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Abstract

Previous immunohistochemical studies combined with retrograde tracing in macaque monkeys have demonstrated
that corticocortical projections can be differentiated by their content of neurofilament protein. The present study
analyzed the distribution of nonphosphorylated neurofilament protein in callosally projecting neurons located at the
V1/V2 border. All of the retrogradely labeled neurons were located in layer III at the V1/V2 border and at an
immediately adjacent zone of area V2. A quantitative analysis showed that the vast majority (almost 95%) of these
interhemispheric projection neurons contain neurofilament protein immunoreactivity. This observation differs from
data obtained in other sets of callosal connections, including homotypical interhemispheric projections in the
prefrontal, temporal, and parietal association cortices, that were found to contain uniformly low proportions of
neurofilament protein-immunoreactive neurons. Comparably, highly variable proportions of neurofilament
protein-containing neurons have been reported in intrahemispheric corticocortical pathways, including feedforward
and feedback visual connections. These results indicate that neurofilament protein is a prominent neurochemical
feature that identifies a particular population of interhemispheric projection neurons at the V1/V2 border, and
suggest that this biochemical attribute may be critical for the function of this subset of callosal neurons.
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Introduction

Visual callosal projections have been traditionally implicated in
various aspects of visual function, such as midline stereopsis and
perceptual fusion of the visual hemifields, vergence and guidance
eye movements, and color vision (Myers, 1962; Choudhury et al.,
1965; Hubel & Wiesel, 1967; Berlucchi & Rizzolatti, 1968;
Blakemore et al., 1983; Land et al., 1983; Livingstone & Hubel,
1984). Physiological studies in primates have demonstrated that
the receptive fields of callosal projections are located in the vicin-
ity of the vertical meridian (Hubel & Wiesel, 1967; Innocenti,
1986). In addition, it has been shown that the V1/V2 border con-
tains a representation of the ipsilateral visual field (Payne, 1990;

Reprint requests to: Patrick R. Hof, Neurobiology of Aging Labora-
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Olavarria, 1996), and that the callosal projections connect retino-
topically similar locations of both hemispheres in a non-mirror-
symmetric manner, and thus contribute to perceptual fusion at the
midline by conveying inputs from the contralateral eye onto cor-
responding ipsilateral fields (Payne, 1994; Olavarria, 1996).

The excitatory properties of the visual callosal connections are
well established, and while the morphologic and electrophysio-
logic properties of these neurons have been investigated (Toyama
et al., 1969; Harvey, 1980; Voigt et al., 1988; Weisskopf & Inno-
centi, 1991; Vercelli et al., 1992; Vercelli & Innocenti, 1993; Hou-
zel et al., 1994; Innocenti et al., 1994), their neurochemical
characteristics have not been analyzed. Recent analyses have dem-
onstrated that pyramidal neurons containing high somatodendritic
levels of a major component of the neuronal cytoskeleton, non-
phosphorylated neurofilament protein, exhibit striking region-
specific distribution patterns in the monkey visual cortex (Campbell
& Morrison, 1989; Hof & Morrison, 1995; Chaudhuri et al., 1996).
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In addition, tract-tracing analyses have shown that the proportion
of neurofilament protein-immunoreactive neurons among long
association projections, as well as in visual pathways, is highly
heterogeneous (Campbell et al., 1991; Hof et al., 1995a, 1996;
Nimchinsky et al., 1996). It has been proposed that differences in
the neurochemical phenotype of neurons furnishing corticocortical
connections may be related to the role of a given cortical pathway
(Hof et al., 1995a, 1996).

To define further the neurochemical features of neurons par-
ticipating in corticocortical pathways, and to assess the degree to
which cellular neurochemical specialization may be related to cer-
tain physiologic aspects of sensory processing, we analyzed the
distribution of neurofilament protein-immunoreactive neurons in a
callosal visual projection in macaque monkeys following injec-
tions of retrograde tracers in the contralateral V1/V2 border. Pre-
liminary data from this study have been reported in abstract form
(Hofetal., 19956).

