulus 
might aid in constructing the initial representation of its overall 
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Figure 5. Distribution of TEO- and 
V4-projecting neurons in a dorsal part 
of V2, and V4-projecting neurons in an 
adjacent portion of Vl in a Battened 
preparation of the cortex in case 3. The 
extent of the individual injection sites, 
which included all cortical layers, ranged 
from 1.3 to 1.8 mm in diameter for the 
DY sites and from 0.8 to 1.5 mm in 
diameter for the FB sites. A-C, All ab- 
breviations and conventions are as in 
Figure 1. D, Location of V4-projecting 
neurons in relationship to the CO-rich 
blobs and CO-poor interblob regions of 
V 1. Each small circle indicates one V4- 
projecting neuron. The CO-rich blobs 
are indicated by heavy solid lines. La- 
beled cells are plotted from the same 
section that was stained for CO; a pho- 
tomicrograph of this stained section is 
shown at the bottom. 
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(low-pass) shape and color within area TE, with the fine-grained 
information arriving later to fill in the important details. Recent 
recordings in the most anterior portion of area TE have shown 
minimum response latencies to be less than 80 msec (Miller et 
al., 1993), which does not allow much time for processing along 
the route. 

In addition to their role in normal visual processing, bypass 
projections may also play an important role in sparing of func- 
tion following brain damage. Lesions of V4 cause impairments 

in both color and form vision, but the impairments are smaller 
than one would expect if the lesion had disconnected Vl from 
area TE (Heywood and Cowey, 1987; Desimone et al., 1990; 
Schiller and Lee, 1991; Walsh et al., 1992a,b; see especially 
Wild et al., 1985; Heywood et al., 1992). We have recorded 
from cells in area TE following lesions of V4 and have in fact 
found robust, stimulus-selective responses (Desimone et al., 
1990), indicating that visual information can indeed reach TE 
bypassing V4. The bypass projection from V2 directly to TEO 
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Figure 5. Continued. 

might thus explain both the partial sparing of color and form 
vision and the visual activation of TE neurons after V4 lesions. 
Given the bypass route from the fovea1 representation of Vl 
directly to V4, the same partial sparing would be predicted after 
V2 lesions affecting the fovea1 visual field. 
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