INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI
films the text directly from the original or copy submitted. Thus, some
thesis and dissertation copies are in typewriter face, while others may be

from any type of computer printer.

The quality of this reproduction is dependent upon the quality of the
copy submitted. Broken or indistinct print, colored or poor quality
illustrations and photographs, print bleedthrough, substandard margins,
and improper alignment can adversely affect reproduction.

In the unlikely event that the author did not send UMI a complete
manuscript and there are missing pages, these will be noted. Also, if
unauthorized copyright material had to be removed, a note will indicate
the deletion.

Oversize materials (e.g., maps, drawings, charts) are reproduced by
sectioning the original, beginning at the upper left--hand corner and
continuing from left to right in equal sections with small overlaps. Each
original is also photographed in one exposure and is included in reduced
form at the back of the book.

Photographs included in the original manuscript have been reproduced
xerographically in this copy. Higher quality 6” x 9” black and white
photographic prints are available for any photographs or illustrations
appearing in this copy for an additional charge. Contact UMI directly to

order.

UMI

A Bell & Howell Information Company
300 North Zeeb Road, Ann Arbor MI 48106-1346 USA
313/761-4700  800/521-0600






THE PATTERN OF ANATOMICAL CONNECTIONS
IN VISUAL AREA V2 OF MACAQUE MONKEY

by

Paul Lawrence Abel

A dissertation submitted in partial fulfililment of
the requirements for the degree of

Doctor of Philosophy

University of Washington

Approved by

Committee
Program Authorized
to Offer Degree ‘ QD_(S/( A OO (g{

Date / L2 é 7 7‘ 7?.




UMI Number: 9736229

Copyright 1997 by
Abel, Paul Lawrence

All rights reserved.

UMI Microform 9736229
Copyright 1997, by UMI Company. All rights reserved.

This microform edition is protected against unauthorized
copying under Title 17, United States Code.

UMI

300 North Zeeb Road
Ann Arbor, MI 48103



© Copyright 1997
Paul Lawrence Abel



Doctoral Dissertation

In presenting this dissertation in partial fulfililment of the requirements for
the Doctoral degree at the University of Washington, | agree that the
Library shall make its copies freely available for inspection. | further agree
that extensive copying of this dissertation is allowable only for scholarly
purposes, consistent with “fair use” as prescribed in the U.S. Copyright
Law. Requests for copying or reproduction of this dissertation may be
referred to University Microfilms, 1490 Eisenhower Place, P.O. Box 975,

Ann Arbor, Mi 48106, or to the author. /
Signatu%%

Date éé%/{@




University of Washington
Abstract

THE PATTERN OF ANATOMICAL CONNECTIONS
IN VISUAL AREA V2 OF MACAQUE MONKEY

by Paul Lawrence Abel

Chairperson of the Supervisory Committee:
Associate Professor Jaime F. Olavarria
Department of Psychology

In visual area V2, cytochrome oxidase (CO) histochemistry reveals
a pattern of alternating densely labeled thick and thin stripes separated by lightly
labeled interstripe regions. These stripe-like compartments have been related to
three separate cortico-cortical pathways, which may be involved with different
aspects of visual processing.

In the first experiment, we examined whether the tangential
distribution of cells projecting to the superior colliculus bear a relationship with
the CO stripes in V2. The cortico-tectal pathway is thought to be functionally
specific, extending from magnocellular layers of the lateral geniculate nucleus
(LGN). From previous evidence that V2 thick stripes are closely associated with
the magnoceliular LGN layers, we predicted that V2 neurons projecting to the
superior colliculus would preferentially reside in thick stripe regions. Our results
bore out this prediction. These data support the idea that the stripe-like
compartments in V2 represent separate functional pathways, and extend the
notion of segregated cortico-cortical pathways to cortico-subcortical projections.



in the second experiment, we compared the distribution of
interhemishperic connections in V2 with the pattern of CO stripes. We found that
V2 callosal connections tend to accumulate within a continuous band along the
V1//2 border from which callosal cells cluster within finger-like extensions within
thin and thick stripe regions in V2 up to 7-8 mm from the V1 border. Our findings
extend the notion of segregated cortico-cortical pathways to interhemispheric
connections. In addition, different from the pattemn of intracortical connections,
our results suggest that few cells within interstripe regions in V2 send
connections to V2 or other extrastriate areas in the contralateral hemisphere.

In the third experiment we examined the pattern of callosal linkages
in V2. Based on previous data on the visual field map in V2, callosal connections
could link representations of the visual field located away from the vertical
meridian. We examined whether the pattern of V2 callosal linkages supports this
idea. The results demonstrate that callosal connections preferentially link
corresponding regions between areas V2. These data support the hypothesis
that V2 callosal connections mediate interactions between visual field
representations located away from the vertical meridian.
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INTRODUCTION

Visual area V2 is one of over thirty cortical areas, which have been
described in visual cortex of macaque monkey. A strip of V2 is located along the
dorsal surface of the operculum, although the majority of V2 is found on the
medial side of the hemispheres and buried within the lunate and inferior occipital
sulci. Along its posterior border, V2 forms a belt around striate cortex in all but
the most peripheral portions of V1, where prostriate area has been described
(e.g., Van Essen et al., 1982). The anterior border of V2 is less certain due to the
absence of clear anatomical distinctions, although as many as 5 extrastriate
areas may neighbor V2 along this edge. Based on the pattern of connections
with V1, cytochrome oxidase (CO) histochemistry and physiological data, the
anterior limit of V2 has been reported to extend about 10-12 mm from the V1
border (Gattass et al., 1981; Weller and Kaas, 1986; Olavarria and Van Essen,
1997). V2 is one of the largest cortical areas, similar in size to area V1. Surface
area estimates range from 660 to 920 mm? in the macaque (Gattass et al., 1981;
Weller and Kaas, 1986).

Area V2 can be divided into three stripe-like compartments. CO
histochemistry reveals a pattern of alternating densely labeled thick and thin
stripes separated by lightly labeled interstripe regions (Horton and Hubel, 1981;
Livingstone and Hubel, 1982, Tootell et al., 1983; Horton, 1984, Livingstone and
Hubel, 1984; Wong-Riley and Carroll, 1984; Olavarria and Van Essen, 1997).
Extending tangential to the cortical surface, these stripes are most readily
observed in layers 3 and 5, although extend throughout the lamina (Tootell et al.,
1983; Horton, 1984). The separation between stripes of the same class have
been found to be between 3-5 mm (Olavarria et al., 1989; Tootell and Hamilton,
1989; Shipp and Zeki, 1989; Van Essen et al., 1990; Olavarria and Van Essen,



1997). The monoclonal antibody Cat-301 (Hockfield et al., 1983) has been found
to preferentially bind to cells located within CO-dense thick stripes (Hendry et al.,
1988; DeYoe et al., 1990; Abel et al., 1997; Olavarria and Van Essen, 1997).
This independent criterion for distinguishing between the CO-dense stripes is
important for these stripes can appear quite similar in width and there are
examples in which altemate stripes were found to be of the same class (e.g.,
Olavarria and Van Essen, 1997).

These stripe-like compartments have been related to three
separate cortico-cortical pathways emanating from V1. One pathway originates
from layer 4B in V1 and projects to thick stripes in V2, area MT and other areas
within the parietal cortex (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985;
Livingstone and Hubel, 1987a; Felleman et al., 1988; Shipp and Zeki, 1989a,b).
A second pathway connects CO-dense biobs in V1 with thin stripes in V2, and a
third pathway connects CO-pale interblobs in V1 with interstripes in V2
(Livingstone and Hubel, 1983, 1984). Thin stripes and interstripes project
separately to V4 (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Zeki and
Shipp, 1989; Van Essen et al., 1990; Nakamura et al., 1993; DeYoe et al., 1994),
and from here these pathways project into inferotemporal cortex (Desimone et
al., 1980; Nakamura et al., 1993; DeYoe et al., 1994). These findings have led to
the idea each pathway is involved with different aspects of visual processing
(Ungerieider and Mishkin, 1982; Mishkin et al., 1983; Hubel and Livingstone,
1987; Livingstone and Hubel, 1987b; Maunsell and Newsome, 1987; DeYoe and
Van Essen, 1988, Livingstone and Hubel, 1988; Zeki and Shipp, 1988).

However, the relationship between these compartments and
cortico-subcortical and interhemispheric pathways has not been thoroughly
examined. In the first two experiments these issues were examined using

retrograde tracing techniques and quantitative analyses.



in chapter one, we examined whether the tangential distribution of
cortico-tectal projections bears a relationship with the pattern of CO stripes. The
cortico-tectal projection is believed to be functionally related to the broadband
pathway extending through magnocellular layers in the LGN (Schiller et al., 1974,
1979). From previous evidence that V2 thick stripes are closely associated with
the magnocellular LGN layers, we predicted that a significant proportion of V2
neurons projecting to the superior colliculus would reside in thick stripes. Our
results bore out this prediction.

In chapter two, we compared the tangential distribution of cells
projecting to the contralateral hemisphere with the pattern of CO stripes.
Previous studies suggested that the callosal patches in macaque V2 overlap
regions of high CO activity. However, these data had been analyzed only in the
parasagittal plane where the V2 stripes are difficult to appreciate and a large
region of V2 was not examined. Our findings demonstrate that V2 callosal
connections tend to form a continuous band along the V1/V2 border from which
callosal cells accumulate within finger-like extensions up to 7-8 mm from the V1
border. The callosal ‘fingers’ were found to lie in spatial register with both CO-
dense thick and thin stripe regions.

In the final chapter we examined the topography of V2 callosal
connections. Based on previous data on the visual field map in V2, callosal
connections could link representations of the visual field located away from the
vertical meridian. We examined whether the pattern of V2 callosal linkages
supports this idea. Do callosal connections randomly link portions of V2 between
the hemispheres, or is there an underlying pattern in the organization of these
connections. We found that the organization of callosal linkages is not random.
The results demonstrate that callosal connections preferentially link
corresponding regions between areas V2. These data support the hypothesis



that V2 callosal connections mediate interactions between visual field
representations located away from the vertical meridian.



CHAPTER 1: THE DISTRIBUTION OF NEURONS PROJECTING TO THE
SUPERIOR COLLICULUS CORRELATES WITH THICK CYTOCHROME
OXIDASE STRIPES IN AREA V2

In visual area V2 of macaque monkeys, cytochrome oxidase (CO)
histochemistry reveals a pattern of alternating densely-labeled thick and thin
stripes, and lightly-labeled interstripes (Horton and Hubel, 1981; Livingstone and
Hubel, 1982; Tootell et al., 1983; Horton, 1984; Livingstone and Hubel, 1984,
Wong-Riley and Carroll, 1984; Olavarria et al., 1989). These stripe-like
compartments have been related to three parallel pathways emanating from
subdivisions in V1. One pathway originates from layer 4B in V1 and projects to
thick stripes in V2, area MT and other areas within the parietal cortex (DeYoe
and Van Essen, 1985; Shipp and Zeki, 1985; Livingstone and Hubel, 19873;
Felleman et al., 1988; Shipp and Zeki, 1989a,b). A second pathway connects
CO-dense blabs in V1 with thin stripes in V2, and a third pathway connects CO-
pale interblobs in V1 with interstripes in V2 (Livingstone and Hubel, 1983, 1984).
Thin stripes and interstripes project separately to V4 (DeYoe and Van Essen,
1985; Shipp and Zeki, 1985; Zeki and Shipp, 1989; Van Essen et al., 1990;
Nakamura et al., 1993; DeYoe et al., 1994), and from here these pathways
project into inferotemporal cortex (Desimone et al., 1980; Nakamura et al., 1993,
DeYoe et al., 1994).

In recent years, several views have emerged regarding the role of
these pathways in vision. One of these views is that the pathway passing through
thick stripes in V2 (dorsal stream) is mainly involved in visual motion analysis
while the pathway passing through thin and interstripes in V2 (ventral stream) is
concerned with the analysis of form and color (Ungerleider and Mishkin, 1982,
Mishkin et al., 1983; Hubel and Livingstone, 1987; Livingstone and Hubel, 1987b;



Maunseil and Newsome, 1987; DeYoe and Van Essen, 1988; Livingstone and
Hubel, 1988; Zeki and Shipp, 1988). This hypothesis has been examined by
many anatomical and physiological studies (see reviews by Felleman and Van
Essen, 1991; Maunsell, 1992; Merigan and Maunsell, 1993). Some of the data
support the idea that CO compartments in V2 are associated with different
functional pathways, while other evidence points to a more subtle or complex
relationship between madular architecture and specificity of visual functions (e.g.,
DeYoe and Van Essen, 1985; Martin, 1988; Merigan and Maunsell, 1990;
Schiller et al., 1990; Van Essen et al., 1992; Peterhans and von der Heydt, 1993;
Ferrera et al., 1994; Levitt et al., 19943a; Bullier and waak, 1995; Roe and T'so,
1995; Gegenfurtner et al., 1996).

Additional information about the relationship between CO stripes in
V2 and specific functional pathways can come from studying the projections from
V2 to subcortical centers that have been associated with functionally specific
pathways. For instance, it has been shown in the macaque that visual activity in
the superior colliculus can be greatly reduced or abolished by blocking
magnocellular layers, but not parvocellular layers of the lateral geniculate
nucleus (LGN) (Schiller et al., 1979). Thick stripes in V2 receive significant input
from magnocellular LGN layers via layer 4B in V1 (Livingstone and Hubel,
1987a), and project selectively to cortical areas associated with the
'magnoceliular dorsal stream (DeYoe and Van Essen, 1985; Shipp and Zeki,
1985; Felleman et al., 1988; Shipp and Zeki, 1989b). If CO compartments in V2
are associated with different functional pathways, then we would predict that
input from V2 to the superior colliculus originates predominantly from cells within
thick stripe compartments.

We tested this prediction by comparing the distribution of
corticotectal projection neurons in V2 with the pattem of CO stripes. We found



that neurons which project to the superior colliculus accumulated preferentially
into band-like clusters which were in alignment with thick CO stripes. These
results support the notion that CO compartments in V2 are associated with
functionally separate pathways.

MATERIALS AND METHODS

Data in this experiment come from five adult monkeys (Macaca
fascicularis) weighing 3-7 kg. Surgery was performed aseptically under general
anésthesia, which was induced with ketamine (0.10 mg/kg i.m.) and maintained
with Halothane (1.5-3.0% in oxygen). Following a midiine craniotomy over the
central sulcus, the position of the superior colliculus was determined by recording
evoked responses to stroboscopic illumination with low impedance (<2M )
tungsten electrodes (A-M Systems). The stereotaxic coordinates at which evoked
potentials were recorded were used to guide subsequent penetrations with
pipettes containing anatomical tracers.