Methods

Seven adult Rhesus monkeys (Macaca mulatto) were used in the
present study. Materials from these animals were used in previous
studies of the macaque visual system as well (Hof & Morrison,
1995; Hof et al., \995a,b, 1996), and all experimental protocols
were conducted within NIH guidelines for animal research and
were approved by the Institutional Animal Care and Use Commit-
tee (IACUC) at both Mount Sinai School of Medicine and NIH.
Animals were tranquilized with ketamine hydrochloride (25 mg/
kg, i.m.), intubated, and maintained under halothane general an-
esthesia (0.5-1.5% as necessary in air), and strict sterile surgical
conditions. They were placed for surgery in a custom designed
large animal head holder and a craniotomy was performed over the
cortical site. Injections (200 nl each) of 4% aqueous solutions of
either Fast Blue (FB) or Diamidino Yellow (DY) were placed
within the cerebral cortex using a l-/xl Hamilton microsyringe
with a 24-gauge needle along the posterior margin of the lunate
sulcus within the border between areas VI and V2 (Fig. 1; 6-16
injections depending on the case), with special care to avoid spread-

VI/V2

Fig. 1. Schematic representation of the lateral aspect of the macaque mon-
key brain showing the location of injection sites in the seven animals used
in the present study. The posterior limit of the V1/V2 border is shown by
a dashed line. Abbreviations: ios, inferior occipital sulcus; ips, intraparietal
sulcus; la, lateral sulcus; lu, lunate sulcus; sts, superior temporal sulcus.

ing of the dye in the subcortical white matter. The location of the
boundary between areas V2 and VI was recognized from the sur-
face vasculature, and the proper placement of the injections within
the cortex was further confirmed on histological materials.

Following surgery, a survival time of 21 days was set to allow
for reliable retrograde transport of FB and DY. Then, the animals
were deeply anesthetized with ketamine hydrochloride (25 mg/kg,
i.m.) and sodium pentobarbital (20-35 mg/kg, i.v., as necessary),
intubated, and mechanically ventilated. The chest was opened to
expose the heart, and 1.5 ml of 0.1% sodium nitrite was injected
into the left ventricle. The descending aorta was clamped and the
monkeys were perfused transcardially with cold 1% paraformal-
dehyde in phosphate buffer for 1 min followed by cold 4% para-
formaldehyde for 10 to 12 min. The brains were then removed
from the skull, cut into 4-10 mm thick coronal blocks, postfixed
for 6 h in 4% paraformaldehyde at 4°C, and cryoprotected in
sucrose. For histological and immunohistochemical purposes, the
blocks were frozen on dry ice following postfixation and cryopro-
tection, and 40-/im-thick sections were cut from the coronal blocks
on a cryostat. The sections from each block were kept in anatom-
ical series and every tenth section was processed for immunohis-
tochemistry. The remaining sections were cryoprotected and stored
in serial order at -20°C (Hof & Morrison, 1995; Hofetal., \995a,b,
1996; Nimchinsky et al., 1996).

Monoclonal antibody SMI-32 (Sternberger Monoclonals, Bal-
timore, MD), that recognizes nonphosphorylated epitopes on the
medium (168 kDa) and heavy (200 kDa) molecular weight sub-
units of the neurofilament protein (Sternberger & Sternberger, 1983;
Lee et al., 1988), was used in the present analysis. For immuno-
histochemistry, 40-/nm-thick free-floating sections were incubated
for 48 h at 4°C with this antibody at a dilution of 1:5,000 in
phosphate-buffered saline containing 0.3% Triton X-100 and 0.5
mg/ml bovine serum albumin. The sections were then processed
using a biotinylated secondary antibody and fluorescein-conjugated
avidin D, mounted onto glass slides, and coverslipped with Per-
mafluor. A parallel series of sections was stained for bright-field
microscopy and processed with the avidin-biotin method using a
Vectastain ABC kit (Vector Laboratories, Burlingame, CA) and
3,3'-diaminobenzidine as a chromogen, and intensified in 0.005%
osmium tetroxide. Additional series of sections were stained with
cresyl violet to clarify the cytoarchitecture and reconstruct the
injection sites.

