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ABSTRACT

Previous studies of the primate cerebral cortex have shown that neurofilament protein is
present in pyramidal neuron subpopulations displaying specific regional and laminar distribution
patterns. In order to characterize further the neurochemical phenotype of the neurons furnishing
feedforward and feedback pathways in the visual cortex of the macaque monkey, we performed an
analysis of the distribution of neurofilament protein in corticocortical projection neurons in areas V1,
V2, V3, V3A, V4, and MT. Injections of the retrogradely transported dyes Fast Blue and Diamidino
Yellow were placed within areas V4 and MT, or in areas V1 and V2, in 14 adult rhesus monkeys, and
the brains of these animals were processed for immunohistochemistry with an antibody to
nonphosphorylated epitopes of the medium and heavy molecular weight subunits of the neurofila-
ment protein. Overall, there was a higher proportion of neurons projecting from areas V1, V2, V3, and
V3A to area MT that were neurofilament protein-immunoreactive (57-100%), than to area V4
(25-36%). In contrast, feedback projections from areas MT, V4, and V3 exhibited a more consistent
proportion of neurofilament protein-containing neurons (70-80%), regardless of their target areas
(V1 or V2). In addition, the vast majority of feedback neurons projecting to areas V1 and V2 were
located in layers V and VI in areas V4 and MT, while they were observed in both supragranular and
infragranular layers in area V3. The laminar distribution of feedforward projecting neurons was
heterogeneous. In area V1, Meynert and layer IVB cells were found to project to area MT, while
neurons projecting to area V4 were particularly dense in layer I1I within the foveal representation. In
area V2, almost all neurons projecting to areas MT or V4 were located in layer 111, whereas they were
found in both layers IT-IIT and V-VI in areas V3 and V3A. These results suggest that neurofilament
protein identifies particular subpopulations of corticocortically projecting neurons with distinct
regional and laminar distribution in the monkey visual system. It is possible that the preferential
distribution of neurofilament protein within feedforward connections to area MT and all feedback
projections is related to other distinctive properties of these corticocortical projection neurons.
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are processed by two divergent yet interactive sytems, the
so-called magnocellular (motion) and parvicellular (form,
color) pathways. Both pathways originate from discrete
populations of retinal ganglion cells and remain partially
segregated through a variety of association regions in the
parietal and temporal cortex (Rockland and Pandya, 1979;
Mishkin et al., 1983; Maunsell and Newsome, 1987; Gattass
et al., 1986; Livingstone and Hubel, 1988; Zeki and Shipp,
1988; Morel and Bullier, 1990; Baizer et al., 1991; Felleman
and Van Essen, 1991; DeYoe et al., 1994; Van Essen and
Gallant, 1994). The fact that functional segregation occurs
along these visual pathways may be reflected in a certain
degree of morphological and biochemical specialization of
the neurons of the projections from the occipital cortex to
cortical areas that occupy a higher level in the hierarchical
organization of visual processing, such as areas MT and V4.
In this context, the combination of tract-tracing with immuno-
histochemistry allows for the identification of reliable neuro-
chemical, connectional, and morphological criteria that can be
used to define the particular phenotype of different subsets of
corticocortically projecting neurons (Campbell et al., 1991;
Hof et al., 1994, 1995a,b; Nimchinsky et al, 1996).

Previous analyses have demonstrated that pyramidal
neurons containing high somatodendritic levels of neurofila-
ment protein exhibit striking region-specific distribution
patterns in the monkey visual cortex, permitting the defini-
tion of as many as 28 visual areas based on anatomical
quantitative indices (Hof and Morrison, 1995). 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.,,
1994, 1995b). Using the same antibody as in the present
analysis, we have reported the distribution of neurofila-
ment protein within subsets of corticocortically projecting
neurons in long ipsilateral corticocortical pathways in
comparison to short corticocortical, commissural, and lim-
bic connections (Hof et al., 1995a). Long association path-
ways interconnecting the frontal, parietal, and temporal
neocortex have a high representation of neurofilament
protein-immunoreactive pyramidal neurons (45-90%),
whereas short corticocortical, callosal, and limbic pathways
are characterized by consistently fewer such neurons (4—
35%). These differences in neurochemical phenotype of
neurons furnishing corticocortical connections may have a
considerable impact on cortical processing, and may be
directly related to the type of integrative function sub-
served by each cortical pathway (Hof et al., 1995a). In this
context, it is also interesting that neurofilament protein-
immunoreactive neurons are dramatically affected in the
course of Alzheimer’s disease (Hof et al., 1990b; Hof and
Morrison, 1990), suggesting that neurofilament protein
may be crucially linked to the development of selective
neuronal vulnerability and subsequent disruption of cer-
tain corticocortical pathways, which may be directly linked
to the severe impairment of cognitive function commonly
observed in age-related dementing disorders. It should also
be kept in mind that neurofilament protein represents only
one neurochemical marker used here to characterize pyra-
midal neuron subsets. For instance, immunochistochemical
studies using an antibody to a chondroitin sulfate proteogly-
can demonstrated that specific functional compartments
and some of the visual areas in the magnocellular pathway
can be identified by their high immunoreactivity to this
component of the neuronal surface and extracellular matrix
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TABLE 1. Summary of Injection Sites!

