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ABSTRACT
We investigated the distribution pattern of SMI-32-immunopositive cells in the lateral

geniculate nucleus (LGN) and in the primary (V1) and middle temporal (MT) cortical visual
areas of the adult New World monkey Cebus apella. In the LGN, the reaction for SMI-32
labeled cells in both the magnocellular (M) and parvocellular (P) layers. However, the cellular
label was heavier in M layers, which also showed a more intense labeling in the neuropil. In
V1, the reaction showed a lamination pattern, with the heaviest labeling occurring in layer
4B and upper layer 6 (layers that project to area MT). Area MT shows a dense band of labeled
neuropil and large pyramidal neurons in layer 3, large darkly labeled but less densely packed
neurons in layer 5, and a population of small, lightly labeled cells in layer 6. These results
resemble those found in other New and Old World monkeys, which suggest that the prefer-
ential labeling of projection neurons associated with fast-conducting pathways to the extra-
striate dorsal stream is a common characteristic of simian primates. In the superficial layers
of V1 in Cebus monkeys, however, SMI-32-labeled neurons are found in both cytochrome
oxidase blobs and interblob regions. In this aspect, our results in Cebus are similar to those
found in the Old World monkey Macaca and different from those described for squirrel
monkey, a smaller New World Monkey. In Cebus, as well as in Macaca, there is no correlation
between SMI-32 distribution and the blob pattern. J. Comp. Neurol. 508:605–614, 2008.
© 2008 Wiley-Liss, Inc.
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SMI-32 is a monoclonal antibody that recognizes non-
phosphorylated neurofilaments (N-NF) distributed
throughout the somata, the dendrites, and at least the
proximal axons of certain neurons (Sternberger and
Sternberger, 1983). Previous studies have shown that
SMI-32-immunoreactive (SMI-32-ir) neurons represent a
subset of pyramidal neurons, with long axonal projections.
In the cerebral cortex, immunoreactivity to N-NF protein
was not observed in nonpyramidal neurons, except for the
large multipolar layer 4B neurons and the smaller
bitufted layer 3 neurons in primary visual area (V1)
(Campbell and Morrison, 1989; Hof and Morrison, 1990,
1995).

In the dorsal lateral geniculate nucleus (LGN) of pri-
mates, a stronger expression of N-NF protein was ob-
served in the magnocellular layers, compared with the

parvocellular layers (Chaudhuri et al., 1996; Bourne and
Rosa, 2003). A differential distribution of SMI-32-ir neu-
rons was also observed across cortical areas (Campbell
and Morrison, 1989; Hof and Morrison, 1995; Chaudhuri
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et al., 1996; Bourne and Rosa, 2003; Baldauf, 2005; Van
der Gucht et al., 2005, 2006). In macaque monkey, visual
areas related to the magnocellular system in the superior
temporal sulcus (STS) and parietal cortices are all char-
acterized by the presence of very large SMI-32-ir neurons
in layer 5A. Conversely, areas related to the parvocellular
system, including V4 and the inferior temporal cortex,
show a denser but more heterogeneous population of
smaller and lightly stained neurons. In area V1, the most
prominent feature is the presence of densely labeled cells
in layer 4B and at the interface between layers 5 and 6
(Hof and Morrison, 1995). These cells are a component of
the magnocellular system projecting from area V1 to area
MT (Spatz, 1977; Fries et al., 1985; Shipp and Zeki, 1989;
Rosa et al., 1993).

A previous study in Macaca showed that whereas SMI-
32-ir apical dendrites bundle together in small clusters in
the superficial layers of V1, labeled neurons are scattered
across both cytochrome oxidase (CO) blob and interblob
domains (Fenstemaker et al., 2001). In contrast, in squir-
rel monkeys, the density of SMI-32-labeled neurons was
found to be greater within the CO interblobs than in the
blobs (Duffy and Livingstone, 2003).

In the present paper we report on the distribution of neu-
rofilament protein in LGN and in cortical visual areas V1
and MT of Cebus apella. We compare our results with those
described in Macaca as well as in squirrel monkey (Duffy
and Livingstone, 2003) and marmoset (Bourne and Rosa,
2003; Bourne et al., 2007). Smaller New World monkeys like
marmoset show a weaker degree of laminar organization in
the LGN and a lack or weaker degree of eye input segrega-
tion in layer 4 in the primary visual cortex. On the other
hand, in both Cebus and macaque, the LGN is divided into
paired magnocellular and parvocellular layers, with the par-
vocellular layers further subdivided into leaflets, and has
clear ocular dominance columns (Spatz, 1978; Kaas et al.,
1978; Hendrickson et al., 1978; Hess and Edwards, 1987;
Rosa, 2002; Bourne and Rosa, 2003).