Analyses of the distribution of labeled neurons were performed
using a computer-assisted image analysis system consisting of a
Zeiss Axiophot photomicroscope equipped with a Zeiss MSP65
computer-controlled motorized stage (Zeiss, Oberkochen, Ger-
many), a Zeiss ZVS-47E (Zeiss, Thornwood, NY) video camera
system, a Macintosh 840AV workstation, and NeuroZoom mor-
phometry software developed in collaboration with the Scripps
Research Institute, La Jolla, CA (Nimchinsky et al., 1996; Young
et al., 1996; Bloom et al., 1997). The numbers of retrogradely and
double-labeled neurons projecting to the contralateral V1/V2 bor-
der were counted on digitized images in all immunostained sec-
tions. Neurons that were single labeled and double labeled (i.e.
neurons containing the tracer only and containing the retrograde
tracers and neurofilament protein immunoreactivity, respectively),
were counted simultaneously by switching the filter combinations
and superimposing the computer graphics on the monitor image.
The position of each neuronal profile of interest was registered and
labeled differently to assess the numbers of retrogradely labeled
and double-labeled neurons. Accurate maps were electronically
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constructed by assembling a series of microscopic fields to show
the spatial distribution and regional clustering of labeled neurons
in large areas (Hof et al., 1995a, 1996; Nimchinsky et al., 1996;
Young et al., 1996). The x, y, z coordinates of each labeled neuron
were recorded in each microscopic field relative to an origin, and
the map was automatically assembled. Laminar boundaries were
added by editing the map, and their accuracy was ascertained on
adjacent sections stained with the antibody SMI-32 and on Nissl
preparations (Fig. 2). The topographic localization of 2719 retro-
gradely labeled and 2571 double-labeled neurons was recorded in
the present analysis. The data were calculated in each animal sep-
arately, due to variability in the number of retrogradely and double-
labeled neurons among animals resulting from differences in the
amount of tracers injected. However, the percentages of double-

labeled neurons were consistent and were pooled across all ani-
mals. Possible differences in the percentages of double-labeled
neurons among animals were assessed using a one-way analysis of
variance.

Results

The distinct cytoarchitecture of the V1/V2 border has long been
recognized in primates (OBy, Von Economo, 1927), and is char-
acterized in the macaque monkey by the presence of very large
pyramidal neurons distributed over a few millimeters in the deep
portion of layer III (Fig. 2). These neurons are in direct continuity
with layer IVB of area VI (Figs. 2A and 2C). In sections stained
with antibody SMI-32, these giant pyramidal cells with extensive

Fig. 2. Cytoarchitecture of the V1 / V2 border. A, C: Nissl-stained section showing the presence of large neurons in layer III (thin arrows
in C) that are continuous with layer IVB of area VI. B, D: Adjacent section stained with antibody SMI-32. Panels B and D are higher
magnifications of the area shown in panels A and C, respectively. Note the very large neurofilament protein-immunoreactive pyramidal
neurons clustered in the lower two-thirds of layer III (layer Illb-c) at the boundary with area VI. Area V2 is to the left of the
photomicrographs. The thick arrows indicate the limits of the V1/V2 border. The dashed lines show the limit of layer IV in area VI.
Layers are identified by Roman numerals. Scale bar (on D) = 200 /urn (A, B) and 100 /xm (C, D).
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apical and basal dendritic arborizations were intensely labeled and
morphologically different from the neurons in layer IVB (Figs. 2B,
2D, 3A, 3C, and 3E). The number of neurofilament protein-
immunoreactive neurons in layer III increased, while their somatic
size progressively decreased, in area V2 (Hof & Morrison, 1995).
Very rare immunoreactive neurons were observed in layer II, and
layer IV was devoid of labeled cells. Layer V at the V1/V2 border
exhibited very large, isolated neurofilament protein-containing py-
ramidal neurons (Figs. 2B and 2D). Small, very lightly stained
pyramidal neurons were also present in layers V and VI, and
polymorphic neurons were observed in layer VI. Layers V and VI
of area V2 displayed staining patterns comparable to those at the
V1/V2 border.