In three monkeys, the superior colliculi were injected bilaterally with
horseradish peroxidase (30% HRP Sigma type VI in saline), and in two additional
monkeys, the superior colliculus on one side was injected with Fast Blue (10%
FB in dH20) (see Table 1). In each superior colliculus, total volumes of 2.0-3.0 |
were delivered in 10-20 pressure-injections distributed evenly across the surface
of the nucleus. At each site, the anatomical tracer was injected along tracks that
extended about 2 mm below the tectal surface.

After a 3 or 5 day survival period, to allow for retrograde transport
of HRP or FB, respectively, animals were deeply anesthetized with pentobarbital
(0.40 mg/kg i.v.) and perfused transcardially with 0.9% saline followed by a
fixative solution containing 2% paraformaldehyde and 0.25% glutaraldehyde in



0.1 M phosphate buffer. All surgical procedures were performed in accordance
with NIH guidelines (NIH publications 85-23 and 91-3207) and according to
protocols approved by the U.W. Animal Care Committee (IACUC).

HISTOCHEMICAL PROCESSING

Data were analyzed in cortical sections cut tangential to the surface
of the cortex in all but two of the tissue blocks (see Table 1). In the two animals
injected with FB, the occipital opercula containing portions of dorsal and ventral
V2 were separated from the rest of the brain and flattened between glass slides.
In two of three animals injected with HRP, the hemispheres were physically
unfolded and flattened according to procedures described previously (Olavarria
and Van Sluyters, 1985). In the remaining animal injected with HRP, both ventral
opercula were unfolded and flattened, while the dorsal opercula were separated
and sectioned perpendicular to the cortical surface. The extent of the injection
sites was analyzed in coronal or parasagittal sections through the superior

colliculus.

The flattened tissue was kept between glass slides for about 12 h
at 49C in 0.1 M phosphate buffer. The glass slides were then removed and the
block of tissue was placed in 20% sucrose in fixative for approximately thirty
minutes, after which time it was transferred to a solution of 20% sucrose in
phosphate buffer at 4 0C until it sank. The brainstems were kept in 20% sucrose
in fixative at 4 9C until they sank. All tissue blocks were sectioned at 40-60 m on

a freezing microtome.

In each of the unfolded and flattened cortical blocks from animals
injected with HRP, 4-5 superficial sections were processed for CO according to
the protocol of Wong-Riley (1979). The remaining sections were reacted for
HRP, with tetramethyl benzidine as the chromogen (Mesulam, 1978). In the



flattened cortical blocks from animals injected with FB, CO histochemistry was
performed on alternate sections. The remaining sections were immediately
mounted on subbed slides and, after they had been scored for fluorescent FB
labeling, they were processed for Cat-301 immunohistochemistry to aid in the
identification of CO stripes (Hendry et al., 1988; DeYoe et al., 1990). A series of
sections from the dorsal opercula which had been sectioned perpendicular to the
cortical surface, as well as a series from each brainstem, were stained for Nissl
substance.

DATA ACQUISITION

Histological sections were scored using a microscope equipped
with a motorized stage controlled by the graphic system Neurolucida
(MicroBrightField). Reconstructions of the distribution of retrogradely labeled
cells and Cat-301 positive cells were prepared by superimposing all tangential
sections which contained labeled cells. These sections were carefully aligned
with each other and with CO-stained sections using blood vessels and tissue
contours as landmarks.

STATISTICAL ANALYSIS

To correlate the patterns of [abeled cells and CO staining
quantitatively, we determined the density of labeled cells and measured the
density of CO staining in regions 8.0-16.5 mm long, measured parallel to the
V12 border. Each region was subdivided into bins which were either 0.25 or
0.50 mm wide, oriented roughly parallel to the CO stripes. In each bin, tracer-
labeled cells and Cat-301 positive cells were counted and the density of CO
staining was measured using digitized images of neighboring CO-stained
sections. The measurements of CO staining density were done with the public
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domain NIH Image program (written by Wayne Rasband, National Institutes of
Health).

Time-series analysis was used to quantitatively evaluate the degree
of correlation between the distributions of tracer-labeled neurons and CO stripes.
To investigate whether neurons projecting to the superior colliculus were
distributed randomly, we used spectral analysis to search for frequencies in the
distribution of tracer-labeled cells that were significant (p < 0.05). We then
performed a cross-spectral analysis of coherence and phase to determine
whether the distribution of tracer-labeled cells and the CO-density profile were
significantly coherent (p < 0.05) at these frequencies. Phase values not
significantly different from zero (p > 0.05) for a particular frequency indicated that
the distribution of labeled cells and CO staining were aligned at that frequency.
These techniques are specially suited for analyzing cyclic data series and have
the advantage that they do not require the delineation of the boundaries of CO
stripes, which can be difficult to determine unambiguously. Similar methods were
used by Olavarria and Abel (1996) in their analysis of the correlation between
callosal connections and CO stripes in V2. Detailed descriptions of the
techniques and software used are provided elsewhere (Gottman, 1981; Williams
and Gottman, 1982).

RESULTS

In all five monkeys studied, the region infiitrated with HRP or FB
extended virtually throughout the superior colliculus. This region included the
superficial (I-1ll) and intermediate (IV-V) layers of the nucleus, where afferents
from V2 terminate (Kuypers and Lawrence 1967; Wilson and Toyne, 1970; Lund,
1972; Graham, 1979; Tigges and Tigges, 1981; Cusick, 1988; Lui et al., 1995).
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Retrogradely-labeled cells studied in sections cut perpendicular to
the cortical surface (blocks 4LD and 4RD) were pyramidal in shape and located
in layer 5 (see Fig. 1), in agreement with previous studies (Lund et al., 1981,
Fries, 1984; Fries et al., 1985). In sections cut tangential to the cortical surface,
we found that labeled cells in V2 were not homogeneously distributed in the
tangential plane. Instead, they formed band-like clusters which bore a consistent
spatial relationship to the pattern of CO labeling.

ANIMALS INJECTED WITH FAST BLUE

Figure 2 shows the data from the dorsal portion of V2 from an
animal injected with FB (block 5LD). In CO stained sections, an alternating
sequence of CO-dense thick (T) and thin (t) stripes could be clearly recognized
(Fig. 2A,B). In addition, the preferential accumulation of Cat-301 immunopositive
cells (black dots in Fig. 2A) in the thick stripes confirmed the identity of the CO
stripes derived by their physical appearance (Hendry et al., 1988; DeYoe et al.,
1990).

The reconstructed distribution of FB-labeled cells is superimposed
with the pattern of CO staining in Figure 2B. Inspection of this figure shows that
FB-labeled cells (black dots) form band-like clusters that correlate very closely
with the thick CO stripes. This impression was borne out by our quantitative
analySes of the area bounded by the segmented lines in Figure 2B. The spectral
analysis of the distribution of FB-labeled cells (solid line curve in Fig. 2C)
revealed a significant frequency whose period was approximately 5 mm. The
cross-spectral analysis showed that the spatial coherence between the
distributions of labeled cells and CO staining was significant at this frequency,
and that these data series were in phase.
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Similar results were obtained from the ventral portion of V2 (block
5LV) in the same animal (Fig. 3A). Large fluctuations in the number of FB-labeled
cells occurred at 5 mm intervals. As Figure 3A shows, peaks in cell labeling
coincided with alternate increases in CO density, and with increases in the
number of Cat-301 positive cells. This result was borne out by our quantitative
analyses of these data (see Table 1).

Figure 3B shows data from the dorsal portion of V2 (block 8LD) in
the second monkey studied with injections of FB into the superior colliculus. As in
the case shown in Figure 3A, fluctuations in the number of FB-labeled cells were
in close correspondence with increases in the number of Cat-301 positive cells,
and with alternate peaks in CO density. The quantitative analyses of these data
indicated that there was a significant spatial correspondence between
accumulations of FB-labeled cells and thick CO stripes. The increases in the
number of FB-labeled cells occurred approximately every 4 mm.

In the animals injected with FB (Figs. 2, 3) we were able to reveal
the distribution of Cat-301 positive cells in the same cortical sections that had
been scored for fluorescent labeling. This was not possible in the cortical
sections processed for HRP. In order to reconstruct the distributions of HRP-
labeled cells and CO staining as completely as possible, we did not stain a
separate series of sections for Cat-301 in these tissue blocks.

Animals injected with Horseradish Peroxidase

Animals injected with HRP yeilded similar results to those
described above. Figure 4A,B (block 2RD) shows that HRP-labeled cells in
dorsal V2 accumulated preferentially in alternate CO-dense stripes which were
identified as thick based on their appearance. Data from ventral V2 in the same
animal (block 2RV) are shown in Figure 5A. in both data sets, the spectral
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analysis revealed that the distribution of HRP-labeled cells had a significant
frequency with a period of approximately 3 mm. At this frequency, the cross-
spectral analysis showed that the distributions of labeled cells and CO labeling
cohered and were in phase.

in a second monkey studied with HRP, peaks in the numbers of
HRP-labeled cells from both dorsal (block 6RD; Fig. 5B) and ventral (block 6RV;
Fig. 5C) V2 occurred about every 4 mm. Although the distinction between thick
and thin CO stripes was less clear in this animal, the data obtained were
consistent with those from the other cases; increases in the number of HRP-
labeled cells coincided with alternate CO dense stripes. Finally, in ventral V2
from both hemispheres of animal 4 (block 4LV and 4RV), the labeled regions
were restricted to areas representing central visual fields (Gattass et al., 1981).
The small size of the labeled regions precluded statistical analyses, but visual
inspection of the data showed that two clusters of HRP-labeled cells were
present in each block, and these were aligned with increases in the density of
CO staining (data not shown).

DISCUSSION

We found that corticotectal neurons in V2 were located
preferentially in regions that were in spatial register with thick CO stripes. Our
finding is based on the direct correlation of the distributions of labeled
corticotectal cells and CO staining, and on the use of spectral analysis
techniques to statistically assess the significance of this correlation. The latter
techniques were chosen because they circumvent the need to delineate the
boundaries of CO stripes, which can be difficult to identify unambiguously. The
analyses revealed that periodic increases in the numbers of neurons projecting to
the superior colliculus occurred about every 3-5 mm, which is approximately the
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distance between two CO stripes of the same class (Olavarria et al., 1989; Shipp
and Zeki, 1989b; Tootell and Hamilton, 1989; Van Essen et al., 1990). Because
these increases in the number of labeled cells were spatially aligned with
alternate peaks in the CO density profile, it could be inferred that periodic
increases in the density of superior colliculus projection neurons were in register
with one class of CO dense stripes. From analyzing cases in which thick and thin
CO stripes were easily identified either by their physical appearance (e.g., Fig. 2,
4A), and/or by their affinity to the Cat-301 monoclonal antibody (Fig. 2A, 3), we
concluded that periodic increases in the density of corticotectal cells in V2 were
in register with thick CO stripes.

Our results extend previous reports on the distribution of
corticotectal cells in macaque V2. Fries (1984) and Fries et al. (1985) analyzed
the overall distribution of retrogradely labeled corticotectal cells in horizontally cut
sections. Although these authors do not describe the detailed tangential
distribution of cells in V2, it is possible to see clusters of labeled cells in V2 in
some of their data (see Figs. 3, 6 and 9 in Fries, 1984; and Fig. 2 in Fries et al.,
1985).

Methodological Considerations

It is unlikely that periodic distributions of neurons projecting to the
superior colliculus resulted from uneven uptake of the tracer in the tectum. In all
cases, inspection of histological sections through the tectum indicated that the
injections had impregnated virtually the entire nucleus, from the superficial
through the deep layers, including all layers receiving projections from V2
(Kuypers and Lawrence 1967; Wilson and Toyne, 1970; Lund, 1972; Graham,
1979; Tigges and Tigges, 1981; Cusick, 1988; Lui et al., 1995). In addition, our
resuits did not depend on the type of tracer used because we obtained the same
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results with HRP and the fluorescent tracer FB. Finally, the observation that
labeled cells were located in layer 5 indicates that the tracers did not spread to
axons of the neighboring interhemispheric pathway because the laminar and
tangential distribution of neurons in this pathway is different (Lund et al., 1981;
Van Essen et al., 1982; Kennedy et al., 1986; Olavarria and Abel, 1996).

RELATIONSHIP OF CO ARCHITECTURE AND FUNCTIONAL PATHWAYS

It has been hypothesized that CO compartments in V2 identify
pathways that are anatomically and functionally segregated (Hubel and
Livingstone, 1987; Livingstone and Hubel, 1987b, DeYoe and Van Essen, 1988;
Livingstone and Hubel, 1988; Shipp and Zeki, 1988). This hypothesis has been
examined in numerous anatomical and physiological studies (see Felleman and
Van Essen, 1991; Maunsell, 1992; Merigan and Maunseli, 1993 for review).
While some studies support the idea that CO compartments in V2 represent
different functional pathways, evidence from other studies is more ambiguous.

Perhaps the most compelling suggestion that V2 stripes are
associated with separate functional pathways comes from anatomical studies of
cortical afferent projections to V2 and efferent projections from V2. Each stripe
compartment has been found to receive segregated input from compartments in
V1 (Livingstone and Hubel, 1983, 1984, 1987a), and to project differentially to
other cortical areas (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985;
Felleman et al., 1988; Shipp and Zeki, 1989b; Zeki and Shipp 1989; Van Essen
et al., 1990; Nakamura et al., 1993; DeYoe et al., 1994). Moreover, analysis of
the intrinsic connections in V2 reveals that connectivity patterns can reflect the
striped architecture of V2, even though interconnections between stripes of
different compartments appear to exist (Livingstone and Hubel, 1984; Rockland,
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1985; Levitt et al., 1994b; Malach et al., 1994; Olavarria and O'Brien,
unpublished observations).

On the other hand, inferences about the functional segregation of
V2 stripes based on physiological data have been somewhat mixed. A recent
analysis of the fine visual topography in V2 revealed that each class of V2
compartments contain a continuous representation of the visual field (Roe and
T'so, 1995). In addition, there is general agreement that neurons with selective
responses to some visual attributes, such as color, motion and disparity, tend to
cluster in different CO compartments (DeYoe and Van Essen, 1985; Hubel and
Livingstone, 1987; Peterhans et al., 1993; Levitt et al., 1994a; Gegenfurtner et
al., 1996). However, responses to other visual attributes appear to be more
homogeneously distributed in V2, without an obvious relationship to CO
architecture (Peterhans et al., 1993; Levitt et al., 1994a; Gegenfurtner et al.,
1996). The latter results may in part reflect the mixing of physiological and
anatomical pathways that appears to occur as early as striate cortex (Malpeli and
Schiller, 1981; Lachica et al., 1992; Nealey and Maunsell, 1994; Yoshioka et al.,
1994; Sawatari and Callaway, 1996; see Merigan and Maunsell, 1993;
Casagrande and Kaas, 1994 for review).