When we take into consideration brain size and sulcal
pattern, as well as relative position of homologous visual
areas, we find that the Cebus is comparable to the Old
World monkey Macaca (Gattass and Gross, 1981; Gattass
et al., 1981, 1987, 2005; Rosa et al., 1988; Fiorani et al.,
1989). The similarities between Cebus and Macaca were
also highlighted in a recent study (Padberg et al., 2007) of
the cortical parietal areas that process inputs from the
hand. In contrast, in smaller New World monkeys, fewer
cortical fields are present in the corresponding parietal
location. It has been suggested that there are differences
in the chemoarchitectural pattern even between members
of the same order and that these are important in tracing
evolutionary adaptations and phylogenetic relationships
(Bourne et al., 2007). Thus, the present study, on the
distribution of neurofilament protein in the LGN and in
areas V1 and MT in Cebus, will allow comparison of the
cytochemical organization of these structures in New and
Old World monkeys.

MATERIALS AND METHODS

In this study we used six young adult Cebus apella
monkeys of both sexes, weighing between 2.5 and 3.7 kg.
All experimental protocols were conducted following the
NIH guidelines for animal research, and they were ap-
proved by the Committee for Animal Care and Use of the

Instituto de Biofı́sica Carlos Chagas Filho, UFRJ. These
animals were also used in other immunocytochemistry
studies in our laboratory.

Four of these animals were deeply anesthetized with
sodium pentobarbital (30 mg/kg) and perfused transcardi-
ally with normal saline followed by 4% paraformaldehyde
in phosphate-buffered saline (PBS); 4% paraformaldehyde
in PBS � 2.5% glycerol; PBS � 5% glycerol; and PBS �
10% glycerol. Serial 40-�m-thick, coronal (two animals) or
parasagittal (two animals) sections of the brains were
obtained by using a cryostat. Adjacent series were stained
for cell bodies with cresyl violet and for myelin by the
Gallyas technique (Gallyas, 1979) and then reacted for
cytochrome oxidase (CO) histochemistry (Silverman and
Tootell, 1987) or for immunocytochemistry for SMI-32. For
the remaining two animals, after perfusion with saline,
the brains were removed from the skull, and the block
with area V1 was flattened, fixed with the same solutions
used for the previous animals, and sectioned parallel to
the pial surface at 50 �m. Adjacent series were reacted for
CO and for immunocytochemistry for SMI-32.

The SMI-32 monoclonal antibody to neurofilaments
(SMI 32, Sternberger Monoclonals, Baltimore, MD) is a
mouse monoclonal IgG1 that reacts with a nonphosphory-
lated epitope in neurofilament H of most mammalian spe-
cies. This antibody labels neuronal cell bodies, dendrites,
and some thick axons in the central and peripheral ner-
vous systems (Sternberger and Sternberger, 1983; Camp-
bell and Morrison, 1989).

For immunocytochemical reactions, free-floating sections
were washed in PBS and incubated overnight with SMI-32
(1:4,000) in a solution containing 0.05% bovine serum albu-
min and 0.3% Triton X-100 in 0.001 M PBS, pH 7.4, at room
temperature. They were then incubated for an additional
hour in biotinylated anti-mouse secondary antibody (1:200)
and then processed by the avidin-biotin method with ABC
kits (Vector, Burlingame, CA) and nickel-enhanced diamino-
benzidine. The sections were rinsed in PBS, mounted on
gelatin-coated slides, dehydrated, and coverslipped. Control
sections were prepared by omitting the primary antibody in
the incubation solution. These sections showed no specific
staining. Sections were examined under brightfield micros-
copy and photomicrographed by using a Zeiss Axiocam at-
tached to the microscope. Adobe Photoshop 6 was used to
enhance image contrast and to crop and size the images for
illustration (Adobe Systems, San Jose, CA).

The study of the distribution pattern of SMI-32-ir cells
in layers 2/3 was performed in four flattened hemispheres.
The labeled cells were plotted in three parafoveal sections
of 3 mm2 for each hemisphere, under high magnification,
by using the Neurolucida system (MicroBrightField, Wil-
liston, VT).