Injections in areas MT and V4 Injections in areas V1 and V2

Monkey No of sites Tracer Monkey No of sites Tracer
RH1 2 DY RH3 3 DY
6 FB 6 FB
RH2 2 DY RH5 11 DY
6 FB 13 FB
RH4 10 FB RH6 9 FB
11 DY 9 DY
RH7 14 DY RH9 13 DY
12 FB 16 FB
RH8 15 FB RH10 16 DY
10 DY 11 FB
RHI11 22 FB RH13 15 FB
13 DY 13 DY
RH12 15 DY RH14 19 FB
9 FB 15 DY

!Each cortical injection consisted of several sites that each received 200 nl to 1 ul of Fast
Blue (FB) or Diamidino Yellow (DY). The injection sites were physiologically mapped in
animals RH1, RH2, and RH3 and these data were subsequently used to guide the
placement of injections. For both sets of injections, the first line represents the number of
injection sites and tracer injected in areas MT or V1, and the second line represents areas
V4 or V2, respectively. See Materials and Methods and Fig. 1 for details.

(DeYoe et al., 1990; Hockfield et al., 1990). However, these
results are challenged by earlier reports (Hendry et al.,
1984, 1988), demonstrating that this particular antigen
may not be restricted to broad band neurons in the lateral
geniculate nucleus and visual cortex in macaque monkeys
as well as other species.

In the present study, we analyzed the distribution neuro-
filament protein-immunoreactive neurons in several feedfor-
ward and feedback visual projections following injections of
retrograde tracers in areas V1, V2, V4, and MT in macaque
monkeys, in order to define further the neurochemical
features of neurons participating in corticocortical path-
ways subserving well defined visual functions, and to assess
the degree to which this cellular neurochemical feature may
be related to certain physiologic aspects of sensory process-
ing in these identified sets of projections. Preliminary data
from this study have been reported in abstract form
(Kupferschmid et al., 1991, 1992; Hof et al., 1994, 1995b).

MATERIALS AND METHODS
Surgical procedures

Fourteen adult Rhesus monkeys (Macaca mulatta) were
used in the present study (Table 1). Materials from these
animals were used in previous studies of the macaque
visual system as well (Hof et al., 1994, 1995a,b; Hof and
Morrison, 1995), and all experimental protocols were con-
ducted 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. Eleven out of 14 animals received relatively large
injections of the retrograde tracers Fast Blue (FB) and
Diamidino Yellow (DY) in either the mediotemporal area
MT and area V4, or in areas V1 and V2, whereas three
animals, in which the visuotopic loci of the injection sites
were mapped physiologically, received smaller injections
(Table 1; Fig. 1). The retrograde tracers were injected in
order to include extensive portions of the areas of interest
in each animal (Fig. 1). Also, depending on the animal, FB
and DY were used alternatively in areas MT and V4 (or V1
and V2), so that the same tracer was not used consistently
at the same injection site (Table 1). The areas chosen for
injections have been extensively characterized physiologi-
cally, their location can be easily identified using sulcal and
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Fig. 1. Schematic representation of the localization and size of
injections in areas V1 and V2 (A), V4 (B), and MT (C). The black areas
indicate the maximal spread of the tracers and represent the total area
injected in all of the monkeys combined. In each animal, the injections
were restricted to the cortical areas of interest. In C, the lateral (la),
lunate (lu), intraparietal (ips), superior temporal (sts), and inferior
occipital (ios) sulei have been artificially opened to demonstrate the
approximate location of the middle temporal (MT) and adjacent areas

gyral landmarks, and are easily exposed surgically (Zeki,
1974; Ungerleider and Mishkin, 1979; Gattass and Gross,
1981; Van Essen et al., 1981; Ungerleider and Desimone,
1986; Felleman and Van Essen, 1987; Gattass et al., 1988).

Animals were tranquilized with ketamine hydrochloride
(25 mg/kg i.m.), intubated, and maintained under halo-
thane general anesthesia (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.
After deinsertion and reflection of the temporal muscle, a
craniotomy was performed over the cortical site, and the
dura mater was incised and reflected. Up to 22 injections
(200 nl each) of 4% aqueous solutions of either FB or DY
were placed within the cerebral cortex by using a 1 pl
Hamilton microsyringe with a 24 gauge needle (Table 1;
Fig. 1). In the case of area V4, injections were placed along a
descending line starting approximately 2—3 mm below the
junction of the superior temporal and intraparietal sulci to
avoid the dorsal prelunate area DP, and extended about 1
mm along the posterior border of the inferior occipital
sulcus ventrally to end above the anterior extension of
areas V2 and VP. To inject area MT, the cortex of the dorsal