CORTICOSUBCORTICAL PROJECTIONS: AREA V2

The present study stems from the idea that correlating the
distribution of subcortically projecting neurons with the pattern of CO stripes may
yield additional information about the relationship of V2 stripes with functional
pathways. We studied the corticotectal pathway because superior colliculus
neurons have been shown to depend upon "broad-band" input passing through
the magnoceliular layers of the LGN (Schiller, 1981). Using cooling and ablation
procedures, Schiller and colleagues (Schiller et al., 1974; 1979) found that visual
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responses of collicular cells located preferentially outside the retino-recipient
layers depended on cortical input. Moreover, by inactivating either magnoceliular
or parvoceliular LGN layers, they showed that the responses of this neuronal
population depended on the magnocellular, but not the parvocellular, pathway
(Schiller et al., 1979). Because V2 thick stripes receive significant input from
magnocellular LGN layers through layer 4B in V1 (Livingstone and Hubel,
1987a), we predicted that projections to the superior colliculus from V2 would
originate preferentially from cells within thick stripes.

Our findings bear out this prediction, thereby supporting the notion
that CO compartments in V2 are associated with functionally separate pathways.
Our observation that a small proportion of labeled cells were located in thin and
interstripe regions suggests that these compartments are less closely associated
with broad-band functions than thick stripes.

It should be noted that V2 thick stripes may not receive only
magnocellular input. Parvoceliular input can potentially reach thick stripes
through intrinsic V2 projections (Livingstone and Hubel, 1984; Rockland, 1985;
Levitt et al., 1994b; Malach et al., 1994). In addition, layer 5 cells in V2 can have
extensive dendritic trees (Valverde, 1978; Lund et al., 1981), making it possibie
for dendrites of corticotectal cells in V2 thick stripes to sample information from
neighboring stripes. Dendritic sampling across processing streams has been
investigated for some cell populations in V1 (H bener and Bolz, 1992; Malach,
1992), but data on this issue are not yet available for corticotectal cells in V2.
Finally, the recent report (Sawatari and Callaway, 1996) that layer 4B in striate
cortex also receives parvocellular input opens the possibility that this input can
be directly relayed to thick CO stripes in V2 (Livingstone and Hubel, 1987a).
However, the dependance of collicular cells on magnocellular input shown by
Schiller and colleagues (Schiller et al.,1979) implies that even if substantial
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parvocellular input reaches V2 thick stripes either from layer 4B or other sources,
this input does not appear capable of driving collicular activity during blockade of
the magnocellular LGN layers.

If the segregation of V2 corticotectal projections does reflect
functional differences between CO compartments, then the analysis of the
distribution of corticotectal projections may provide a useful criterion for
delineating functional differences among visual areas beyond V2. The potential
of this approach is illustrated by recent studies reporting that different cortical
regions in parietal and temporal cortices differ in the extent of their projections to
the superior colliculus (Lynch et al., 1985; Baizer et al., 1993; Lui et al., 1995).

CORTICOSUBCORTICAL PROJECTIONS: AREA V1

Segregation of corticotectal projection neurons in relation to CO
architecture has also been described for V1. In this area, corticotectal cells are
distributed preferentially in the interblob compartment in infragranular cortex (Lia
and Olavarria, 1996). A similar relationship with the CO architecture has been
reported for cytologically-identified Meynert cells in V1 (Fries, 1986; Payne and
Peters, 1989), many of which are known to project to both the superior colliculus
and area MT (Fries et al., 1985).

It is of interest to point out that segregation of neuronal populations
in relation to CO architecture does not appear to be a general rule for all cortical
layers. For instance, in contrast to the infragranular corticotectal population, the
magnocellular-recipient supragranular layer 4B population projecting to the thick
stripes in V2 (Livingstone and Hubel, 1987a) and to MT (Maunsell and Van
Essen, 1983; Shipp and Zeki, 1989a) is not segregated in relation to CO
architecture (Shipp and Zeki, 1989a). In addition, Fitzpatrick and colleagues
(1994) have reported that there are sublaminar differences between the
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populations of layer 6 neurons projecting to either the magnocellular or
parvocellular LGN layers, but no overt patchiness in the tangential plane has yet
been described for this neuronal population (Horton, 1984).

SEGREGATION OF SUBCORTICAL LOOPS

In addition to the superior colliculus, another major subcortical
target of V2 is the pulvinar complex, and a recent study suggests that this
descending projection also correlates with the modular organization of this area.
Levitt et al. (1995) reported that the distribution of pulvinar projecting neurons in
V2 fluctuates within layer 5A in vertical registration with thick and thin CO stripes.
Likewise, pulvinar afferents to V2 have been shown to be segregated into stripe-
like domains (Ogren and Hendrickson, 1977; Curcio and Harting, 1978) that are
in vertical alignment with thick and thin CO stripes (Livingstone and Hubel, 1982;
Levitt et al., 1995). These data open the possibility that the exchange of visual
information between V2 and the pulvinar complex flows along functionally
segregated loops.

Input from V2 may also reach the pulvinar complex through
superior colliculus-pulvinar projections (Benevento and Fallon, 1975; Partlow et
al., 1977; Harting et al., 1980; Benevento and Standage, 1983). Tectal-recipient
regions in the pulvinar appear to overlap with cortically-projecting regions
(Benevento and Rezak, 1976), but the specificity of the tecto-pulvino-fugal
projections with respect to thick and thin stripes in V2, and to other visual areas
of the dorsal or ventral streams, remains to be determined. Based on
physiological data, it has been proposed that tectofugal pathways are associated
preferentially with cortical areas of the dorsal stream (Bruce et al., 1986; Girard
et al., 1991; Gross, 1991). This proposal raises the intriguing possibility that
cortico-tectal projections, including those from thick stripes described in the
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present study, may be part of a superior colliculus-pulvinar-cortical loop that
preferentially processes broad-band information. Additional studies are
necessary to further characterize the various components of such tecto-fugal
circuits and the extent to which they relate to specific visual functions.
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Table 1: Summary of methods and results



TABLE 1. Summary of Methods and Results.

Monkey < Histology Blocks CO Siripes Period' fig-
5 LeftFB  Operculum flattened. 5LD Thick stripes identified in both 47 mmin 2A-C
5LV blocks? bothblocks & 3A
Left/B  Operculum flattened. 8LD Thick stripes identified.? 36 mm 38
2 Leftand L-hem damaged. R-hem 2RD Thick stripes identified in both 28mmin 4A.B
Right HRP unfoided ond flattened. 2RV blocks. both blocks & 5A
6 lteftond L-hem damaged. R-hem 6RD Distinction between thick and 3.8mmin 58.C
Right HRP unfolded ond flattened. 6RV thin stripes coukd not be made in  both blocks
either block.
4 Leftand Ventral blocks unfolded 4LV Distinction between thick and 1AC
Right HRP and fiattened., opercuia 4RV thin shipes coukd not be made in
fiattened in donsal blocks. 4LD ventral blocks. Dorsal blocks were

4RD

analyzed in perpendicularty cut
sections.

! Values indicate the period of those frequencies in the distibution of labeled cells which were
significant and coherent with frequencies in the distribution of CO.

2 The identification of thick and thin stripes in these blocks was faciiitated by immunostaining for
CAT-301 posttive celis, which are found predominantly within CO dense thick stripe regions
(Hencky et al., 1988; DeYoe et al., 1990).

HRP, honeradish per oxidase; FB, fast blue.
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Figure 1: V2-SC radial distribution (4RD).

A. Nissi-stained section cut perpendicular to the cortical surface of the dorsal
opercuium (block 4RD). B. Adjacent horseradish peroxidase (HRP)-stained
section containing three labeled pyramidal cells (arrows) within layer V. C.
Higher-power view of HRP-labeled cells shown to the left in B. Scale bar = 500 m
inA&B, 100minC.
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Figure 2: V2-SC tangential distribution (5LD).

A. Distribution of Cat-301 positive cells (black dots) superimposed on the pattern
of CO staining in dorsal V2 (block 5LD). Posterior is to the left, dorsal is up. B.
Distribution of V2 cells (black dots) projecting to the superior colliculus (V2-SC).
This population was retrogradely labeled by injections of Fast-Blue (FB) into the
tectum. The distribution of FB-labeled cells is shown superimposed on the
pattern of CO staining. T: thick stripes; t: thin stripes. These sections come from
a flattened operculum which contains portions of V2 on one side and portions of
V1 on the other. The apparent superficial location of labeled layer 5 cell at the
edge of the reconstruction in B is an artifact resulting from not unfolding the
opercular lip prior to flattening the tissue block. The area analyzed quantitatively
(bounded by the segmented lines) measured 16.5 mm in the direction parallel to
the V1/V2 border. Labeled cells lying on white areas of the section shown in A,B
were scored in more superficial sections. C. Quantitative analysis of area located
between segmented lines in B. The solid curve (V2-SC) represents the
distribution of FB-labeled cells and the segmented curve (CO) indicates the
density profile for CO staining.
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Figure 3: V2-SC data (5LV,8LD).

Data from ventral V2 in monkey 5, A, and from dorsal V2 in monkey 8, B. The
solid curves (V2-SC) represent the distribution of FB-labeled celis, the dashed
curves (CO) indicate the density profile for CO staining (ordinate scale not
shown), and the dotted curves represent the distribution of Cat-301 positive celis.
In both graphs, the number of FB-labeled cells peaks in close correspondence
with increases in the number of Cat-301 positive cells and alternate CO dense
regions (thick stripes).
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Figure 4: V2-SC tangential distribution
(2RD).

Data from dorsal V2 in monkey 2 studied with injections of HRP into the tectum.
A. Distribution of HRP-labeled cells (black dots) superimposed on the pattern of
CO staining; T: thick stripes, t: thin stripes. Tangential sections came from
unfolded and flattened tissue. Labeled cells lying in the region of tissue
discontinuity were scored in deeper sections, which were continuous in this
region. Posterior is to the left, dorsal is up. At left, the CO-stained section
includes a portion of V1, which can be recognized by the presence of CO blobs.
The segmented lines indicate area analyzed quantitatively. B. Distribution of
HRP-labeled cells (V2-SC) and density profile for CO staining (CO).
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Figure 5: V2-SC data (2RV, 6RD, 6RV).

Data from ventral V2 in monkey 2, A; dorsal V2, B, and ventral V2, C, from
monkey 6. Monkeys 2 and 6 were studied following injections of HRP into the
tectum. In each graph, increases in the number of HRP-labeled celis (V2-SC)
correspond closely with alternate peaks in the CO density profile (CO).
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CHAPTER 2: THE DISTRIBUTION OF CALLOSAL CONNECTIONS
CORRELATES WITH THICK AND THIN CYTOCHROME OXIDASE STRIPES IN
AREA V2

In adult mammals, interhemispheric connections through the
corpus callosum are not distributed uniformly across the expanse of sensory
neacortex, but instead form elaborate patterns that are consistent across
individuals of the same species. It is commonly thought that patterns of callosal
connections bear specific spatial relationships with the underlying topographic
maps of the sensory periphery. In visual cortex, it has been traditionally believed
that callosal connections concentrate at the borders between adjacent visual
areas where the vertical meridian of the visual field is often represented (e.g.,
Berlucchi et al., 1967; Van Essen and Zeki, 1978; Olavarria and Montero, 1984;
Thomas and Espinoza, 1987). This idea has stimulated much research (reviewed
in Kennedy et al., 1991; Innocenti, 1991) and inspired the hypothesis that visual
callosal connections are concerned with establishing anatomical and functional
continuity across the vertical meridian of the visual field (e.g., Hubel and Wiesel,
1967; Berlucchi et al., 1967; Choudhury et al., 1965; Blakemore et al., 1983).

However, recent studies have suggested that the distribution of
callosal connections may not only reflect visual cortical topography, but also may
be correlated with the modular architecture revealed in some areas with
cytochrome-oxidase (CO) histochemistry. Thus, in galagos (Cusick et al., 1984,
Beck and Kaas, 1994) and cats (Boyd and Matsubara, 1994) callosal
connections in striate cortex form patches whose distribution has been related to
the pattern of CO-dense "blobs". in area V2 of monkeys, cytochrome-oxidase
histochemistry reveals a system of stripe-like subregions where densely labeled
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thick and thin stripes, and pale interstripes can be recognized (Horton and Hubel,
1981; Tootell et al., 1983; 1985; Livingstone and Hubel, 1984; Horton, 1984,
Hendrickson, 1985; Olavarria et al., 1989; Van Essen et al., 1990). Interestingly,
in several primates callosal connections in V2 appear as "fingers" that extend
anteriorly from the V1/V2 border region, resembling the arrangement of CO
stripes in V2 (Van Essen et al., 1982; Cusick et al., 1984; Gould et al., 1987,
Kennedy et al., 1986).

In macaque monkeys, callosal fingers in V2 have been reported to
protrude 4-5 mm from the V1 border into V2 (Van Essen and Zeki, 1978; Van
Essen et al., 1982), and isolated patches of callosal connections have been
observed even further into V2 (Kennedy et al., 1986). Kennedy et al. (1986)
reported that callosal patches in macaque V2 overlap with regions of high
cytochrome oxidase activity. However, the exact correlation between callosal
fingers and CO-stripes in V2 is not clear in their study because the relationship
between these patterns was examined only in parasagittal sections, and not over
a large tangential area. Determining the detailed relationship of callosal
connections with CO-stripes in V2 is potentially important because these stripes
have been associated with functional streams in visual cortex (Ungerleider and
Mishkin, 1982; Mishkin et al., 1983; Livingstone and Hubel, 1987; DeYoe and
Van Essen, 1988).

In the present study we took advantage of a method for physically
unfolding and flattening the cortex of gyrencephalic brains (Olavarria and Van
Sluyters, 1985) to directly compare the callosal and CO-staining patterns over
broad regions in macaque V2. In addition, we performed spectral and coherency
analyses on the distributions of labeled callosal cells and CO staining to evaluate
quantitatively the degree of correlation between these distributions.
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Our results showed that labeled callosal cells congregated along
the V1/V2 border and in finger-like bands that protruded up to 7 mm into V2.
These callosal bands were in register with thick and thin CO stripes, with
relatively few labeled callosal cells found in interstripe regions. These results
suggest that the distribution of callosal connections in visual cortex is dictated not
only by the topography of visual areas, but also by the arrangement of cortical
functional streams. Some of these data have been presented previously as an
abstract (Olavarria and Lewis, 1992).