The CO blobs were identified with the aid of densito-
metric analysis by means of a Matlab routine. First the
low-pass Fourier-filtered (1.1 cycles/mm) image was sub-
tracted from the original image, and then the image was
blurred with a Gaussian filter (� � 100 �m). Then the
borders of CO blobs were delineated at 0.4 of the maxi-
mum to minimum optical density, in order to obtain an
area between 30 and 33% of the total area corresponding
to blobs. The drawings of the CO blobs were superposed
with adjacent sections reacted for SMI-32, and the cell
density was measured in blob and interblob regions. The
data obtained for blob and interblobs regions were statis-
tically compared by using t-test analysis.
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Fig. 1. Photomicrographs of coronal sections of the lateral genic-
ulate nucleus of Cebus. A: Section of the LGN stained by the Nissl
method showing the magnocellular (M1 and M2) and parvocellular (P)
layers. B: Section adjacent to that illustrated in A reacted for SMI-32,
showing a more intense reaction in M layers. C: Photomicrograph in

an intermediate magnification showing S, M, interlaminar (I), and P
layers. D,E: Enlarged photomicrographs illustrating SMI-32-ir cells
in magnocellular (D) and parvocellular (E) layers. Scale bar � 1 mm
in A (applies to A,B); 200 �m in C; 50 �m in E (applies to D,E).
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RESULTS

Lateral geniculate nucleus

In Cebus, the lateral geniculate nucleus (LGN), as illus-
trated in a coronal section stained by the Nissl method in

Figure 1A, is formed by two magnocellular (M) layers in
its more ventral portion (containing larger projection neu-
rons) and four parvocellular (P) layers located dorsally
(containing medium-sized neurons). In this species, as
previously described by Hess and Edwards (1987), the P
layers are not totally individualized and join each other in
some portions of the nucleus. The reaction for SMI-32 in
the LGN shows immunoreactive cells in both the P (Fig.
1D) and M (Fig. 1E) layers. In the M layers, however,
labeling was more intense in terms of both a greater
number of labeled cells and more intense staining of the
neuropil (Fig. 1B,C). Rare cells were observed in the in-
terlaminar and S layers (Fig. 1C). SMI-32-ir cells were
mainly round or fusiform, with a pale nucleus and visible
proximal dendrites (Fig. 1D,E).

Primary visual area (V1)

The distribution pattern of the neurofilament protein
revealed by SMI-32 immunostaining in V1 of Cebus mon-
keys is illustrated in Figure 2A. Figure 2B shows an
adjacent coronal section stained by the Nissl method; ap-
proximate limits of the layers are delineated. Brodmann‘s
nomenclature was used throughout the text and figures to
allow direct comparison with most previous works in Old
World primates (Hof et al., 1996; Chaudhuri et al., 1996).
The layers according to Hassler‘s nomenclature are cited
in parentheses in the text.

The reaction for SMI-32 revealed a clear pattern of
lamination with a large number of labeled cells and a

Fig. 2. Photomicrographs of adjacent coronal sections of V1 in Cebus monkey. A: Section stained by
immunocytochemistry for SMI-32 showing the lamination pattern presented by neurofilament proteins
in V1. B: Adjacent section stained by the Nissl method, with the approximate limits of the layers are
indicated. Scale bar � 200 �m in A (applies to A,B).

Fig. 3. Photomicrograph of a coronal section of V1 in Cebus mon-
key, stained by immunocytochemistry for SMI-32 showing the V1/V2
border (arrow). Scale bar � 200 �m.
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Fig. 4. A,B: Photomicrographs of adjacent coronal sections of V1 in
Cebus reacted for SMI-32 immunocytochemistry (A) and for CO (B).
C,D: Adjacent tangential sections showing the CO blob pattern (C)
and SMI-32-ir cell distribution (D). Arrowheads point to the blood
vessels used for alignment of sections. E: Same section shown in C,

where the blobs of CO were automatically delineated (white contours)
after the procedure described in Materials and Methods. F: Superpo-
sition of CO blobs (black contours) with SMI32-ir cells (dots) plotted in
the section illustrated in D. Scale bar � 200 �m in B (applies to A,B);
300 �m in C (applies to C–F).
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heavily stained neuropil in layers 2/3 (3A), 4B (3C), and 6.
Layer 5 showed a moderate staining of the neuropil, which
consists mainly of apical dendrites of pyramidal cells lo-
cated in layer 6. The geniculorecipient layers 4A (3B) and
4C (4) stained lightly for SMI-32. This pattern changed
abruptly at the V1/V2 border (Fig. 3), where we observed
not only an interruption of the heavy labeling in layers 4B
and 6 but also an increase in the number of labeled pyra-
midal cells with large and intensely stained apical den-
drites in layers 2/3 of V2.