(indicated by upper case lettering). In animals with injections in areas
V1 and V2, tracers were placed in regions corresponding to the central
visual field representation (A). In all animals, tracer injections covered
large portions of areas V4 and MT (B, C). DP, dorsal prelunate area;
FST, fundal superior temporal area; MST, medial surperior temporal
area; PITd, posterior inferior temporal cortex, dorsal part; PP, poste-
rior parietal area; TEQO, temporo-occipital cortex; V4t, transition region
between areas V4 and MT.

bank of the posterior portion of the superior temporal
sulcus was surgically aspirated, and tracer injections were
then placed in the floor of the sulcus. Injections in area V2
were placed along the posterior margin of the lunate sulcus,
with special care to avoid spreading of the dye in the
subcortical white matter. The location of the boundary
between areas V2 and V1 was easily recognized from the
surface, and the proper placement of the injections within
the cortex was further ascertained on cross-sections. Injec-
tions in area V1 were placed in a vertical strip of opercular
cortex along the V1/V2 border, which comprised the V1’s
foveal representation as well as parafoveal portions of the
inferior visual hemifield. All of the injections were verified
anatomically. In three animals (RH1, RH2, and RH3),
injections sites were located by electrophysiological map-
ping techniques, and these data were used as guides in the
subsequent experiments. For these animals, after a desired
injection site was identified, a guide tube was advanced
through the dura and placed about 300 pm above the
intended site. A microelectrode was then advanced through
the guide tube and the visuotopic location of the injection
site was confirmed. The electrode was then withdrawn from
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the guide tube and replaced by 1 pl Hamilton syringe. Using
0.02 pl steps we injected 1 wl of DY in area MT and 0.3 ul of
FB in area V4 for each injection site in animals RH1 and
RH2. Similarly, monkey RH3 received 1 pl of FB in area V2
and 0.3 pl of DY in area V1 for each injection site (Table 1).
To minimize leakage of the tracer into the electrode track,
the syringe was left in place for 20 minutes following
injections.

Tissue preparation and staining procedure

Following surgery, a survival time of 21 days was set to
allow for reliable retrograde transport of FB and DY as
described in our previous studies (Kuypers and Huysmans,
1984; Campbell et al., 1991; Hof et al., 1995a). Then, the
animals were perfused as previously described (Hof and
Nimchinsky, 1992; Hof et al., 1995a; Hof and Morrison,
1995). Briefly, the animals were deeply anesthetized with
ketamine hydrochloride (25 mg/kg i.m.) and sodium pento-
barbital (20-35 mg/kg i.v., as necessary), intubated and
mechanically ventilated. The chest was then opened, the
heart exposed, 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% paraformaldehyde in phosphate buffer for 1
minute followed by cold 4% paraformaldehyde for 10 to 12
minutes. The brains were then removed from the skull, cut
into 4-10 mm-thick coronal blocks, postfixed for 6 to 7
hours in 4% paraformaldehyde at 4°C, and cryoprotected in
a series of graded sucrose solutions (12, 16, 18, and 30%) in
phosphate-buffered saline (PBS). For histological and immu-
nohistochemical purposes, the blocks were frozen on dry ice
following postfixation and cryoprotection, and adjacent 40
pm-thick sections were cut from the coronal blocks on a
sliding microtome or on a cryostat. In all of the animals, the
sections from each block were kept in anatomical series and
every tenth section was processed for immunohistochemis-
try. The remaining sections were cryoprotected and stored
in serial order at -20°C.

Monoclonal antibody SMI-32 (Sternberger Monoclonals,
Baltimore, MD), that recognizes nonphosphorylated epitopes
on the medium (168 kDa) and heavy (200 kDa) molecular
weight subunits of the neurofilament protein (Sternberger
and Sternberger, 1983; Lee et al., 1988) was used in the
present analysis. For immunohistochemistry, 40-pm-thick
free-floating sections were incubated for 48 hours at 4°C
with the monoclonal antibody SMI-32 at a dilution of
1:5,000 in PBS 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 Permafluor. This method was found
to yield an optimal immunofluorescence signal. A parallel
series of sections was stained for brightfield microscopy and
processed with the avidin-biotin method using a Vectastain
ABC kit (Vector Laboratories, Burlingame, CA) and 3,3’-
diaminobenzidine as a chromogen. In this case SMI-32
immunoreactivity was subsequently intensified in 0.005%
osmium tetroxide (Fig. 2). In all of the animals, additional
series of sections were stained with cresyl violet in order to
clarify the cytoarchitecture and reconstruct the injection
sites.

Regional and laminar analyses

Analyses of the distribution of retrogradely and double
labeled neurons were performed using a computer-assisted
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image analysis system consisting of a Zeiss Axiophot photo-
microscope equipped with a Zeiss MSP65 computer-
controlled motorized stage (Zeiss, Oberkochen, Germany),
high sensitivity SIT666 TV scanner (DAGE MTI, Michigan
City, IN) or Zeiss ZVS-47E (Zeiss, Thornwood, NY) video
camera system, a Macintosh 840AV workstation, and Neu-
roZoom morphometry software developed in collaboration
with the Scripps Research Institute (La Jolla, CA; Young et
al., 1995; Bloom et al., 1996; Nimchinsky et al., 1996).
Materials were analyzed by using fluorescence lighting
conditions with a Zeiss Plan Neofluar 20X and 40X objec-
tives, a Zeiss UV filter to detect FB, and DY-containing
retrogradely labeled neurons or narrow bandpass fluores-
cein filter sets to visualize neurofilament protein immuno-
reactivity.