MATERIALS AND METHODS

The present experiment is based on the study of 4 hemispheres
from 3 adult Macaca fascicularis weighing 3 - 5 kg. Surgery was performed
aseptically under general anesthesia induced with ketamine hydrochioride (0.10
mg/kg i.m.) and maintained with Halothane (1.5 - 3% in oxygen). In two monkeys,
we used the retrograde transport of horseradish peroxidase (HRP, Sigma Type
V1) to reveal the distribution of callosal neurons in visual cortex. The corpus
callosum was exposed by gently retracting the left hemisphere through a large
craniotomy and durotomy. Approximately the posterior half of the corpus
callosum was transected with a scalpel, and one or more pieces of
polyacrylamide gel impregnated with 15% HRP (Griffin et al., 1979) were
implanted with fine forceps between the cut ends. In the third monkey, callosal
connections were revealed by the retrograde transport of the fluorescent tracer
Nuclear Yellow (NY, Sigma Co., 5% in dH20). Multiple injections (total volume of
about 1.0 | pressure-injected through glass micropipettes with 50-100 m internal
tip diameter) of NY were delivered into the splenium of the corpus callosum and
adjoining regions of the left hemisphere.
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Survival periods for the retrograde transport of tracers of 2 (for
HRP) or 4 (for NY) days were allowed, after which the animals were deeply
anesthetized with pentobarbital sodium (0.4 mg/kg i.v.) and perfused through the
heart with normal saline followed by a brief (7-8 min) perfusion (Olavarria and
Van Sluyters, 1985) with either 2% glutaraldehyde (for HRP) or 2%
paraformaldehyde and 0.5% glutaraldehyde (for NY) in 0.1 M phosphate buffer.
Surgical procedures followed the principles of laboratory animal care (NIH
publication 85-23, 1985), and protocols approved by the animal care committee
at UW. (JACUC).

HISTOCHEMICAL PROCESSING

in the two monkeys in which HRP gels were directly applied to the
transected callosum, the hemispheres were unfolded and flattened according to
procedures described previously (Olavarria and Van Sluyters, 1985). Only three
hemispheres were studied in these monkeys because one hemisphere was
damaged during the flattening process. Due to intrinsic cortical curvature, it was
necessary to make several cuts in the margin of the cortex so that the areas of
interest would lie completely flat. The locations of these cuts were chosen so as
to preserve as much as possible the continuity of V2. In the third monkey, the
right occipital operculum containing portions of dorsal and ventral V2 was
separated from the rest of the brain and flattened between glass slides. The
flattened tissue from all three animals was left ovemight at 4 degC in 0.1 M
phosphate buffer between glass slides. The glass slides were then removed and
the tissue was subsequently left in fixative for about 30 min, placed in 20%
sucrose in 0.1 M phosphate buffer until it sank, and then was frozen and cut
tangentially at 40 m. A one in four series of sections was processed for CO
histochemistry (Wong-Riley, 1979), while the remaining sections were either
reacted for HRP (with tetramethyl benzidine as the chromogen, Mesulam, 1978),



31

or immediately mounted on glass slides for fluorescent microscopy. In some
tissue blocks, portions of the flattened tissue were cut perpendicularly to the
cortical surface to analyze the laminar distribution of labeled cells. The sections
obtained were first processed for visualizing labeled cells and, after they had
been scored, they were Nissl-stained for revealing the cortical layers.

Although our primary interest was to study the cailosal pattern in
V2, we also sectioned and processed blocks of tissue containing other
extrastriate areas. We observed that many areas, including areas V4 and MT,
also contained dense accumulations of labeled callosal cells, confirming that
uptake of the tracers was not restricted to callosal axons originating from V2.

DATA ACQUISITION

Histological sections were scored using a microscope equipped
with a motorized stage (LEP) controlled by a Gateway 2000 486/33c computer,
and the graphic system Neurolucida (MicroBrightField). Typically, a few
tangential sections through supragranular cortex contained most of the
information regarding the tangential distribution of labeled cells (e.g., see Fig.
7C). Reconstructions of the callosal patterns were prepared by superimposing all
tangential sections containing labeled cells. These sections were carefully
aligned with each other using blood vessels and tissue contours as landmarks.

STATISTICAL ANALYSIS

In order to correlate the patterns of callosal cells and CO labeling
quantitatively, labeled callosal cells were counted and the intensity of CO staining
was measured in areas of V2 where CO stripes were recognizable and cell
labeling was dense. In order to count labeled cells, the analyzed regions in the
reconstructed patterns (measuring about 10 - 14 mm parallel to the V1/V2
border) were subdivided into parallei sampling strips (0.3 mm wide each)
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oriented roughly parallel to the CO stripes. Counts in these strips were used to
construct distribution curves of labeled callosal cells (see solid fine curve in Fig.
6D). The regions in V2 from which cell counts were obtained were scanned in
digitized images of neighboring CO stained sections. The density profiles for CO
staining (see dashed curve in Fig. 6D) were obtained from the digitized images
by using the public domain NIH Image program (written by Wayne Rasband and
available from the internet by anonymous ftp from zippy.nimh.nih.gov or on
floppy disk from MTIS, 5285 Port Royal Rd., Springfield, VA 22161, part number
PB93-504868).

We performed a quantitative analysis to assess the degree of
correlation between the patterns of callosal neurons and CO stripes. In particular,
we wished to 1) test the null hypothesis that callosal neurons were distributed
randomly, and 2) assess whether fluctuations in both the callosal cell and CO
density distributions were spatially aligned with each other. We used spectral
analysis to address the first objective and coherency analysis to assess the
spatial relationship between callosal cell and CO staining distributions. These
techniques are especially suited for analyzing cyclic data series. Similar methods
were used by Johnson et al. (1989) in their analysis of the correlation between
callosal and association neurons in frontal and parietal cortices of macaque
monkeys. In our particular application, the methods we employed take into
account the periodic nature of the CO stripes and the requirement for similar
periodicity in the distribution of callosal cells if the two pattemns are correlated. In
addition, these methods have the advantage that they do not require the
delineation of the boundaries of CO stripes, which are often difficult to determine.
Detailed descriptions of the techniques and software used are provided
elsewhere (Gottman, 1981; Williams and Gottman, 1982).

We first obtained the spectral density function for the callosal cell
distribution in order to test whether it differed significantly from that of a random
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distribution (white noise). The program used (Gottman, 1981; Williams and
Gottman, 1982) allowed us to identify frequencies in the distribution of labeled
cells that were significant (p < 0.05). We then performed a cross-spectral
analysis of coherence and phase to determine whether the distribution of labeled
cells and CO-density profile cohered significantly (p < 0.05) at these frequencies.
Finally, phase values not significantly different from zero (p > 0.05) for a
particular frequency indicated that the two data series were nearly perfectly
aligned at that frequency.

RESULTS

Labeled cells were observed in broad regions in both dorsal and
ventral V2 in all three monkeys studied. In all cases, virtually all labeled cells
were found in tangential sections cut through supragranular layers. The
supragranular distribution of labeled cells was confirmed by analyzing sections
cut perpendicular to the surface of the flattened cortex.

In all four hemispheres studied callosal connections in V2 formed
finger-like accumulations that protruded into V2 from the V1//2 border.
Correlation of this labeling pattern with the arrangement of V2 CO stripes could
not be carried out in one hemisphere due to poor labeling of the sections stained
for CO. In the remaining three hemispheres, the callosal fingers were in register
with CO-dense stripes. Results from these three hemispheres are illustrated in
Figures 6-8.

ANIMALS STUDIED WITH HORSERADISH PEROXIDASE

In the two monkeys whose cortices were unfolded and flattened,
the tangential sections included portions of opercular striate cortex and both
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banks of the lunate sulcus (for dorsal V2) or both banks of the inferior occipital
sulcus (for ventral V2). In these animals we observed that callosal labeling in V2
stopped abruptly at the V1/V2 border. A few HRP-labeled cells were observed
within V1, and most of them were located within 0.5 mm from the V1 border as
determined in neighboring CO-stained sections. Within V2, labeling within a 0.5
mm wide strip immediately adjacent to the V1 border appeared relatively
continuous (Fig. 8A), although periodic increases in cell density were often
observed in this region (Figs. 6, 7A).

Further away from the V1/V2 border, the pattemn of callosal labeled
cells in V2 was characterized by numerous regularly spaced finger-like
protrusions that extended roughly perpendicularly from the V1/V2 border. Figure
6 shows the results from a monkey that received an implant of acrylamide gel-
HRP into the corpus callosum. Figure 6A shows the callosal labeling pattemn
reconstructed from tangential sections through ventral V2. In this case, the
callosal fingers extended up to about 5 mm into V2, although less dense labeling
could be observed as far as 7 mm from the V1/V2 border. The pattern of CO
staining (Fig. 6B) revealed an alternation between CO-dense and CO-pale
stripes oriented roughly perpendicularly to the V1/V2 border. Moreover, among
the CO-dense stripes, wide stripes (T) alternated with thin stripes (t), presumably
corresponding to the arrangement of thick and thin CO-stripes described
previously in monkey V2 (Horton and Hubel, 1981; Tootell et al., 1983;
Livingstone and Hubel, 1984; Horton, 1984; Hendrickson, 1985; Olavarria et al.,
1989, Van Essen et al., 1990). The callosal and CO patterns are superimposed
in Figure 6C. The area analyzed (between dashed lines in Fig. 6C) measured
13.5 mm parallel to the V1/V2 border, and contained 7 CO dense stripes
(indicated with arrows in Fig. 6A-C).

Inspection of Figure 6C suggests that callosal cell clusters coincide
with densely labeled CO stripes, with few cells in the interstripe regions. This
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impression was bome out by our quantitative analysis. In Figure 6D, the solid line
represents the distribution of labeled cells, whereas the dashed line indicates the
density profile for CO staining. The spectral analysis of the distribution of labeled
cells showed a frequency that was significant (p < 0.05), with period of
approximately 2 mm. The cross-spectral analysis of coherence and phase
showed that the coherence was significant (p < 0.05) at this frequency.
Furthermore, the phase (0.01) was not significantly different from zero at this
frequency (p > 0.05), indicating that the two data series were nearly perfectly
aligned.

Similar resuits were obtained from dorsal V2 in the same animal
(Fig. 7). Again, labeled cells formed finger-like clusters extending into V2 (Fig.
7A). Figure 7C is a photomontage showing HRP-labeled cells from one of the
sections used to reconstruct the finger-like cluster marked with the arrow in
Figure 7A. The longest finger-like protrusion in this case extended nearly 8 mm
into V2. Figure 7B shows the distribution of callosal cells and CO staining in the
area analyzed. The spectral analysis of the distribution of labeled cells showed a
significant (p < 0.05) frequency with period of 2 mm. The cross-spectral analysis
of coherence and phase showed that the coherence was significant (p < 0.05) at
this frequency, and that the phase (0.03) was not significantly different from zero
(p > 0.05).

Data from dorsal V2 in the second monkey studied with HRP is
shown in Figure 8-B. As illustrated in Figure 8A, the density of labeled callosal
cells decreased sharply at the V1/V2 border (to the left in Fig. 8A). On the V2
side, there was a region of continuous labeling near the V1/V2 border from which
fingers of labeled callosal cells extended as far as 5 mm into V2. Inspection of
Figure 8B suggests a good correspondence between the peaks in labeled cell
density and the peaks in CO labeling density. The spectral analysis showed a
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significant (p < 0.05) frequency with period of 1.6 mm in both labeling patterns,
and a phase (0.07) not significantly different from zero (p > 0.05).

ANIMAL INJECTED WITH NUCLEAR YELLOW

The data illustrated in Figure 8C-D show that a periodic clustering
of callosal connections in V2 was not dependent on the tracer and methods of
applications used since similar results were obtained with injections of NY. The
pattern of callosal connections (Fig. 8C) was reconstructed from sections cut
tangentially to the ventral face of the separated and flattened operculum (see
Methods). Because of this approach, the tangential sections did not include the
V1N/2 border and opercular portions of V2, causing the finger-like clusters to
appear shorter than in the previous Figures. Figure 8D shows the distribution of
callosal cells and CO staining in the area analyzed. The spectral analysis of the
distribution of labeled cells showed a significant (p < 0.05) frequency with period
of approximately 2 mm. The cross-spectral analysis of coherence and phase
showed that the coherence was significant (p < 0.05) at this frequency and that
the phase (0.1) was not significantly different from zero (p > 0.05).

DISCUSSION

We found that callosal cells in V2 accumulate in finger-like bands
that are in register with CO-dense stripes. Our results confirm and extend
previous studies on the distribution of callosal connections in visual area V2 of
the macaque (Winfield et al., 1975; Lund et al., 1976; Rockland and Pandya,
1979; Van Essen and Zeki, 1978; Van Essen et al., 1982; Kennedy et al., 1986),
as well as on the relationship of callosal connections with the CO-architecture in
V2 (Kennedy et al., 1986). In addition, our data confirm that callosal labeling in
V1 is largely restricted to a narrow zone immediately adjacent to the V1/vV2
border (Kennedy et al., 1986).
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RELATIONSHIP OF CALLOSAL CELL PATTERN TO CO STRIPES INV2

The callosal pattern we observed was characterized by numerous
regularly spaced finger-like protrusions which originated from a more continuous
distribution of labeled callosal cells at the V1/V2 border. These callosal fingers
extended up to about 7 mm into V2, which is about 10-13 mm wide (Olavarria et
al., 1989; Van Essen et al., 1990). Similar pattemns of callosal cell distribution
have been described in area V2 of squirrel monkeys (Gould et al., 1987; Cusick
and Kaas, 1988) and owl monkeys (Newsome and Allman, 1980; Cusick et al.,

1984).

We used spectral analysis techniques to quantitatively assess the
degree of correlation between the distribution of callosal celis with the CO-
density profiles in V2. This approach did not require the identification of the
boundaries of CO stripes, which can be difficuit to delineate unambiguously.
Analysis of the distribution of callosal cells revealed that increases in the number
of callosal cells occurred about every 1.6 - 2 mm, which is approximately the
distance between thick and thin stripes (Shipp and Zeki, 19839b; Tootell and
Hamilton, 1989; Olavarria et al., 1989; Van Essen et al., 1990). Since these
increases in labeled cell numbers were spatially correlated with peaks in CO
density, it could be inferred that fingers of callosal connections were in register
with both thick and thin stripes. This was confirmed in cases in which CO stripes
could be identified by their appearance.