Following tracer injections of the contralateral V1/V2 border
(Fig. 1), retrogradely labeled neurons were observed over the cor-
responding zone along the posterior margin of the lunate sulcus. As
the injections were distributed along the entire extent of the V1/V2
border, retrogradely labeled neurons were visualized across most
of the contralateral border (1747 neurons). Some labeling was also
located in area V2 immediately over the crest of the lunate sulcus
(874 neurons), and extending into V2 for about 5 mm, but none
was observed in area V2 deeper in the lunate sulcus. In the V1/V2
border and in area V2, the retrogradely labeled neurons were gen-
erally grouped in small clusters, each containing 20 to 40 cells per
section, that were larger in the V1/V2 border and smaller in V2.
Rarely, retrogradely labeled cells were found in area VI (98 neu-
rons in all seven animals), in the vicinity of the VI/V2 border. It
should be mentioned, however, that the localization and sparsity of
these neurons in area VI may be the result of slight deviations
from the coronal plane during tissue processing and that they are
in fact part of the V1/V2 border neuron population. The few
retrogadely labeled neurons in area VI were exclusively located in
layer IIIc. At the V1/V2 border and in area V2, the retrogradely
labeled neurons were located in layer III, the vast majority of them
being confined to the lower two-thirds of this layer (layer Illb-c;
Figs. 3B, 3D, 3F, and 4). Layers II, V, and VI were completely
devoid of retrogradely labeled neurons. These patterns matched
closely those previously reported by other investigators (Myers,
1962; Pandya et al., 1971; Glickstein & Whitteridge, 1976; Spatz
& Kunz, 1984; Kennedy et al., 1986; Gould et al., 1987; Meissirel
et al., 1991; Olavarria & Abel, 1996).

The quantitative analysis of the projection neurons revealed
that nearly all of the retrogradely labeled neurons contained neuro-
filament protein immunoreactivity at the V1/V2 border (2473 out
of 2621 neurons, 94.4 ± 1.6%; Table 1; Figs. 3A-3F, and 4).
Nearly all of the very large neurofilament protein-immunoreactive
pyramidal neurons in layer mb-c at the V1/V2 border were ret-
rogradely labeled. In addition, smaller immunoreactive neurons
located in this layer also participated in this projection (Fig. 3).
There was no statistically significant difference in the percentage
of double-labeled neurons among the animals, although the indi-
vidual counts of retrogradely labeled cells varied substantially
(Table 1). Similar percentages of double-labeled cells were ob-
tained from the neurons located at the V1/V2 border and in the
region of area V2 immediately adjacent to it (Fig. 4). All of the rare
callosally projecting neurons in layer IIIc of area VI contained
neurofilament protein.

Discussion

The present data indicate that, in macaque monkeys, the callosal
projection from the V1/V2 border to the corresponding region of