In each animal, every other section from the original
series stained with antibody SMI-32 (i.e., a 1 in 20 series),
was systematically counted. The regional and laminar
numbers of retrogradely and double labeled neurons project-
ing to areas V4 and MT were recorded in layers II-11I and
V-VI separately, in areas V2, V3, and V3A. In area V1,
retrogradely labeled layers III and IVB neurons, as well as
Meynert cells were counted as separate neuronal popula-
tions. Similarly, after tracer injection in areas V1 and V2,
retrogradely labeled cells were counted in layers II-1II and
V-VI of areas V3, V4, and MT. The analyses were per-
formed on a digitized image for each field of interest. In
each animal, neurons that were single labeled (i.e., contain-
ing FB or DY only) and double labeled (i.e., containing one
of the retrograde tracers and immunolabeled by antibody
SMI-32) were counted simultaneously by switching the
filter combinations in 10 to 15 sections depending on the
animal, in layers II-II] and V-VI, separately. The computer
graphics were then superimposed on the digitized image.
The position of each neuronal profile of interest was
registered and labeled differently on the computer maps, so
that the numbers of retrogradely labeled neurons and the
proportion of double labeled neurons within a given projec-
tion (i.e., the percentage of double labeled neurons calcu-
lated from total retrogradely labeled neuron counts) to
areas MT and V4, or V1 and V2, could be estimated with a
laminar level of resolution. With respect to the quantifica-
tion of the numbers of retrogradely and double labeled
neurons, it should be noted that we did not use a stereologic
approach. Although it is true that systematic random
sampling would yield robust estimates of neuron numbers
(Sterio, 1984; Gundersen and Jensen, 1987; West et al,,
1991), the biological and experimental variability in tract-
tracing experiments is such that it would make the stereo-
logic analysis of a given projection (using, for example, an
optical fractionator) extremely cumbersome, and poten-
tially not totally meaningful (for example, in the present
study the injections in areas MT and V4 yielded consis-
tently lower numbers of retrogradely labeled neurons com-
pared to the injections area V1 and V2; such factors cannot
be controlled for and may lead to misinterpretation of
stereologic data). The present analysis did show, however,
consistency in the data in that percentages of double labeled
neurons were comparable among animals, even though the
raw counts of retrogradely (and double) labeled neurons
varied greatly. The point of the present analysis being the
expression of the percentage of neurons containing neuro-
filament protein in several corticocortical pathways, we did
not feel it necessary to undertake a formal stereologic
assessment of the total number of neurons participating in
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Fig. 2. Distribution of neurofilament protein in areas V1 (A), V2
(B), V3 (C), V3A (D), V4 (E), and MT (F). There are clear laminar
patterns of labeled neuron distribution among these areas. Note the
prominent staining of large pyramidal neurons, including Meynert cells
and layer IVB in area V1 (A), layer III and V neurons in areas V2, V3,

these projections, at the laminar level. In all cases, it should
be noted that we made sure to survey and quantify ad-
equately the retrogradely labeled neurons, in comparable
series of immunoreacted sections that encompassed the
entire extent of the cortical region investigated. This avoided
a certain degree of bias due to clustering of data collection
to only parts of a given cortical area.

and V3A (B-D), the denser and generally lighter pattern as well as
layers IT-superficial III neurons observed in area V4 (E). Some conspicu-
ous layer II neurons are labeled in area V3 (C). Area MT contains large
layer IIT and V cells and a distinct band of immunoreactive neurons in
layer VI (F). Scale bar = 100 pm.

In addition, accurate maps were electronically con-
structed by assembling a series of counting frames to show
the distribution of labeled profiles in large areas consisting
of several adjacent microscopic fields (Hof et al., 1995a;
Young et al., 1995; Nimchinsky et al., 1996). The coordi-
nates of each labeled element were recorded in each micro-
scopic field, typically a fraction of a cortical layer, relative to



Fig.3. Examples of retrogradely labeled and neurofilament protein-
immunoreactive double labeled neurons in feedforward and feedback
visual projections. Each pair of photomicrographs represents the same
field. Layer IVB neurons (A, B) and Meynert cells (C, D) in area V1
following DY (A, B) or FB (C, D) injections in area MT. All retrogradely
labeled neurons are enriched in neurofilament protein (arrows). Panels
E—H show layers II-III of area V2 following FB injections in areas MT
(E, F) or V4 (G, H). Note the lower density of double labeled neurons in
the case of the injection in area V4 (arrows, E-H). Panels I and J show
retrograde labeling of layers II and IIIA neurofilament protein-
containing neurons in area V3 after injection of FB in area V4. There