FUNCTIONAL IMPLICATIONS:

Functional Streams

The stripe-like subregions in V2 have been related to three parallel
functional pathways emanating from V1. One pathway originates from layer 4B in
V1 and projects to thick stripes in V2, and to more distant areas V3 and MT
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located in parietal cortex (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985;
Livingstone and Hubel, 1987; Felleman et al., 1988; Shipp and Zeki, 1989a,b). A
second pathway connects CO blobs in V1 with thin stripes in V2, and a third
pathway connects interblobs in V1 with interstripes in V2 (Livingstone and Hubel,
1984). Thin stripes and interstripes project separately to V4 (DeYoe and Van
Essen, 1985; Shipp and Zeki, 1985; Zeki and Shipp, 1989; DeYoe et al., 1988;
1994; Van Essen et al., 1990), and from here these pathways extends to
inferotemporal cortex (Desimone et al., 1980; DeYoe et al., 1994).

In recent years, several views have emerged regarding the role of
these pathways in vision. One of these views is that the dorsal pathway passing
through thick V2 stripes is mainly involved in visual motion analysis, while the
ventral pathways passing through thin and interstripes in V2 are concerned with
analysis of form and color (Ungerleider and Mishkin, 1982; Mishkin et al., 1983,
Maunsell and Newsome, 1987; Livingstone and Hubel, 1987; DeYoe and Van
Essen, 1988; Levitt et al., 1994a). Although the relationship of V2 CO-stripes to
functional streams may be more subtle or complex (DeYoe and Van Essen,
1985; Schiller et al., 1990; Merigan and Maunsell, 1990; Peterhans and von der
Heydt, 1993; Levitt et al., 1994a; Ferrera et al., 1994), there is general
agreement that neurons with selective respbnses to visual attributes, such as
color and motion, tend to cluster in different CO compartments in V2. For
instance, direction-selective cells have been reported to be more prominent in
thick stripes whereas color-selective cells are more prominent in thin stripes and
in interstripes (DeYoe and Van Essen, 1985; Hubel and Livingstone, 1987; Levitt
et al., 1994a). Also, cells in thin stripes apparently lack disparity tuning, whereas
thick stripes contain a high proportion of cells responsive to binocular disparity,
including true binocular cells (i.e. cells which only respond to stimulation of both
eyes and which could be of particular importance for depth perception) (Hubel
and Wiesel, 1970; Hubel and Livingstone, 1985, 1987).
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This theoretical framework suggests that the correlation between
callosal connections and CO stripes we found in V2 may be functionally
significant. For instance, callosal connections associated with thick stripes may
participate in the generation of disparity-selectivity found in some cells in these
stripes. In addition, they may contribute to the ipsilateral portion of large
direction- and velocity-selective surrounds that modulate responses to moving
stimuli within the classical receptive fields of cells in V2 (Allman, Miezin and
McGuinnes, manuscript in preparation, cited in Allman et al., 1985). These
surrounds are analogous to those described more extensively in MT (Allman et
al., 1985; Tanaka et al., 1986). As suggested by Desimone et al. (1993), large
suppressive surrounds in MT may be mediated at least in part by callosal
connections which are widely distributed in this area (Maunsell and Van Essen,
1983), but it is also conceivable that callosal influences exerted on thick stripes of
V2 may reach area MT through the thick stripe-MT ipsilateral projection (DeYoe
and Van Essen, 1985; Shipp and Zeki, 1985, 1989b).

On the other hand, thin stripes have been associated with color
vision on the basis of their afferent and efferent connections and cell properties
(Livingstone and Hubel, 1984; DeYoe and Van Essen, 1985; Shipp and Zeki,
1985; Hubel and Livingstone, 1987; Zeki and Shipp, 1989). The role of callosal
connections originating from thin stripes may be homologous to the role of
callosal connections in V4 (Desimone et al., 1993), an area thought to play an
important role in color vision (Zeki, 1973, 1980; Schein and Desimone, 1990). In
V4, callosal connections have been implicated in the creation of wavelength
selective, suppressive surrounds that extend across the vertical meridian of the
visual field (Desimone et al., 1993). Desimone and colleagues have speculated
that one of the roles of suppressive surrounds in V4 is to mediate long-range
context effects in the visual field such as color constancy. The fact that the
perceptual phenomenon of color constancy requires an intact corpus callosum in
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order to span the two hemifields (Land et al., 1983) supports the idea that it
involves the callosal pathway. It is possible that callosal connections of thin
stripes exert similar influences in V2 at the neuronal level. In addition, caliosal
influences on thin stripes may be relayed to V4 through ipsilateral thin stripe-V4
connections (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985; Zeki and
Shipp, 1989; DeYoe et al., 1988, 1994), where this input may contribute to the
callosum-mediated surround effects that have been described in V4 (Desimone
et al., 1993).

Segregation and Intermixing of Functional Streams

To what extent do functional streams remain segregated
throughout the visual system? Evidence that the three classes of CO stripes
identify a segregation of functional pathways comes from studies showing that
thick stripes project to MT, while thin and interstripes project to separate
compartments in V4 (DeYoe and Van Essen, 1985; Shipp and Zeki, 1985,;
1989b; DeYoe et al., 1988; 1994; Zeki and Shipp, 1989; Van Essen et al., 1990).
On the other hand, cross talk between streams appears to occur at several levels
including V2. Indeed, studies of intrinsic connection in V2 have shown that all
three stripe classes are interconnected, although there appears to be a tendency
for CO-rich stripes to connect with other CO-rich stripes, while CO-poor
compartments project more equally to CO-rich and CO-poor compartments
(Livingstone and Hubel, 1984; Rockland, 1985; Levitt et al., 1994b; Malach et al.,
1994; Olavarria and O'Brien, unpublished observations).

Our data indicate that the pattern of interhemispheric connections
in V2 differs from the pattern of intrahemispheric cortico-cortical connections.
While interstripes maintain intrinsic connections with other interstripes and
neighboring CO-rich stripes, we found that, except for a narrow region at the
V12 border, interstripes are not callosally connected among themselves nor do
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they send many projections to contralateral CO-rich stripes. Furthermore,
although V2 has been shown to send direct callosal input to more anterior
extrastriate areas (Kennedy et al., 1986; Dehay et al., 1986), our data suggest
that interstripes do not project callosally to other extrastriate areas involved by
the callosotomy, in particular area V4, which is a major target for ipsilateral
projections from pale interstripes (DeYoe and Van Essen, 1985; Shipp and Zeki,
1985; Zeki and Shipp, 1989; DeYoe et al., 1988). Regarding thick and thin
stripes, further studies are necessary to determine to what extent their
contralateral projections to V2 and other visual areas contribute to the
segregation and/or mixing of cortical streams. '

Callosal Pattern and Visual Topography in V2

Callosal connections may be primarily concerned with the vertical
meridian of the visual field (Choudhury et al., 1965; Hubel and Wiesel, 1967;
Berlucchi et al., 1967). Support for this idea comes from reports indicating that
some loci in V2 located as far as 5 mm from the V1/V2 border have receptive
fields on or near the VM (Van Essen and Zeki, 1978). In this context, our results
would suggest that receptive fields overlapping the VM would be more prevalent
in CO-rich stripes than in interstripes, due perhaps to an increase in receptive
field size or scatter, but this suggestion cannot be evaluated with available
mapping data from this area (Van Essen and Zeki, 1978; Gattass et al., 1981;
Rosa et al., 1988).

Alternatively, callosal connections in V2 may integrate information
from regions in the ipsilateral hemifield away from the vertical meridian. Support
for this idea comes from the report by Kennedy et al. (1985) indicating that in
area V2 of the baboon there is a strip of cortex adjacent to the V1 border
subserving receptive fields in the ipsilateral hemifield. Neurons with ipsilateral
receptive field centers were found as far as 6 mm from the V1/V2 border.



42

The exact topography of callosal influences from beyond the
vertical meridian ultimately depends on the organization of callosal linkages.
Callosal fibers may link non anatomically-corresponding loci that represent
similar visual field coordinates, as in lateral striate cortex of rats and cats (Lewis
and Olavarria, 1995; Olavarria, 1995). Alternatively, callosal fibers may connect
anatomically-corresponding loci representing receptive fields located on either
side of the vertical meridian. In the latter case, excitatory callosal influences
could lead to the assembly of large bilateral receptive fields whose ipsilateral
component would be dependent on the callosal pathway, as is the case for the
majority of neurons in inferotemporal cortex (Rocha-Miranda et al., 1975). On the
other hand, inhibitory callosal influences could contribute to large silent
surrounds exerting suppressive modulation of classical receptive fields close to
the midline, as it occurs in V4 (Desimone et al., 1993) and MT (Allman et al.,
1985).

Determining the fine organization of callosal connections in V2 will
thus be an important step for understanding the functional role of this pathway,
and efforts towards this goal are currently underway in our laboratory (Abel et al.,
1995). Moreover, since the development of specific patterns of callosal linkages
may depend on the nature of the cues leading to the stabilization of juvenile
connections (Olavarria and Li, 1995; Olavarria, 1995), knowing the organization
of callosal linkages in macaque V2 may also help us to identify factors guiding
the development of callosal connections in this extrastriate area (Dehay et al.,
1988).
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Figure 6: V2-CC (777RV).

A. Reconstruction of HRP-labeled callosal pattem from tangential sections
through right ventral V2 in monkey 777. Dots indicate single HRP-labeled cells.
Arrows indicate position of CO-dense stripes (see B); posterior is to the left,
dorsal is up. The border of V1 (visible in neighboring CO-stained section shown
in B) is indicated by thin line to the left. B. Pattern of CO staining. Arrows indicate
position of CO-dense stripes. Wide stripes (T) alternate with thin stripes (t),
presumably corresponding to the arrangement of thick and thin CO-stripes
described previously in monkey V2 (see text for references). C. Superimposition
of the callosal and CO patterns. D. Spectral and coherence analysis of callosal
and CO labeling patterns. The area analyzed quantitatively (between dashed
lines in Fig. 6C) measured 13.5 mm in the direction parallel to the V1/\V2 border.
The solid curve represents the distribution of labeled cells, while the dashed
curve indicates the density profile for CO staining. Scale bar = 2.0 mm.



Density of CO

3 »
A

ks, o T2

60
A

40
L

“
©

(o)
o
A
N
! /v A
D \ \
_L. ™~ O\ ..?u_.
Yoo
\
\
YA\
v

«
©
m

9.3

12.3

L4
120

.

L v L}
100
Number of Labeled Cells

v

-
20 40 60 80

Ll

0



44

Figure 7: V2-CC (777RD).

Data from right dorsal V2 from the same animal shown in Figure 6. A.
Reconstruction of callosal pattern; posterior is to the left, dorsal is up. The thin
line indicates a fissure in the tissue, while the dashed lines indicate area
analyzed quantitatively. B. The solid curve represents the distribution of labeled
cells, and the dashed curve indicates the density profile for CO staining. C.
Photomontage of HRP-labeled cells from one of the sections used to reconstruct
the callosal pattern shown in A. These cells belong to the finger-like cluster
indicated with an arrow in A. Arrows in C indicate some retrogradely-labeled
cells. Scale barin A=2.0mm; in C =0.2 mm.
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Figure 8: V2-CC (428RD, 4134 RD).

A-B. Data from monkey 428 studied with HRP. A. Reconstruction of callosal
pattern from tangential sections through dorsal V2 in the right hemisphere. The
dashed lines indicate area analyzed quantitatively. Posterior is to the left, dorsal
is up. B. The solid curve represents the distribution of labeled cells, and the
dashed curve indicates the density profile for CO staining. C-D. Data from
monkey 4134 injected with NY. C. Reconstruction of callosal pattem from
tangential sections through right dorsal V2. The thin lines represent the borders
of the tissue block, while the dashed lines indicate the area analyzed
quantitatively. Posterior is to the left, dorsal is up. D. The solid curve represents
the distribution of labeled cells, and the dashed curve indicates the density profile

for CO staining. Scale bar = 2.0 mm.
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CHAPTER 3: THE ORGANIZATION OF CALLOSAL LINKAGES IN VISUAL
AREA V2 OF MACAQUE MONKEY.

Interhemispheric connections are commonly thought to link cortical
regions with midline representations. In visual cortex, early anatomical studies
found that callosal connections accumulated along the border between visual
areas (Mettler, 1935; Myers, 1962; Ebner and Myers, 1965; Myers, 1965; Cragg,
1969; Zeki, 1969, 1970). Further, physiological studies provided data that
receptive fields of callosal cells overlap the representations of the vertical
meridian (Choudhury et al., 1965; Whitteridge, 1965; Berlucchi et al., 1967,
Hubel and Wiesel, 1967; Berlucchi and Rizzolatti, 1968; Shatz, 1977).

However, this ‘vertical meridian rule’ (Berlucchi, 1981) is not
entirely consistent with the results from more recent studies. Owing to the use of
more sensitive anatomical methods and to the increase in the number of visual
areas which have been identified in visual cortex, callosal connections now
appear to extend substantially within nearly every visual area (e.g., Van Essen et
al., 1982). In fact, in some visual areas such as area MT and V4, callosal
connections are found throughout much of the tangential extent of these regions
(Van Essen et al., 1982; Cusick et al., 1984; Maunsell and Van Essen, 1987).
These findings suggest that callosal connections are not exclusively associated
with midline representations (e.g., Segraves and Rosenquist, 1982a,b; Cusick et
al., 1984; Cusick et al., 1985).

Determining the functional contribution of these widespread callosal
connections will in part depend upon revealing their topography. Do callosal
connections randomly link portions of an area with loci in the contralateral area,
or do specific patterns exist in the organization of these connections? In the rat
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and cat recent studies have found that callosal connections link anatomically
non-corresponding loci between the area 17/18 border regions. This pattern of
callosal connections may serve to interlink overlapping representations of visual
space (Lewis and Olavarria, 1995; Olavarria, 1996). On the other hand,
anatomically corresponding callosal connections could provide links between
visual field representations located on opposite sides of the midline. Evidence for
this pattemn of callosal connections has been found in medial portions of area 17
in the rat and in extrastriate cortex in the cat (Segraves and Rosenquist, 1982b;
Lewis and Olavarria, 1995). There have been reports in the primate that callosal
connections link anatomically corresponding loci within extrastriate cortex
(Myers, 1961, 1965; Zeki, 1969; Tigges et al., 1974, 1981; Spatz and Kunz,
1984: Maunsell and Van Essen, 1983, 1987). However, the data in primates are
quite limited and many regions within extrastriate cortex have not been
examined.