the contralateral hemisphere along the posterior aspect of the lunate
sulcus is dominated by large layer III neurons that are enriched in
nonphosphorylated neurofilament protein. The homogeneity of this
projection in respect to neurofilament protein content is in contrast
to the ipsilateral corticocortical projections interconnecting the pre-
frontal, limbic, temporal, parietal, and occipital cortices (Campbell
et al., 1991; Hof et al., 1995a, 1996; Nimchinsky et al., 1996).
Quantitative analyses using a similar experimental paradigm as in
the present study have demonstrated that in subsets of visual cor-
ticocortical connections, a higher proportion of neurons projecting
from areas VI, V2, V3, and V3A to area MT are neurofilament
protein-immunoreactive (57-100%; of the projection neurons), than
to area V4 (25-36%). In contrast, feedback projections from areas
MT, V4, and V3 exhibit overall a consistent proportion of neuro-
filament protein-containing neurons (70-80%), regardless of their
target in areas VI or V2 (Hof et al., 1996). Interestingly, neuro-
filament protein immunoreactivity was found in 100% of the Mey-
nert cells and layer IVB neurons participating in the projection
linking area VI to area MT (Hof et al., 1996). These results sug-
gest that neurofilament protein identifies particular subpopulations
of corticocortically projecting neurons with distinct regional and
laminar distribution in the monkey visual system. In addition, long
association pathways interconnecting the frontal, parietal, and tem-
poral neocortex contain moderate to high numbers of neurofila-
ment protein-immunoreactive pyramidal neurons (45-90% of the
projection neurons), whereas short corticocortical, callosal, and
limbic pathways are characterized by consistently fewer such neu-
rons (4-35%; Campbell et al., 1991; Hof et al., 1995a; Nimchin-
sky et al., 1996). Among the commissural connections analyzed in
a previous study, there are rather low percentages of double label-
ing (with a mean of 24.7 ± 3.6% for five commissural projections
connecting homotopic cortical regions in the frontal, parietal, and
temporal lobes [Hof et al., 1995a]), in sharp contrast with the
present results.

The potential interactions among regional specialization, con-
nectivity, and cellular characteristics such as neurochemical profile
and morphology have been investigated recently in a series of
experiments employing tract tracing of connections between the
cingulate cortex and the primary motor cortex, cell loading of the
retrogradely labeled neurons combined with cell reconstruction,
subsequent immunohistochemistry, and confocal laser scanning
microscopy to localize neurofilament protein in the identified neu-
rons (Nimchinsky et al., 1996). This study demonstrated that these
ipsilateral and commissural cingulate motor projection neurons
displayed a high degree of morphologic heterogeneity, and no
correlation could be found between somatodendritic morphology
and presence of neurofilament protein. These data suggest that
neurochemical phenotype represents a more important unifying
characteristic of corticocortical neurons than morphology, at least
in the case of these motor projections (Nimchinsky et al., 1996).
This may not be entirely true of the callosal neurons at the V1/V2
border reported here, that show a much more consistent morphol-
ogy than these cingulate motor neurons. However, the presence of
a specialized cytoskeleton in the callosal projection from the V1/V2
border may also represent a key biochemical feature in these neu-
rons which may be related to their specific role in the visual cortex,
although no data are yet available to support directly such a cor-
relation.

It has been proposed that neurofilament protein expression is
neuron type-specific and contributes to the formation of the adult
axonal and somatodendritic cytoskeleton (Riederer et al., 1995,
1996). It is involved in the maintenance and stabilization of the
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Fig. 3. Neurofilament protein-immunoreactive (A, C, E) and retrogradely labeled (B, D, F) callosally projecting neurons in layer Illb-c at the V1/V2 border
following Fast Blue injections in the contralateral hemisphere. Most of the retrogradely labeled neurons contain neurofilament protein immunoreactivity.
Panels A-B, C-D, and E-F are pairs of photographs from the same microscopic field. The white arrows identify the same neurons in each pair of panels.
Scale bar (on F) = 100 /jm (A-D) and 50 yum (E, F).