A comparison of the distribution patterns of SMI-32
(Fig. 4A) and CO (Fig. 4B) in V1 demonstrates their com-
plementary nature. The most heavily labeled layers for
CO (layers 4A and 4C) are poorly labeled for SMI-32,
whereas layer 4B and upper layer 6, which are heavily
stained for SMI-32, are weakly labeled for CO. In layers
2/3, where the CO reaction shows densely stained regu-
larly spaced blobs (Fig. 4C), the immunoreacted neuropil
appears denser in the regions that correspond to CO blobs,
and SMI-32-ir cells tend to form clusters (Fig. 4D). How-
ever, these SMI-32-ir cells are present both in CO blob and
in interblobs regions, as evidenced by the superposition of
adjacent tangent sections of V1, reacted for CO and for
SMI-32, illustrated in Figure 4F. Figure 5 shows the SMI-
32-ir cell density for each of the four hemispheres ana-
lyzed, as well as the mean density for the total area of
blobs and interblobs. We did not observe a statistically
significant difference (t-test, P � 0.05) in the SMI-32-ir
cell mean density between blob and interblob regions.

The SMI-32-ir cells in layers 2/3 (Fig. 6A,B) are mainly
small and lightly labeled pyramidal neurons with apical
dendrites oriented toward layer 1, where we observe hor-
izontally oriented labeled processes (Fig. 6A). A few la-
beled pyramidal neurons were found scattered in layers
4A and 4C. Layer 4B presents some pyramidal neurons
and a net of darkly stained neuropil as well as a great
number of large, darkly stained multipolar cells with in-
tensely labeled dendrites oriented mainly horizontally
(Fig. 6C,D). Elston and Rosa (1997) suggested that these
large multipolar cells that project to area MT are in fact
modified pyramidal cells. At the inferior border of layer 5
and superior half of layer 6, we observe dark labeled
neuropil and a population of small pyramidal neurons
with apical processes that cross layers 5 and 4C. In layer
6 we also observed very large cells with darkly stained

apical dendrites and basal dendrites with extensive hori-
zontal branching (Fig. 6E,F).

Area MT

In Cebus, MT is located in the posterior bank of the
superior temporal sulcus (STS) and can be clearly charac-
terized by a dense myelination (Fig. 7A), which extends
from layer 6 to the bottom of layer 3 (Fiorani et al., 1989;
Rosa et al., 1993). In Nissl-stained sections (Fig. 7C), MT
presents a dense layer 6 and a sparser layer 4. The dis-
tribution of SMI-32-ir cells in MT of Cebus is illustrated in
Figure 7B and D. When we compare the pattern of stain-
ing for SMI-32 in MT with that of surrounding areas, we
can observe that MT shows a distinctive pattern with a
dense band of labeled neuropil and large pyramidal neu-
rons in layer 3 (Fig. 7E), sparse, very large, darkly labeled
neurons in layer 5 (Fig. 7F), and a population of small and
lightly labeled cells in layer 6 (Fig. 7G).

DISCUSSION

Previous studies have shown that the SMI-32 antibody
labels preferentially cells related to the magnocellular
pathway, at both thalamic and cortical levels (Campbell
and Morrison, 1989; Hof and Morrison, 1995; Chaudhuri
et al., 1996; Hof et al., 1996; Bourne and Rosa, 2003;
Baldauf, 2005; Van der Gucht et al., 2005). In this study
we showed that in the LGN of Cebus monkey, staining
with SMI-32 labeled the magnocellular layer more in-
tensely than the parvocellular ones, similar to what has
been described in vervet monkey (Chaudhuri et al., 1996)
and in marmoset (Bourne and Rosa, 2003). In V1 of Cebus
layers 4B and 6, layers that project to area MT (Shipp and
Zeki 1989; Callaway and Wiser, 1996), contain the largest
and most intensely labeled SMI-32-ir neurons. In addition
we showed that area MT can be characterized by strong
labeling of the neuropil and by the presence of heavily
labeled pyramidal cells in layers 3, 5, and 6. Thus, the
higher level of neurofilament protein in neurons related to
the magnocellular pathway can be considered as a com-
mon characteristic of all New and Old World primate
species studied (macaque: Hof and Morrison, 1995; vervet:
Chaudhuri et al., 1996; marmoset: Bourne and Rosa,
2003; Baldauf, 2005).