In the present study, we examined the organization of callosal
linkages in visual area V2 of macaque monkey. in macaque monkey, few callosal
connections are found within area V1, aithough in area V2 they have been shown
to be widespread (Myers, 1962; Zeki, 1970; Lund et al., 1975; Van Essen et al.,
1982; Kennedy et al., 1986; Olavarria and Abel, 1996). Callosal connections
accumulate in V2 at the border with V1 and within finger-like projections which
extend up to 8 mm from the V1 border (Olavarria and Abel, 1996), about half way .
across the anterior-posterior width of V2 (Weller and Kaas, 1983; Van Essen et
al., 1990; Olavarria and Van Essen, 1997). Whether callosal connections in V2
link anatomically corresponding or non-corresponding regions is not known.

Relative to other visual areas, V2 offers several advantages for this
type of analysis. The organization of callosal linkages can be compared with the
topography of the visual field map more readily in V2 than other extrastriate
areas; receptive fields are smaller and there appears to be less scatter in the
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visual field map (Van Essen and Zeki, 1978; Gattass et al., 1981; Roe and T'so,
1995). In addition, the functional organization and development of callosal
connections are better understood in V2 than in other extrastriate areas (Dehay
et al., 1986; Kennedy et al., 1986; Dehay et al., 1988; 1989; Chalupa et al., 1989,
Olavarria and Abel, 1996). Finally, the organization of callosal linkages in other
species has been examined along the V12 border (Lewis and Olavarria, 1995;
Olavarria, 1996) allowing for comparisons to be made with the pattern of callosal
linkages along the V1/V2 border in the macaque.

In order to reveal the pattern of callosal linkages, retrogradely-
transported tracers were injected into area V2 at a distance from the V1 border
that varied between injection sites. The resulting distributions of labeled cells in
contralateral V2 were compared between different tracers with respect to the
location of their injection sites. We found that the location of labeled cells in
contralateral V2 varied as a function of the location of injection sites. Labeled
callosal cells were found to preferentially accumulate in anatomically
corresponding locations, relative to the location of the contralateral injection site.
These findings suggest that disparate representations of the visual field are
linked between areas V2. Some of these data have been presented previously
(Abel et al., 1995).

MATERIALS AND METHODS

Five adult monkeys (4 Macaca fascicularis, 1 Macaca nemestrina)
weighing 3-6 kg, were used in this study. Surgery was performed aseptically
under general anesthesia induced with ketamine (0.10 mg/kg i.m.) and
maintained with Halothane (1.5-3.0%). During the surgery, a craniotomy was
made over portions of the lunate, intraparietal and superior temporal sulci in one
hemisphere and portions of the dura matter were retracted. A portion of the
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prelunate gyrus was removed by subpial aspiration in order to visualize regions
of V2 buried in the lunate sulcus.

The fluorescent tracers Bisbenzimide (10% BB in dH20) or Nuclear
Yellow (5% NY in dH70) were injected into area V2 either within the dorsal

surface of the operculum or the posterior bank of the lunate sulcus (see Fig. 9).
Each injection site was made approximately 1.0 mm under the cortical surface
and a total of about 0.2ul of tracer was injected. Some injections were found to
extend into the white matter. Each tracer was injected in multiple sites at the
same distance from the V1/V2 border. The total volume of each tracer injected
did not exceed 1.0 ul per animal. Near the end of the surgery, unilateral
intravitreal injections of horseradish peroxidase (50-60 ul of 30% HRP in saline,
Sigma Type VI), were performed in each Macaca fascicularis, as a part of a
separate experiment.

After a 3-4 day survival period, to allow for retrograde transport of
tracers, animals were deeply anesthetized with pentobarbital (0.40 mg/kg i.v.)
and perfused transcardially with 0.9% saline followed by a fixative solution
containing 2% paraformaldehyde and 0.25% glutaraldehyde in 0.1 M phosphate
buffer. All surgical procedures were performed in accordance with NIH guidelines
(NIH publication 85-23) and according to protocols approved by the U.W. Animal
Care Committee (IACUC).

HISTOCHEMICAL PROCESSING

Brains were blocked in the coronal plane and the hemispheres
were separated from the brainstems. In three animals, the hemispheres were
physically unfolded and flattened according to procedures described previously
(Olavarria and Van Sluyters, 1985). In the other two animals the hemispheres
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were analyzed in parasagittal sections. Brainstems were analyzed in transverse
sections.

Unfolded and flattened tissue was kept between glass slides for
about 12 h at 40 C in 0.1 M phosphate buffer. The glass slides were then
removed and the block of tissue was placed in 20% sucrose in fixative for
approximately thirty minutes. The tissue was then transferred to a solution of
20% sucrose in phosphate buffer at 4 0C until it sank. The remaining cortical
hemispheres and brainstems were kept in 20% sucrose in fixative at 4 0C until
they sank. All tissue blocks were sectioned at 40-50 um on a freezing microtome.

Sections from the flattened tissue blocks were mounted onto glass
slides, air-dried, and immediately scored for labeled cells/injection sites using
fluorescent microscopy. These sections were then removed from the slides and
processed for cytochrome oxidase (Wong-Riley, 1979) to reveal the location of
the V1/V2 border, or processed for Cat-301 immunohistochemistry to aid in the
identification of CO-stripes (Hendry et al., 1988; DeYoe et al., 1990; Abel et al.,
1997, Olavarria and Van Essen, 1997). In each block, a few sections were
processed for cytochrome oxidase without being scored to reveal the pattern of
CO stripes in tissue that had not been exposed to the fluorescent illumination.
Every fourth parasagittal and transverse section (200 um interval), was mounted
onto subbed slides and scored for labeled cells/injection sites. These sections
were then stained for Nissl substance. One additional series of sections from the
brainstems was immunostained for the calcium binding protein caibindin-D28k
(Sigma) and a second was reacted for HRP (Mesulam, 1978),

DATA ANALYSIS

Histological sections were scored using a microscope equipped
with a motorized stage controlled by a Gateway 2000 486/33c computer, and the
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graphic system Neurolucida (MicroBrightField). Reconstructions of the
distribution of labeled celis in flattened tissue blocks were prepared by carefully
superimposing all tangential sections containing labeled cells, using blood
vessels, tissue contours and the V1/V2 border as landmarks. Computerized 3-
dimensional reconstructions of the distribution of labeled cells in the pulvinar
were prepared by aligning sections in serial order using tissue contours,
differential staining for calbindin (Gutierrez et al., 1995) and blood vessels as
landmarks.

In order to infer the pattern of V2 callosal linkages, deriving
accurate estimates of the size of V2 injection sites was important. In the cortex,
the boundaries of intense fluorescent label and diffuse fluorescent halo were
plotted. Sections were inspected to determine whether pipette tracks extended
into the white matter and the possible extent of fluorescent [abel beneath the
cortex. In addition, the locations of labeled cells in ipsilateral V1, LGN, and the
pulvinar nucleus were analyzed. Because of the high intensity of the fluorescent
halo for injections close to the V1/V2 border, not all retrogradely-labeled cells in
V1 couid be plotted following these injections.

We interpreted the following as indications of tracer uptake by
fibers of passage: pipette tracks that extended into the white matter, intense
fluorescent label located below the cortex, labeled cells found scattered across
the LGN, and large clusters of labeled cells found within the pulvinar. All of these
conditions were met for the BB injections in animal mf-09. These injections
resulted in callosal labeling which closely approximated the entire callosal pattern
(see Fig. 10,11; Olavarria and Abel, 1996). In animal mf-13, the lateral NY
injection was also found to spread diffusely into the white matter, as described
below. The data from the remaining injections did not meet these criterion and
considered to be largely devoid of this potential confound.
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QUANTITATIVE ANALYSIS

After CO or Nissl staining, the V1//2 border was plotted onto
drawings of each section and area V2 was divided into strips 200 um wide
oriented parallel to the V1/V2 border. In parasagittal sections, strips were marked
at the bottom of layer 4 and extended to the cortical surface. The number of celis
found within each strip was counted and summed within corresponding strips
between sections. In order to facilitate comparisons, the total number of labeled
cells found within each strip was expressed as a percent of the total population of
labeled cells.

RESULTS

In the hemisphere contralateral to the V2 injection sites, most
labeled callosal cells were found in lower layer 3. Relatively few callosal cells
were found in V1. However, when present, the number of labeled cells found was
greater and their tangential distribution more widespread in lateral than in medial
portions of V1. In addition to finding labeled cells in V2, callosal cells were also
found within the annectant gyrus, on the posterior bank of the prelunate gyrus, in
addition to extending down the posterior bank of the superior temporal sulcus.
These observations are in agreement with resuits obtained previously in the
macaque monkey (Lund et al., 1975; Van Essen et al., 1982; Kennedy et al.,
1986; Olavarria and Abel, 1996).

We found that the location of labeled callosal cells in V2 varies as a
function of the location of contralateral V2 injection sites. These results will be
presented first from data in which two tracers were injected in the same animal at
different locations within V2. Data in which one tracer was injected in different
locations between animals will then be presented.
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PAIRED INJECTION PARADIGM

NY and BB injections were made into animal mn-18. The data from
this animal were analyzed in sections cut tangential to the unfolded and flattened
cortical surface. The NY injection sites were made away from the V1 border
within V2. The center of these injections was located 2 mm from the V1 border in
V2. Intense fluorescent iabel extended medio-laterally 1 mm in diameter about
the injection sites (see dark gray outlines Fig. 10A). In sections cut through lower
cortical layers, both the size of the fluorescent region and intensity of the tracer
were reduced, confirming that the tracer did not extend into the white matter.

In the ipsilateral hemisphere, NY-labeled cells were found in a
single field within V1. This field of labeled cells extended as far as 4.5 mm from
the V1 border in a fan-like pattern within V1 (see black dots Fig. 10A). The total
number of NY-labeled cells in V1 approaching the V1 border was likely
underestimated due to the prominence of the BB fluorescent halo. Regardless,
the small size of the labeled field in V1 suggests that these injections were quite
restricted. In addition, the presence of labeled cells within V1 away from the V1
border confirms that the tracer uptake zone was located away from the V1/\V/2
border in V2 (Zeki, 1969; Rockland and Pandya, 1979; Weller and Kaas, 1983;
Perkel et al., 1986; Stepniewska and Kaas, 1996). Significant uptake within fibers
of passage from these injections appeared unlikely. Few NY-labeled cells were
found in the pulvinar nucleus. The largest patch of cells measured only 0.04 mm?
in cross-sectional area and no NY-labeled cells were found in the LGN.

In the contralateral hemisphere, the proportion of NY-labeled cells
that were found in V1 or near the V1/V2 border in V2 was quite low. Further away
from the V1 border in V2 the number of labeled cells increased and formed three
finger-like clusters oriented orthogonal to the V1 border (see black dots Fig.
10B). As illustrated in Figure 10B, the density of NY-labeled callosal cells was
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maximal in regions of V2 located away from the V1 border. These data are in
contrast with the overall distribution of callosal cells in V2, which are maximal
near the V1/V2 border. The distribution of NY-iabeled callosal ceils was also
quite different from the distribution of BB-labeled cells. The data from the NY
injection would be consistent with an anatomically corresponding pattern of
callosal connections.

BB injections were made in animal mn-18 adjacent to the VI1/N2
border. The center of these injections was located on the V1/V2 border (see light
gray outlines, Fig. 10A). The prominence of the fluorescent halo precluded the
ability to score retrogradely-labeled cells in ipsilateral V1 along the V1/V2 border,
where they would have been expected (Zeki, 1969; Rockland and Pandya, 1979;
Weller and Kaas, 1983; Perkel et al., 1986; Stepniewska and Kaas, 1996).
Nonetheless, no BB-labeled cells were found outside of this fluorescent halo. In
sections from lower cortical layers pipette tracts from all but the most medial
injection remained. However, the intensity of the label was reduced in these
sections relative to those taken from superficial layers. In the pulvinar the largest
patch of labeled cells measured only 0.69 mm?. Within the LGN labeled cellis
were found in posterior portions regions along an arc about the medial edge of
the nucleus, corresponding to representations about the vertical meridian
(Malpeli and Baker, 1978; Connolly and Van Essen, 1984). These data suggest
that the tracer did not spread substantially away from the injection sites.

In the contralateral hemisphere, labeled cells in V2 accumulated in
a continuous medio-lateral stripe close to the V1 border, and within the three
finger-like clusters which extended across V2 (see gray dots Fig. 10B). The
majority of BB-labeled callosal cells accumulated near the V1 border in V2.
These data would also be consistent with an anatomically corresponding pattern

of callosal connections in V2.
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In order to compare these data quantitatively, the number of
labeled callosal cells found within V2 were counted with respect to their distance
from the V1 border. The resulting distributions of labeled celis agree quite closely
with the observations from tangential sections. The density of labeled BB cells
peaked close to the V1 border in V2 (at 0.8 mm). whereas the density of NY-
labeled cells peaked away from the V1 border in V2 (at 2.0 mm). The dip in the
density of labeled celis found about 1.0 mm from the V1 border is artifactual, due
to a tear in the V2 tissue block. Comparing between the distributions of labeled
cells, reveals that the majority of labeled cells in V2 were found at a similar
distance from the V1 border to the location of their contralateral injection sites.

The resuits from animals in which the cortex was sectioned
parasagittally were consistent with those found in the data collected in sections
cut tangential to the cortical surface. In the lateral portion of V2 in animal mf-19,
two injections were made. NY was injected on the V1/V2 border and an intense
fluorescent halo extended 0.2 mm within V2. BB was injected 0.4 mm from the
V1 border in V2, from which a 0.4 mm diameter intense halo extended, partially
overlapping the NY halo. Neither of the pipette tracks extended into the white
matter, although intense fluorescent label was present below the cortex. In the
pulvinar, the largest patch of NY labeled cells measured 0.08 mm? and the
largest BB cluster was 0.98 mm?. Because not all of the data from the brainstem
could be analyzed, the amount of labeling in the LGN remains uncertain.
However, the small size of labeled cell clusters in the pulvinar suggests that the
amount of uptake into fibers of passage was not significant.

In contralateral V2, both NY and BB Iabeled cells were found within
sections from lateral portions of V2. The NY injection made on the V1/V2 border,
which had spread 0.2 mm from the V1 border in V2, resulted in a restricted
distribution of labeled cells. NY-labeled cells in V2 extended up to only 2.2 mm
from the V1 border. The peak density of labeled cells was found 0.4 mm from the
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V1 border. The lateral BB injection, which extended 0.8 mm away from the V1
border in V2, resulted in a slightly more widespread distribution. BB-labeled cells
were found up to 3.2 mm away from the V1 border in contralateral V2. The peak
density of BB labeled cells was located 0.8 mm from the V1 border (see Fig. 12).
Similar to the data from sections analyzed in unfolded and flattened corticies,
these data demonstrate a predominance of labeled callosal cells in anatomically
corresponding locations within V2, relative to the location of the contralateral
injection sites.