are several double labeled neurons in layers II and ITIA (arrows, I-J).
Panels K and L show examples of retrogradely labeled neurons in area
MT after injection of area V1. There is a large number of double labeled
neurons in layers V and VI. These computer generated photomicro-
graphs were obtained by scanning the original photographic slides on a
Agfa Arcus II high resolution scanner. The plate was subsequently
prepared with Adobe Photoshop software and printed on a color laser
printer. No alterations were made to the original materials except that
some of the original color intensity was lost during printing. Scale bar =
100 pm in L (and applies to C-H, K), 75 pm (for A, B), 200 pm (for I, J).
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Fig. 4. Schematic representations of the areas mapped in Figures 5
and 6. The relevant sections were traced by using a computer-assisted
morphometry system (NeuroZoom, Young et al., 1995), and the loca-

an origin, and the map was automatically assembled.
Laminar boundaries were created by editing the map at the
same time data were collected. The accuracy of laminar
boundaries was further ascertained on adjacent non-
fluorescence sections stained with the antibody SMI-32 and
on Nissl preparations (Fig. 2). Overall, the topographic
localization of 23,145 retrogradely labeled and 14,561 double
labeled neurons was recorded in the present analysis. The
data were calculated in each animal separately, in view of
substantial discrepancy in the numbers of retrogradely and
double labeled neurons across animals resulting from differ-
ences in the amount of tracers injected in the areas of
interest. In spite of interindividual variability, the percent-
ages of double labeled neurons relative to the number of
retrogradely labeled neurons in each injection paradigm
was generally consistent for each marker analyzed. There-
fore, percentages of double labeled neurons calculated from
laminar data were pooled across all of the animals for each
of areas MT and V4 injections, or areas V1 and V2
injections. Due to the differences in injections in areas MT
and V4, analyses concentrated in most cases to regions of
topographic overlap. Also, since the distribution patterns of
retrogradely labeled neurons in the dorsal and ventral parts
of area V3 and in area V3A were qualitatively comparable,
results from these regions were pooled in the guantitative
analysis and referred to as V3. Data from the different
projections are shown graphically on Figures 5 and 6, and
the schematic drawings on Figure 4 indicate the location of
each computer-generated map. The statistical analysis was
performed using a one-way analysis of variance to assess
possible differences in the proportions of double labeled
neurons among the cases. Similarly, an analysis of variance
was used to demonstrate differences in the proportions of
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tion of the cortical maps enlarged in the following figures highlighted
(black zones). Each location is designated by its corresponding number
on Figures 5 and 6.

double labeled neurons among the cortical regions of origin
of the projections considered. Subsequently, differences
among specific layers and cortical regions were assessed
using multiple comparisons of the means according to the
Student-Newman-Keuls method (Sachs, 1984).

RESULTS

Regional patterns of neurofilament
protein distribution

Neurofilament protein-immunoreactive neurons exhib-
ited a very high degree of regional heterogeneity across
cortical areas. The distribution of neurofilament protein in
the monkey visual system corresponded to that reported in
a previous analysis (Hof and Morrison, 1995). In summary,
the majority of neurofilament protein-enriched neurons are
medium to large size pyramidal neurons with extensive

Fig. 5. Representative computer-generated maps of the distribution
of retrogradely labeled (blue open circles) and double labeled (red stars)
neurofilament protein-immunoreactive neurons in areas V1, ventral V2
(A), ventral V3 (B), that project to area MT, and from area V3A to areas
V4 and MT (C). On panel C, the neurons projecting to area V4 are coded
as in panels A and B, whereas retrogradely labeled cells projecting to
area MT area shown by yellow squares and double labeled cells
projecting to area MT by green circles. All of the retrogradely labeled
neurons in the projection from area V1 to MT display neurofilament
protein immunoreactivity, whereas the projections from areas V2 and
V3 have slightly lower densities of double labeled neurons (A, B). Note
that the projection from areas V3A to V4 displays fewer double labeled
neurons than that to MT (C). In panel C, note the intervening patterns
of projection neurons to areas V4 and MT. Maps A and B are from
animal RH12, C is from animal RH8. Scale bars = 1 mm.
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basal and apical dendritic arborizations (Campbell and
Morrison, 1989; Hof and Morrison, 1995). In area V1, they
were present in moderate densities in layers II, III, and V,
almost absent in layer IVC, while layer VI contained a
consistent population of relatively small, lightly stained
pyramidal and fusiform neurons. The large layer IVB
neurons and the Meynert cells at the border between layers
V and VI were intensely labeled (Fig. 2A). Area V2 was
characterized by a dense band of large, darkly labeled
pyramidal neurons located in the lower two thirds of layer
III and a much sparser population of large neurofilament
protein-immunoreactive neurons in layer V and smaller,
lightly labeled neurons in layer VI (Fig. 2B). Area V3 was
characterized by the presence of small neurofilament pro-
tein-immunoreactive neurons in layers II and IITA, and in
the superficial portion of layer III (Fig. 2C). This pattern
was not observed in areas V1 and V2. Layer III of area V3
contained slightly lower densities of labeled pyramidal
neurons than area V2, whereas the number of smaller
lightly stained neurons in layers V-VI was higher in areas
V3 and V3A. The large layer V pyramidal neurons were very
conspicuous in areas V3 and V3A (Fig. 2C, D). Area V4 had
considerably higher numbers of neurofilament protein-
positive neurons in layers V and VI than did area V3 (Fig.
2E), and area MT was characterized by the presence of very
large, regularly spaced immunoreactive neurons in layer V
and a distinct band of intensely labeled, small neurons in
layer VI that clearly demarcated this region from area V4
(Fig. 2F).