In the superficial layers of V1 in Cebus, our results do
not suggest a correlation between the distribution of SMI-
32-ir cells and the CO modules. This result is similar to
that previously described in macaque monkey (Fenste-
maker et al., 2001), in which SMI-32 immunoreactivity is
distributed across the blob and interblob regions. In the
squirrel monkey, however, Duffy and Livingstone (2003)
found a greater density of SMI-32-labeled neurons in the
interblob regions than within the blobs. These authors
suggested that this difference may be the consequence of
the more distinct blob patterns that exist in squirrel mon-
keys compared with macaques. However, Cebus monkeys
have well-delimited CO blobs, which tend to be more in-
dividualized than those described in macaque, although
less defined than those described in squirrel monkey (Rosa
et al., 1991). The presence of SMI-32-ir neurons within
both blob and interblob regions is consistent with recent
findings that parvo- and magnocellular channels inter-
mingle in superficial layers of V1, in which both CO blobs
and interblobs receive magno inputs from layers 4C� and
4B and parvo inputs from layer 4C� (Lachica et al., 1992;

Fig. 5. SMI32-ir cell density in blob and interblob regions for four
analyzed hemispheres. The rightmost histograms show the average
cell density. No statistical difference (t-test, P � 0.05) was found for
cell density in blob and interblob in any case.
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Fig. 6. Photomicrographs of SMI-32-ir cells and neuropil in layers 1 and 2 (A), 2/3 (B), 4B (C,D), and
6 (E,F) in V1 in Cebus monkey. Scale bar � 50 �m in E (applies to A–F).
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Yoshioka et al., 1994; Callaway and Wiser, 1996). In ad-
dition, a strict segregation of the blob and interblob pro-
jections to different V2 compartments has been ques-
tioned (Sincich and Horton, 2002; Xiao and Felleman,
2004).

Hof et al. (1996) analyzed the distribution of neurofila-
ment protein-immunoreactive neurons following injec-

tions of retrograde tracers and showed that feedforward
connections to areas MT and V4 are characterized by
distinct neurochemical features. The projections to MT
contained consistently higher numbers of SMI-32-ir neu-
rons (78%) than the projections to area V4 (32%). Among
the projections to area MT, 100% of the retrogradely la-
beled cells in layer 4B and the Meynert cells in area V1

Fig. 7. Photomicrographs of parasagittal sections of the posterior
bank of the STS, at the level of area MT of Cebus. A: Myelin-stained
section showing the borders of area MT revealed by its dense myeli-
nation pattern (arrows). B: Section adjacent to that illustrated in A
reacted for SMI-32, showing an intense reaction in the neuropil and
cells in layer 3 and labeled cells in layers 5 and 6. C,D: Adjacent

sections stained for Nissl (C) and SMI-32 (D) showing the laminar
patterns in area MT. E–G: Enlarged photomicrographs show SMI-
32-ir cells in layers 3 (E), 5 (F), and 6 (G). Scale bar � 1 mm in B
(applies to A,B); 200 �m in D (applies to C,D); 100 �m in G (applies to
E–G).
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were also neurofilament protein-immunoreactive. The
presence of neurofilament protein has been correlated
with stabilization of the axonal cytoskeleton in large neu-
rons with high conduction velocity, an important cellular
feature in detection of movement (Campbell et al., 1991;
Hof and Morrison, 1995). Our data in Cebus corroborate
these ideas: strong labeling is seen for SMI-32 in layers 4B
and 6 in V1, layers that project directly to MT (Rosa et al.,
1993), an area that presents a systematic organization for
direction of motion selectivity (Zeki, 1974; Albright, 1984;
Diogo et al., 2002, 2003). Nonetheless, further studies are
needed to clarify the role of SMI-32-ir cells in layers 2/3 of
V1.

In this study we showed that the distribution pattern of
neurofilament proteins in Cebus is more comparable to
that of the Macaca, an Old World monkey, than to that of
the squirrel monkey, another New World monkey. In spite
of being widely separated in evolutionary terms (Preuss
and Goldman-Rakic, 1991), Cebus and Macaca show var-
ious similarities, as described in previous works (Gattass
and Gross, 1981; Gattass et al., 1981, 1987, 2005; Rosa et
al., 1988; Fiorani et al., 1989; Padberg et al., 2007). Pad-
berg and collaborators (2007) have suggested epigenetic
mechanisms to explain the parallel emergence of some
anterior parietal areas in both species. In relation to the
similarity in the distribution pattern of neurofilament pro-
teins in these species, it seems that it can also be due to
epigenetic factors that promote common developmental
mechanisms in individuals that have similar characteris-
tics and a similar ecological niche.
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