SINGLE INJECTION PARADIGM

The data from single-tracer injections was consistent with the data
from the double-tracer injection paradigm. Restricted injections of either NY or
BB resulted in labeled callosal cells whose density peaked in anatomically
corresponding locations relative to the injection sites.

In animal mf-16, two NY-injections in V2 were made close to the V1
border. These data were analyzed in sections cut tangential to the cortical
surface. The center of the injection sites was located about 1mm from the V1
border and the intense fluorescent halo was about 0.6 mm in diameter. These
injections were made on the surface of the dorsal operculum, and were
separated medio-laterally by about § mm (see Fig. 13A). Both the size and
intensity of the fluorescent labeled regions decreased between sections from
superficial to deep cortical layers. No pipette tracks could be seen in sections
from the deepest layers indicating that the tracer did not extend into the white
matter. Retrogradely-labeled cells could not be scored in V1 owing to the NY
halo which overlapped the adjacent V1/V2 region where labeled cells would have
been expected (Zeki, 1969; Rockland and Pandya, 1979; Weller and Kaas, 1983;
Perkel et al., 1986; Stepniewska and Kaas, 1996). In the pulvinar nucleus, the
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largest patch of labeled cells measured 0.72 mm? in cross-sectional area. Fifteen
NY-labeled cells were found in the LGN, near it's medial edge.

In contralateral V2, no labeled cells were found in V1. Labeled cells
accumulated slightly anterior to the V1 border within V2, closely matching the
location of the intense fluorescent label about the injection sites. Medially, a
nearly continuous strip of labeled cells was found along the medio-lateral axis.
The restricted distribution of labeled cells in the anterio-posterior plane was more
pronounced in these data relative to those found in other animals. Few NY
labeled callosal cells were found more than 1 mm from the V1 border in V2, and
labeling was nearly absent beyond 2 mm (see Fig. 13B). Similar to the data from
other animals, the majority of labeled cells were located at a distance from the V1
border in right V2 which closely matched the location of tracer spread about the
injection sites in left V2.

In one animal (mf-09) two large injections of BB were made in V2
along the V1/V2 border extending into the white matter which revealed the entire
callosal pattern. In addition, two small injections of NY were made away from the
V1 border in V2. The center of the NY injections was located about 3 mm from
the V1 border, about which an intense fluorescent halo extended about 1 mm.
The reconstruction of the NY injection sites is illustrated in Figure 14A. Because
the injections were not made orthogonal to the cortical surface, pipette tracts
shifted slightly across sections leading to oval-shaped injection sites in the
reconstruction. The possibility that some tracer spread into the white matter
cannot be ruled out. In sections cut from the deepest layers, the pipette tract from
the lateral injection was present. However, the size and intensity of the
fluorescent labeling found about this tract was minimal.

Retrograde labeling found in ipsilateral V1 and the thalamus
suggested that these injections were restricted to V2. In ipsilateral V1, two fields
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of NY-labeled cells were found roughly corresponding to mirror image locations
from the V2 injection sites (see black dots in Fig 14A). Labeled cells were found
to be scattered over a wider portion of V1 in the lateral field, than the cells found
in the medial field. Because the amount of labeled cells in V1 were similar
between these fields, this difference did not seem to be due to a greater tracer
uptake in the lateral V2 injection. Nonetheless, the distribution of the [abeled cells
within V1 agrees with previous studies which have shown a topographical
organization in the pattern of V1-V2 projections (Zeki, 1969; Rockland and
Pandya, 1979; Weller and Kaas, 1983; Perkel et al., 1986; Stepniewska and
Kaas, 1996). Owing to the V1/V2 border region in this animal had received BB
injections (data not shown), some NY labeled cells located aiong the V1/V2
border may not have been recovered. The largest patch of NY-labeled cells in
the pulvinar measured 0.29 mm?in cross-sectional area, which is considerably
smaller than the 1.8 mm?patch observed for BB-labeled cells. No NY-labeled
cells were found in the LGN.

In the contralateral hemisphere a widespread pattern of BB-labeled
cells was found (see gray outline in Fig. 14B). The resulting pattern of callosal
fingers was found to correlate with cytochrome oxidase dense thick and thin
stripes as reported previously (Olavarria and Abel, 1996). In contralateral V2, a
small number of NY-labeled cells were found (see black dots, Fig. 14B). A few of
these labeled cells were found in V2 within 0.2 mm of the V1/V2 border. The
maijority of NY- labeled cells was found near the end of the callosal fingers
revealed with BB. Because the overall callosal pattern in V2 can be characterized
by a negative exponential function (PL Abel, BJ O'Brien, JF Olavarria,
unpublished observations), the random probability of finding any cell located
away from the V1 border is extremely low. For this reason, finding proportionately
more labeled cells located away from the V1 border in a small sample further
supports the notion that the pattern of callosal linkages is not diffuse.
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The quantification of the data from the BB injections in animal mf-
16 and the NY injections in mf-09 provide further evidence for an anatomically
corresponding pattern of callosal connections in V2. As shown in Figure 15, the
peaks in the distributions of labeled cells within each animal closely
corresponded to the location of the contralateral injection sites. In addition, these
distributions were quite dissimilar between the tracer-injections made in different
locations in V2, between animals.

Finally, we present additional data from two animals in which the
data were analyzed in the parasagittal plane. In the medial portion of V2 in
animal mf-19, a BB injection was made 0.4 mm from the V1 border about which
an intense fluorescent halo extended 0.8 mm (Fig. 16A). In animal mf-13, a NY
injection was centered 1.2 mm from the V1 border, about which an intense
fluorescent halo extended 0.6 mm. Neither the pipette tracks, nor intense
fluorescent label was found in the white matter underlying these injections.
Similar to the data presented previously, the distributions of V2 labeled cells from
both injections peaked at a distance from the V1 border which corresponded to
the location of the contralateral injection sites (see Fig. 16B).

DISCUSSION

The resulits indicate that the pattern of callosal linkages in V2 is not
diffuse. We found that the location of labeled cells in contralateral V2 varied as a
function of the location of our injection sites. Injection sites located away from the
V1 border in V2 resulted in accumulations of labeled callosal cells that were
located away from the V1 border in contralateral V2 (Fig. 118, 12B, 15B, 168B).
V2 injection sites placed close to the V1 border, resulted in accumulations of
labeled cells that were located close to the V1 border in contralateral V2 (Fig.
11A, 12A, 15A, 16A). These findings are consistent with the idea that callosal
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connections in V2 preferentially link anatomically corresponding regions between
the hemispheres.

Our results confirm and extend the results from previous
anatomical studies. Myers (1961, 1965) reported that small lesions made within
“juxtastriate” cortex produce degeneration in homologous regions in the opposite
hemisphere. Subsequent studies in V2 using degeneration staining (Zeki, 1969;
Tigges et al., 1974) or horseradish peroxidase (Tigges et al., 1981; Spatz and
Kunz, 1984) techniques reported similar observations. However, because the
extent of callosal connections in V2 had not been appreciated, previous studies
were not aimed at systematically addressing this issue throughout the width of
the callosal region in V2. As a result, the data from these experiments include
only the strip of V2 located on the dorsal operculum which contain callosal
connections. Moreover, much of the previous data were obtained from relatively
insensitive methods (degeneration staining) or an approach which was not well
suited to examine this issue (large injection sites).

METHODOLOGICAL CONSIDERATIONS

Before discussing the potential importance of these results, the
accuracy of our method for revealing the organization of callosal linkages should
be considered. Our choice of NY and BB for the retrograde tracers was
advantageous for several reasons. Distinct from other fluorescent tracers NY and
BB require similar survival periods and they exhibit similar transport properties
(Kuypers et al., 1979; Bentivoglio et al., 1980a; 1980b). In addition, these tracers
are as effective as horseradish peroxidase in characterizing the overall
distribution of callosal connections in V2 (Olavarria and Abel, 1996; PL Abel, BJ
O’Brien, JF Olavarria, unpublished observations).
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Nonetheless, these tracers can be picked up by damaged fibers
(Sawchenko and Swanson, 1981; Talyor et al., 1983; Olavarria and Abel, 1996;
however see lliert et al., 1982). This raises the possibility that some of the
retrogradely labeled cells we found may have resulted from leakage of the
tracers into fibers which terminate outside of the injection sites. For example, V2
callosal projections have been shown to extend to the prelunate gyrus (Kennedy
et al., 1986). By aspirating this gyrus, in order to reach buried portions of V2, our
approach could have resulted in inadvertent update of tracers by callosal cells
projecting from V2 to V4.

Although this possibility cannot be ruled out, we do not believe that
the pattern of callosal linkages observed in V2 could have resuited from this
potential confound. The spread of two different tracers into damaged axons
would not likely have resulted in finding anatomically separate labeled fields in
contralateral V2. In addition, tracer injections made in V2 away from the V1
border would be the most accessible to damaged V2-V4 callosal fibers. Indeed, it
is the results from these injections that revealed the most dramatic restriction of
labeled callosal fields to anatomically corresponding regions of area V2 (e.q., Fig.
10). Moreover, when the prelunate gyrus was injected in a separate experiments,
equivalent results were not obtained (PL Abel, BJ O'Brien, JF Olavarria,
unpublished observations).

CALLOSAL CONNECTIONS AND VISUAL TOPOGRAPHY IN V2

The data from early anatomical studies suggested that callosal
connections are restricted to the borders between visual areas. in the macaque
monkey, degenerating callosal fibers were found to be largely restricted in their
tangential extent to within 2 mm of the area 17/18 border (Mettler, 1935; Myers,
1962, 1965; Zeki, 1969, 1970, Van Essen and Zeki, 1978). Because this border
region was found to represent the vertical meridian (Talbot and Marshell, 1941;
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Daniel and Whitteridge, 1961), these data supported the idea that only midiine
representations are relayed through callosal connections. Further support for this
notion was provided by the experiments of Zeki and colleagues. In their studies,
callosal labeling was found to accumulate in the same regions in which receptive
fields were found to be located about the vertical meridian (Zeki and Sandman,
1976; Van Essen and Zeki, 1978).

However using more sensitive anatomical methods, callosal
connections have now been shown to be widely distributed within V2. Callosal
connections accumulate at the border with V1 as well as within finger-like
projections which extend up to 8 mm from the V1 border (Van Essen et al., 1982;
Kennedy et al., 1986; Olavarria and Abel, 1996; present results), about half of the
anterior-posterior width of V2 (Weller and Kaas, 1983; Van Essen et al., 1990;
Olavarria and Van Essen, 1997). Although representations of the vertical
meridian have been found in V2 as far as 5Smm from the V1 border (Van Essen
and Zeki, 1978), midline representations are not commonly thought to extend
within bands projecting across V2. Thus, the distribution of callosal connections
within V2 may not be consistent with the vertical meridian rule.

Based on the resuits of previous mapping studies, an orthogonal
progression from the V1/V2 border across V2 would be expected to cross cortical
representations of the visual field along an isoeccentricity line moving from the
vertical to the horizontal meridians (Gattass et al., 1981; Roe and T'so, 1995).
Accordingly, callosal cells located on the V1/V2 border likely respond to stimuli
located about the midline. Callosal cells located away from the V1 border would
be expected to respond to visual stimuli that are located away from the vertical
meridian (see Fig. 17). Nonetheless, the relationship between the V2 map
described in previous studies and the distribution of V2 callosal connections
might not be this simple. Recent work suggests that multiple interleaved maps
exist within each stripe-like compartment in V2 orthogonal to the V1 border (Roe
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and Ts'o, 1995). Whether multiple representations of the midline extend across
V2 associated with the distribution of callosal connections remains to be

examined.

The possibility that callosal connections contain representations of
the visual field located away from the midline is consistent with our data.
Localized tracer-injections made in V2 away from the V1 border which resuited in
labeled cells in contralateral V2, also resulted in labeled fields in V1 located away
from the V1 border (Fig. 10,14). Labeled cells in V1 were found beyond the
regions where the vertical meridian is represented (Talbot and Marshell, 1941,
Daniel and Whitteridge, 1961; Van Essen et al., 1984). Whether labeled cells
may have also been located along the representation of the vertical meridian in
V1 could not be determined because of the presence of intense fluorescent
labeling from the second tracers injected on top of the V1/V2 border.
Nonetheless, these data demonstrate that callosal connections are found in
regions of V2 which receive input from V1 cells whose visual fields are located off
the vertical meridian. By extension, callosal cells in these regions would be
expected to contain representations of visual space located away from the
midiine.

According to this idea, our findings suggest that V2 callosal
connections link non-retinotopically corresponding sites. Portions of V2 located
along the V1/V2 border containing representations of the vertical meridian would
be interlinked between the hemispheres. In addition this region would also
receive input from contralateral representations located away from the vertical
meridian. Anterior portions of V2 located away from the V1 border containing
representations away from the vertical meridian would be also interlinked. The
vertical meridian rule could still be supported in this model, if the visual fields of
the callosal cells always include the midline, independent of the location of their
receptive field centers. Support for this idea has come from studies in the cat
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(Sanides and Albus, 1980; Antonini et al., 1983), however ceils with unusually
large receptive fields have not been reported in previous physiological studies of
V2 in Macaque (e.g., Gattass et al., 1981; Roe and Ts'o, 1995).

FUNCTIONAL IMPLICATIONS

If V2 callosal connections serve to link representations of the visual
field located away from the midline, then stimuli within the ipsilateral visual field
relayed through callosal connections would be expected to effect the responses
of V2 cells. Consistent with this idea, ipsilateral visual fields have been found
within V2 (e.g., Van Essen and Zeki, 1978; PL Abel, BJ O’Brien, JF Olavarria,
unpublished observations). In addition, the suggestion has been made that a
continuous representation of the ipsilateral field exists along the V1/V2 border
(Kennedy et al., 1985), overlapping the callosal-dense region in V2. The idea that
callosal connections can drive visual field responses of cells is supported by
earlier studies in the cat. In this species, callosal connections within the area
17/18 region have been reported to mediate visual field responses following optic
tract section (Choudhury et al., 1965; Whitteridge, 1965), in addition to mediating
binocular responses in the split chiasm preparation (Berlucchi and Rizolatti,

1968; Lepore and Guillemot, 1982). Collectively, these data support the idea that
V2 callosal connections located along the V1 border in the macaque are
important in mediating ipsilateral representations.