Distribution of retrogradely labeled neurons

Feedforward projections. Although variability in the
amount of tracers injected in the areas in each experimental
animal resulted in variability in the density of retrogradely
labeled cells among the projections analyzed, all injections
in areas V4 and MT yielded consistent qualitative patterns
of retrograde labeling distribution in areas V1, V2, V3, and
V3A. In area V1, injections in area V4 resulted in the
labeling of a restricted, dense population of retrogradely
labeled neurons in layers IT and III of the opercular region
corresponding to the V1’s foveal representation (Daniel and
Whitteridge, 1961; Zeki, 1978; Yukie and Iwai, 1985), as
well as the labeling of layer III neurons scattered through-
out the rest of the area. Injections in area MT resulted in
retrograde labeling of generally restricted subsets of large
layer IVB neurons and Meynert cells that were observed in
higher numbers in the calcarine cortex than in the opercu-
lar cortex (Figs. 3A-D, 5A, B). Retrograde labeling occurred
in both the dorsal and ventral portion of areas V2 and V3, as
well as in area V3A. In area V2, retrograde labeling from
both areas V4 and MT was almost entirely confined to large
layer III pyramidal neurons (Figs. 3E-H, 5A, B). In both
areas V3 and V3A, retrogradely labeled neurons were found
in both layers II-111 and V-VI, with comparable or slightly
higher densities in the supragranular layers (Fig. 5B, C),
and retrogradely labeled neurons were principally large
layer III and medium size layer V pyramidal cells, although
in several fields many labeled fusiform and small pyramidal
neurons were seen in layer VI. Some small pyramidal
neurons in layer II were also retrogradely labeled following
injections in area V4 (Fig. 31, J). Interestingly, retrogradely
labeled neurons frequently presented as well defined non-
overlapping patches of FB- and DY- containing cells in
layers II-1III of area V2, possibly conforming to functional
cortical domains as described in the physiologic and ana-
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tomic study of Munk et al. (1995). More variable domains of
mutually exclusive FB and DY retrograde transport were
also found in layers III and V-VI of V3 and V3A.

Feedback projections. Qualitatively comparable pat-
terns of retrogradely labeled neuron distribution in areas
MT, V4, and V3 were observed across all experimental
animals that received injections in areas V1 and V2.
Injections in areas V1 and V2 resulted in labeling of a large
population of feedback projection neurons predominantly
located in layers V and VI in area MT and V4 (Figs. 3K, L,
6A, B). In these areas, layers II and III contained a
relatively smaller number of retrogradely labeled neurons.
In area V3, however, retrogradely labeled neurons were
observed in comparable densities in both supragranular
and infragranular layers (Fig. 6C). Retrogradely labeled
neurons were mostly medium size pyramidal cells in layers
IIT and V, while in layer VI many fusiform or horizontally
oriented neurons, as well as smaller pyramidal cells were
observed. In area V3, retrogradely labeled cells from areas
V1 and V2 formed two large distinct patches on the anterior
wall of the lunate sulcus, with the projection to area V1
situated dorsally to that to area V2 (Fig. 6C). In both areas
V4 and MT, feedback projection neurons to areas V1 and V2
did not show segregation patterns in either layers II-III or
V-VI (Fig. 6A, B).

Proportions of retrogradely and double
labeled neurons

The regional and laminar distribution patterns of retro-
grade labeling in areas V1, V2, V3, and V3A indicated a
substantial level of neurochemical specialization, among
the neurons of origin of the projections to areas V4 and MT.
In contrast, it appeared that feedback projections from
areas V3, V4, and MT were far more homogeneous with
respect to their content of neurofilament protein. In order
to characterize more precisely these different neuronal
subsets, the proportion of neurons containing neurofila-
ment protein was quantitatively assessed for each projec-
tion. This analysis demonstrated that despite the variabil-
ity in numbers of retrogradely labeled neurons, the
proportions of double labeled neurons (i.e., retrogradely
labeled and neurofilament protein-immunoreactive) were
remarkably consistent among animals (Tables 2, 3). It
should be noted that injections in areas MT and V4 yielded
lower numbers of retrogradely labeled neurons than those
placed in areas V1 and V2 (see Figs. 5, 6). This may be due
to the fact that overall smaller amounts of the tracers were