Fig. 4. Representative computer-generated maps of the distribution of retrogradely labeled neurons (i.e. containing only the retrograde tracer; red squares)
and double-labeled neurons (i.e. containing both the retrograde tracer and neurofilament protein immunoreactivity; green squares) at the V1/V2 border and
immediately adjacent region of area V2 in the lunate sulcus (LS). Panels A and B are examples from different animals. Note that in both cases, the majority
of the retrogradely labeled neurons contain neurofilament protein immunoreactivity. The maps were obtained from coronal sections and show only the pos-
terior margin of the lunate sulcus and the dorsal portion of the opercular part of area VI (OP). Comparable patterns were observed along the entire V1/V2
border. The arrowheads in A and B indicate the border between areas VI and V2. Layers are identified by Roman numerals. Panel C shows a schematic
representation of the region mapped in panels A and B (blackened zone of cortex) on a coronal section through the occipital lobe. Scale bar = 1 mm.
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Table 1. Quantitative analysis of callosally projecting neurofda-

ment protein-immunoreactive neurons at the V1/V2 border"

Monkey 9111 9415 9417 9501 9502 9503 9504

RL 107 243 321 486 537 345 582
DL 101 233 307 450 498 321 563
% 94.4 95.7 95.8 92.6 92.7 93.0 96.7
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"Data show the numbers of retrogradely labeled neurons (RL; total number
of neurons containing only the tracer) and of double-labeled neurons (DL;
number of neurons containing both the tracer and neurofilament protein
immunoreactivity), as well as the percent of double-labeled neurons (%) in
each animal separately. Neurons were sampled from the V1/V2 border and
from the immediately adjacent zone of area V2 near the lip of the lunate
sulcus. In spite of variability in the number of labeled neurons, the per-
centages are remarkably consistent among animals, with a mean value of
94.4 ± 1.6%. All of these neurons were located in layer IHb-c. Animal
9111, which exhibited substantially lower neuron counts, received fewer
tracer injections.

axonal cytoskeleton, and its expression levels correlate with axonal

size (Morris & Lasek, 1982; Hoffman et al., 1987; Nixon et al.,

1994; Pijak et al., 1996; Xu et al., 1996). The presence of high

levels of nonphosphorylated neurofilament protein in the somato-

dendritic compartment of subsets of neocortical neurons may be a

neurochemical feature related to a distinctive role of these neurons

in corticocortical systems (Campbell & Morrison, 1989; De Lima

et al., 1990; Campbell et al., 1991; Hof & Morrison, 1995; Hof

et al., 1995a, 1996; Nimchinsky et al., 1996). Of particular rele-

vance is the fact that the presence of neurofilament protein in the

neuron soma appears to be correlated to cell size and conduction

velocity of nerve fibers (Lawson & Waddell, 1991). Interestingly,

the neurons projecting from area VI to area MT, that are charac-

terized by high levels of neurofilament protein, are all very large

and have large axons, up to 3 /xm in diameter (Rockland, 1989,

1995), whereas short corticocortical connections are characterized

by relatively lower levels of neurofilament protein immunoreac-

tivity and originate from smaller neurons (Campbell et al., 1991;

Hofetal., \995a,b, 1996).

With respect to commissural connections, it is therefore possi-

ble that the projection neurons from the V1/V2 border are unique

in the degree to which their biochemical phenotype (in this case a

high somatodendritic level of nonphosphorylated neurofilament

protein) is a defining characteristic of nearly all neurons partici-

pating in the projection. It should be kept in mind that the distri-

bution of callosal connections in the primate visual system is not

limited to the V1/V2 border, but that extensive sets of complex

commissural projections exist in the prestriate cortex as well, that

subserve additional roles such as completion of large receptive

fields and interactions between field center and suppressive sur-

rounds, and color constancy (Zeki, 1970; Van Essen et al., 1982;

Antonini et al., 1983; Land et al., 1983; Maunsell & Van Essen,

1987; Spatz et al., 1987; Meissirel et al., 1991; Desimone et al.,

1993). In view of the differences in neurofilament protein content

among the callosal projection from the V1/V2 border and other

interhemispheric connections, it will be interesting to extend the

present neurochemical analysis to other callosal visual connections

to investigate further the molecular characteristics of interhemi-

spheric pathways as well as the potential role played by neurofil-

ament protein in corticocortical projection neurons.
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