On the other hand, ipsilateral visual fields could also be accounted
for by the naso-temporal overlap in the retino-fugal projections (Stone et al.,
1973; Bunt et al., 1977; Leventhal et al., 1988; Fukuda et al., 1989; Chalupa and
Lia, 1991). Responses to stimuli within the ipsilateral visual field have been found
in the LGN (Malpeli and Baker, 1978) and adjacent to the V1/V2 border within V1
(Van Essen et al., 1984). In fact, the ipsilateral visual fields observed by Van
Essen and Zeki (1978) in V2 were found after the callosum had been sectioned.
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The possibility that callosal connections mediate ipsilateral visual fields away
from the V1 border in V2 appears even less probable. Callosal connections have
been found to lie in spatial register with CO-dense stripes (mn-09, present study;
Olavarria and Abel, 1996). However, previous studies have not reported that
receptive fields in these regions preferentially include the vertical meridian or
extend into the ipsilateral field (Hubel and Livingstone, 1987; Perterhans and von
der Heydt, 1993, Levitt et al., 1994; Munk et al., 1995; Yoshioka and Dow, 1996;
Gegenfurtner et al., 1996). Moreover, a recent analysis of the visual field
representation within different V2 compartments failed to reveal a difference
between the amount of receptive field scatter, receptive field size, or cortical
magnification factor between different V2 compartments (Roe and Ts'o, 1995).

Perhaps a more likely role of callosal linkages in V2 is to mediate
‘silent’ surround regions. Accordingly, stimuli presented within portions of the
ipsilateral visual field would modulate the responses of cells to stimuli presented
within their contralateral receptive fields. The presentation of visual stimuli
outside of the classical receptive field (CRF) of cells has been shown to effect the
response properties of cells to stimuli within their CRF (e.g., Rizzolatti and
Camarda, 1977; Hammond and MacKay, 1981; Allman et al., 1985; Desimone et
al., 1985; Tanaka et al., 1986; Knierim and Van Essen, 1992; Zipser et al., 1996).
Recently, Desimone and his colleagues (1993) demonstrated a role of callosal
connections in mediating ipsilateral portions of surround effects in area V4. In
their study, the presentation of stimuli within the ipsilateral visual field was found
to reduce the response of cells to stimuli located within the CRF. These inhibitory
effects were found for stimuli presented out to 16° within the ipsilateral field in the
intact animals. However, following a callosotomy, these effects were found only
for stimuli presented up to 4° away from the vertical meridian. The presence of
inhibitory surround effects has been reported in V2 (Allman et al., 1985),
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although the extent to which these extend into the ipsilateral visual field has not

been examined.

Although the nature by which the callosal connections contribute to
the response properties of cells in V2 remain to be resolved, the observation of
callosal linkages between anatomically corresponding loci in V2 supports the
notion that these connections are involved in midline stereopsis (Blakemore,
1969: Mitchell and Blakemore, 1970). Disparity-selective cells likely contribute to
fine stereopsis (Barlow et al., 1967; Nikara et al., 1968; Hubel and Wiesel, 1970,
Joshua and Bishop, 1970; Bishop and Henry, 1971; Poggio and Fisher, 1977;
Hubel and Livingstone, 1987). Callosal linkages between anatomically
corresponding regions of V2 along the V1 border could provide the interactions
needed to generate cells with disparate representations located about the vertical
meridian. Our results suggest that callosal projections link anatomically
corresponding regions, possibly providing the necessary connections needed for
generating these types of responses. Nonetheless, owing to the naso-temporal
overlap in the retinofugal projections (see above), callosal connections may not
be required to link these fields. In fact, callosal connections have been proposed
not to play a role in fine stereopsis (Bishop and Henry, 1971). In line with this
idea, lesions of the corpus callosum have been reported not to effect stereoacuity
in macaque monkey (Cowey and Wilkinson, 1991).

On the other hand, callosal connections might play a role in coarse
stereopsis about the midline (Bishop and Henry, 1971). In human observers,
qualitative depth perception and the initiation of vergence eye movements has
been shown to be possible for crossed and uncrossed stimuli presented up to 10’
disparate about the vertical meridian (Westheimer and Tanzman, 1956;
Westheimer and Mitchell, 1969). However, under the same testing parameters,
these abilities were found to be absent in a subject whose callosal connections
had been severed (Westheimer and Mitchell, 1969; Mitchell and Blakemore,
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1970). Moreover in a subject with a sectioned optic chiasm, Blakemore (1970)
found that depth perception was not possible for stimuli presented behind the
fixation point (falling on the ‘blind’ nasal retinae). However, judgements of depth
could be made for stimuli presented in front of the fixation point (falling on the
temporal retinae). Due to the optic chiasm section, the representations of these
stimuli would be in different hemispheres and presumably the callosal
connections would be required to mediate this perception.

In the intact brain, images located on the vertical meridian though
off the horopter are relayed to opposite sides of retinae. When the projected
image on the retina falls outside the region of naso-temporal overlap, each retina
will relay this input to different hemispheres. As described above, input from
portions of the visual field lying symmetrically opposed to the vertical meridian
would be expected to reach anatomically corresponding regions between areas
V2. Thus our finding that V2 callosal connections preferentially link anatomically
corresponding regions away from the V1 border in V2 could provide a substrate
for linking disparate images extending outside the range of the naso-temporal
overlap. In addition, callosal connections within other visual areas may also be
involved.

COMPARISON WITH OTHER SPECIES

Two connectivity patterns have been discussed in other species.
On one hand, callosal connections have been shown to link anatomically
corresponding regions. For example, employing anatomical tracing and
physiological recording techniques, Segraves and Rosenquist (1982b) found
evidence for anatomically corresponding callosal linkages in extrastriate cortex in
the cat. Localized injections made in different areas of cortex were found to result
in labeling which preferentially accumulated in anatomically corresponding
locations in the contralateral hemisphere. In addition, mapping data revealed that
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this pattemn of callosal connectivity likely links representations of the visual field
symmetrically opposed to the vertical meridian, including representations which
are located away from the vertical meridian (however see Antonini et al., 1983).
In medial portions of area 17 in the rat representing peripheral visual fields,
callosal connections located within infragranular layers have also been shown to
be linked within corresponding regions in the contralateral hemisphere (Lewis
and Olavarria, 1995). A predominance of anatomically corresponding callosal
connections has also been reported for the infragranular callosal cells within area
17 in tree shrew (Kretz and Rager, 1990).

On the other hand, callosal connections have also been shown to
provide links between non-corresponding regions. Recent work from our
laboratory suggests that callosal connections located along the lateral area 17/18
border region in both rat and cat preferentially link anatomically non-
corresponding loci. Callosal cells located on the area 17/18 border were |labeled
following restricted tracer injections made within area 17 away from the 17/18
border, in the opposite hemisphere. Conversely, callosal cells located within area
17 were labeled following restricted tracer injections made on the contralateral
area 17/18 border (Lewis and Olavarria, 1995; Olavarria, 1996). Similar patterns
of connection have been reported previously for Siamese cats (Shatz, 1977). The
presence of non-corresponding callosal connections has also be found in the tree
shrew (Pritzel et al., 1988; Kretz and Rager, 1990).

Collectively, these data suggest that callosal connections link
anatomically corresponding regions within most of striate and extrastriate cortex,
whereas the area 17/18 border region appears to represent a unique callosal
region with anatomically non-corresponding connections. Based on
cytoarchitectural distinctions the V1/V2 border region has been described as a
separate cortical area, area OBy in primates (von Economo, 1929; OBg of von
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Bonin, 1942). Area OBy was characterized as a narrow region (~1mm in width)
located between striate and parastriate cortex that contains an accumulation of
large pyramidal cells at the bottom of layer 3. Previous studies suggested that
these cells send projections through the callosum. In both humans lacking
callosal connections (Shumura et al., 1975) and monkeys studied after sectioning
the callosum (Glickstein and Whitteridge, 1976) these large layer 3 cells in OBy
were reported to be largely absent. In the cat, this region has been called the
‘transition zone' (Payne, 1990), which has been shown to be linked to non-
coiresponding contralateral regions (Olavarria, 1996). These data, combined with
the suggestion that this region represents the ipsilateral visual fieid (e.g.,
Kennedy et al., 1985, Payne, 1990; Siwek and Payne, 1991), raises the intriguing
possibility that additional distinctions might be also be found between area OBy

and other visual areas, across species.
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Figure 9: Experimental approach.

Parasagittal section through the posterior pole of the cortex illustrating the
experimental approach. Portions of the prelunate sulcus were removed in order
to inject anatomical tracers down the bank of the lunate sulcus under visual
guidance. Two hypothetical injections are illustrated. A nuclear yellow (NY)
injection close to the V1/V2 border, and a second bisbenzimide (BB) injection
made away from the V1 border in V2. Posterior is to the right, dorsal is to the top

of the page.
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Figure 10: Data from animal mf-18 (BB, NY).

A. Reconstruction of NY (black/dark grays) and BB (dark/light grays) injection
sites from tangential sections through dorsal V2 in the left hemisphere and
distribution of retrogradely-labeled NY cells within V1 (black dots). Black line
separates area V1 from area V2 as determined in CO-stained sections. Dark
ovals represents the tissue damaged by the pipette track, surrounding gray
region represents the extent of intense fluorescent label, lighter gray surround
represents the diffuse fluorescent halo. Posterior is to the right, dorsal is up. B.
Reconstruction of the NY-labeled (black dots) and BB-labeled (gray dots) cells
from tangential sections through dorsal V2 in the right hemispt=re. Black line
separates area V1 from area V2 as determined in CO-stained sections. Gray
outlines represent tears in the tissue as a result of the flattening procedure.
Posterior is to the left, dorsal is up.
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Figure 11: Quantified data from mn-18.

A. Distribution of BB-labeled callosal cells found across V2. Each datum on this
curve represents the percent of the total number of labeled cells found within
successive 200 um strips oriented parallel to the V1 border. Black region
underneath the curve represents the region of V2 damaged by the pipette track;
the gray region represents the extent of the intense fluorescent halo. B. Percent
of NY-labeled callosal cells found across V2.
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Figure 12: Data from animal mf-19l (BB, NY).

Distribution of callosal cells found across V2 in animal mf-19 resuiting from two
injections in contralateral V2 analyzed in parasagittal sections. A. Percent of NY-
labeled cells found across lateral portions of V2. B. Percent of BB-labeled cells
found across lateral portions of V2. Same conventions as Figure 11.
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Figure 13: Data from animal mf-16 (NY).

A. Reconstruction of NY injection sites from tangential sections through dorsal
V2 in the left hemisphere. The distribution of retrogradely-labeled cells within V1
could not be differentiated from the fluorescent halo. B. Reconstruction of the
NY-labeled cells from tangential sections through dorsal V2 in the right
hemisphere. Black line separates area V1 from area V2 as determined in CO-
stained sections. Black dots represent the NY-labeled callosal cells. Conventions
as in Figure 10.
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Figure 14: Data from animal mf-0S.

A. Reconstruction of NY injection sites from tangential sections through dorsal
V2 in the left hemisphere and distribution of retrogradely-labeled celis within V1
(black dots). The thick line separates area V1 from area V2 as determined in CO-
stained sections. The cut through the middle of the operculum is represented by
the contours at the bottom right corner. B. Reconstruction of the NY-labeled cells
from tangential sections through dorsal V2 in the right hemisphere. Thick line
separates area V1 from area V2 as determined in CO-stained sections. Gray
outline represents the overall distribution of callosal cells labeled with BB from
two large injections in the left hemisphere (not shown). Black dots represent the
NY-labeled cells. Conventions as in Figure 10.
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Figure 15: Quantified data from mf-16, mf-09

Distribution of callosal cells found across V2 in animal mf-16 and mf-09. A.
Percent of NY-labeled cells found across V2 in animal mf-16 B. Percent of NY-
labeled cells found across V2 in animal mf-09. Conventions as in Figure 11.
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Figure 16: Data from animal mf-13m, mf-19m

Distribution of callosal cells found across V2 in animal mf-13 and mf-19 analyzed
in parasagittal sections. A. BB-labeled cells found within medial portions of V2
following an injection in medial portions of contralateral V2 in animal mf-19 B.
NY-labeled cells found within medial portions of V2 following an injection in
medial portions of contralateral V2 in animal mf-13. Conventions as in Figure 11.
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Figure 17: CC and visual field map in V2.

Relationship between the visual field map and callosal connections within area
V2. Left. Unfolded and flattened representation of visual area V2. Gray region
represents the overall pattern of callosal connections within V2. The
representation of the visual field as described in previously studies has been
superimposed onto this representation and are illustrated in B. Posterior is to the
left. The top and bottom edges represent the most medial portions of V2. Right.
Visual field represented within right V2. Gray regions represent the potential
extent of the visual field represented in V2 which overlap callosal connections.
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CONCLUSION

In the first two experiments, the distributions of cortico-tectal and
callosal projection neurons were compared to the pattern of CO stripes in area
V2 of macaque monkey. The results indicate that the tangential distributions of
these cells bare a relationship to the modular organization within V2. Tracer
injections made into the superior colliculus resulted in band-like accumulations of
labeled cells across the tangential extent of V2. These bands were found to lie in
spatial register with alternate CO-dense stripes. Based on their physical
appearance and the predominance of Cat-301 immunopositive cells, these
stripes were identified as thick stripes. Retrogradely-labeled callosal cells were
also found to be distributed non-uniformly across the tangential extent of V2.
Labeled cells accumulated along the V1/ V2 border and within finger-like clusters
extending up to 8 mm across V2. These callosal fingers were found to lie in
spatial register with CO-dense thick and thin stripe regions. Both of these
observations were supported by quantitative analyses.

These findings extend previous data on the organization of
anatomical connections in area V2. Previous studies have shown that many
cortico-cortical connections are largely segregated within different CO stripe-like
compartments within V2. Our data extend this notion to the cortico-subcortical
and interhemispheric pathways. In addition, our data suggest that not all cortico-
cortical pathways are reflected in interhemispheric connections. Callosal
connections tended to avoid the CO-pale stripes within V2, which are known to
send ipsilateral projections within V2 as well as projections to modules within
area V4. Finally, our data support the idea that these stripe-like compartments
are related to functionally separate pathways. The cortico-tectal pathway has
been associated preferentially with the broad-band pathway, our results
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demonstrate that cortico-tectal projection neurons predominate in CO-dense
thick stripe regions in V2.

In the final chapter we examined the topography of V2 callosal
connections. Based on previous data on the visual field map in V2, callosal
connections couid link representations of the visual field located away from the
vertical meridian. We examined whether the pattern of V2 callosal linkages
supports this idea. We found that the organization of caii=sal linkages is not
random. Labeled callosal cells were found to accumulate in anatomically
corresponding regions of V2, relative to the locations of the contralateral injection
sites. These data support the hypothesis that V2 callosal connections mediate
interactions between visual field representations located away from the vertical
meridian
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