Fig. 6. Representative computer-generated maps of the distribution
of retrogradely labeled and double labeled neurofilament protein-
immunoreactive neurons in areas MT (A), V4 (B), and V3 (C) that pro-
ject to areas V1 and V2. In panels A and B, retrogradely labeled neurons
projecting to area V1 are coded by blue dots and double labeled neurons
projecting to area V1 by green dots. The projecting neurons to area V2
are similarly coded by salmon crosses and red stars, respectively. In
panel C, the projection to area V2 appears as salmon and red dots,
respectively. The pink dots or squares represents neurons projecting to
both areas V1 and V2; all of these neurons also contained neurofilament
protein. Note that the distribution of the labeled neurons is coextensive
in areas MT and V4, whereas it is more segregated in V3. Most of the
feedback projections in areas MT and V4 originate in layers V and VI,
while they are equally distributed across supragranular and infragranu-
lar layers in area V3. There is a relatively homogeneous pattern of
distribution of double labeled neurons among feedback projections in
comparison to feedforward projections (Fig. 5). Maps A and B are from
animal RH13, C is from animal RH14, Scale bars = 1 mm.
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TABLE 2. Distribution of Neurofilament Protein-Immunoreactive Neurons
in Corticocortical Projections to Areas MT and V4!

Monkeys
Source
area RH1 RH2 RH4 RH7 RH8 RHI11 RH12 Mean
Projections to area MT
Area V1
Layer IVB 100 100 100 100 100 100 100 100
MC 100 100 100 100 100 100 100 100
Area V2
Layers II-II1 770 672 67.2 80.0 85.1 875 820 78.0=x28
Area V3
Layers II-111 75.2 72.6 69.2 74.4 74.5 712 804 T48=*12
V-VI 58.1 53.1 48.2 38.1 395 75.5 684 57.2=x38
Projections to area V4
Area V1
Layers II-III  20.0 35.0 24.1 20.0 30.0 25.0 214 251%20
Area V2
Layers II-IIT 475 42.1 26.6 21.2 212 39.3 277 322=+3.7
Area V3
Layers II-III 458  49.2 279 275 26.8 40.8 33.0 359=x33
V-VI 314 448 244 16.3 13.2 35.7 333 284=x39

'Results represent the laminar percentages of double labeled neurons (i.e., retrogradely
labeled and neurofilament protein-immunoreactive) in the projections from areas V1, V2,
and V3 to the injections sites in areas V4 and MT. The mean + S.E.M. percentages from
all 7 animals is also indicated. No distinction was made between the ventral and dorsal
portions of areas V2 and V3, and data from area V3A were included with those from area
V3. Note that layer IVB and Meynert cells (MC) in area V1 that project to area MT were
all double labeled. Also there is a much higher percentage of double labeled neurons in the
occipitoparietal pathway (to area MT) than in the occipitotemporal pathway (to area V4).
There was a very small number of neurons in layers V-VI of area V2 projecting to either
areas V4 or MT, and among these neurons few were double labeled (10-20%). A few
neurons projecting to both areas V4 and MT were observed exclusively in layers III and V
of area V3A, and were consistently neurofilament protein-immunoreactive (97.1%).
Animals are coded as in Table 1. See Results and Fig. 7 for details.

TABLE 3. Distribution of Neurofilament Protein-Immunoreactive Neurons
in Corticocortical Projections to Areas V1 and V2!

Monkeys
Source
area RH3 RH5 RH6 RH9 RH10 RH13 RH14 Mean
Projections to area V1
Area MT
Layer IT-ITI 75.0 583 602 468 54.7 65.2 599 60.0=x4.1
V-Vl 794 766 89.0 795 742 76.1 78.6 79.1 4.2
Area V4
Layers II-III  68.3 560 704 574 483 59.2 61.0 60.1 = 2.8
V-Vl 1788 876 81.8 846 74.8 15.3 7.7 80.1+ 44
Area V3
LayersII-II1 700 725 747 544 55.5 61.2 65.5 64.8 + 4.0
V-Vl 542 774 820 604 83.0 75.4 71.2 72852
Projections to area V2
Area MT
LayersII-III 533 77.0 591 598 53.6 66.5 634 61841
V-vl 1796 782 752 8l6 86.0 772 78.4 79.6 = 3.2
Area V4
Layers II-IIT 60.0 625 636 71.7 60.1 64.0 65.1 639+ 3.8
V-vI 793 792 747 865 78.1 85.9 75.6 799=+43
Area V3
LayersII-IIT  71.7 80.0 79.9 55.7 51.9 63.1 68.3 67.2x42
V-Vi 782 776 808 744 69.0 83.7 72.1 76.5 + 3.7

'Results represent the laminar percentages of double labeled neurons (i.e., retrogradely
labeled and neurofilament protein-immunoreactive) in the projections from areas MT,
V4, and V3 to the injections sites in areas V1 and V2. The mean + S.E.M. percentages
from all 7 animals is also indicated. No distinction was made between the ventral and
dorsal portions of areas V4 and V3. Also there is an overall homogeneous distribution of
double labeled neurons among these connections, in contrast to feedforward projections
(Table 2). A few neurons projecting to both areas V2 and V1 were observed exclusively in
layers V and VI of these three areas, and were consistently neurofilament protein-
immunoreactive (100%). Animals are coded as in Table 1. See Results and Fig. 7 for
details.

injected in areas MT and V4 resulting in less efficient
retrograde labeling (Table 1). However, in view of the
consistency in the percentages of double labeling patterns
across animals, the possibility that differences in the propor-
tion of neurofilament protein-containing neurons among
projections may result from a lower level of retrograde
transport can be ruled out.
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Feedforward projections. There were large differences
in percentages of double labeled projection neurons among
the feedforward projections analyzed. Overall, 78.4% (2,402
out of 3,065 neurons) of the retrogradely labeled neurons
projecting to area MT contained neurofilament protein
immunoreactivity, whereas this value was as low as 32.1%
(1,670 out of 5,209 neurons) in the projections to area V4
(Table 2; Fig. 7A). Among the projections to area MT, 100%
of the retrogradely labeled cells in layer IVB and the
Meynert cells in area V1 were also neurofilament protein-
immunoreactive (Figs. 3A-D, 5A), whereas the projection
from layer III of areas V2 and V3 contained a lower
proportion of double labeled neurons compared to the
projection from V1 (78 and 75%, respectively, P < 0.001;
Table 2; Fig. 5A-C). The projection from layers V-VI of
area V3 to area MT contained fewer double labeled neurons
than the projection from the superficial layer (57 vs. 75%,
P < 0.005; Table 2; Fig. 5B, C).

The projections to area V4 were characterized by a much
lower content of neurofilament protein immunoreactivity
than the projections to area MT (P < 0.001 for all of the
projections analyzed, Table 2; Fig. 5C). Among the projec-
tions to area V4 the percentages of double labeled neurons
was generally comparable (Table 2). The projection from
layer III of area V1 to area V4, including the relatively
dense population of neurons observed in the foveal represen-
tation, contained a low percentage of neurofilament protein-
immunoreactive neurons (25%), while slightly higher per-
centages were observed in the projections from layer III of
areas V2 and V3A (32 and 36%, respectively; Table 2; Fig.
5C). These trends did not reach statistical significance. It is
worth noting that the neurofilament protein-immunoreac-
tive neurons located within layers II and superficial III of
area V3 were frequently retrogradely labeled following
injections in area V4, indicating that this particular subpopu-
lation of neurons, which has been used as a chemoarchitec-
tonic landmark for occipitotemporal and inferior temporal
areas (Hof and Morrison, 1995), appears to be involved in
short corticocortical connections (Fig. 31, J).

Finally, a very small population of neurons projecting to
both areas V4 and MT was observed predominantly in layer
ITI of area V3A, and an inconsistent projection to areas MT
and V4 was found in some animals in layers V-VI of area V2
(not shown). The very rare neurons in area V3A that
projected to both areas V4 and MT were almost all double
labeled (97.1%, from a total number of 32 neurons). A low
proportion of neurons in the infragranular layers of area V2
showed neurofilament protein immunoreactivity (10-20%,
from a total number of 50 retrogradely labeled neurons).

Feedback projections. Interestingly, the striking differ-
ences observed in percentages of neurofilament protein-
immunoreactive neurons among feedforward projections
were not present in the case of feedback projections to areas
V1 and V2. In all of the feedback projections analyzed, the
proportion of double labeled neurons averaged 69.5% (3,712
out of 5,341 neurons) in the projections to area V1 and
71.1% (6,777 out of 9,530 neurons) in the projections to
area V2 (Table 3; Fig. 7B). It should be noted, however, that
all of the feedback projections, except the MT to V2
projection, differed considerably from their feedforward
counterparts with respect to the presence of neurofilament
protein (Fig. 7). The feedback projections from area V3 to
areas V1 and V2 were significantly different in their
neurofilament protein content from the V3 to V4 feedfor-
ward projection, but had similar levels of neurofilament
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Fig. 7. Quantitative characteristics of the neurochemical phenotype
of the feedforward and feedback projections analyzed in the present
study. Percentages of neurofilament protein-containing neurons in
feedforward projections are shown in panel A, and those in feedback
projections in panel B. There are overall higher percentages in the
projections to area MT than in the projections to area V4. Data from
layers II-IIT and V-VI have been pooled in the feedforward projections
from area V3 and in all feedback projections. Note the homogeneous
patterns in the feedback projections. Statistically significant differences
are as follows: a, P < 0.001 compared to the projection from area V1 to
area MT; b, P < 0.001 compared to all of the projections to area MT; ¢,
P < 0.001 compared to the corresponding feedforward projection; d,
P < 0.001 compared to all feedforward projections to area V4. Note that
feedforward and feedback connections between areas MT and V2 had
comparable percentages. The projection from area V1 to area MT (100%
double labeled) is significantly different from all others projections (P <
0.001).
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protein immunoreactivity as the V3 to MT feedforward
connection (Fig. 7; Tables 2, 3). Among the projections to
area V1, retrogradely labeled neurofilament protein-
containing neurons were more frequent in layers V-VI than
in layers II-III in areas V4 and MT (P < 0.005; Table 3;
Figs. 3K, L, 6A, B), but not in area V3 where comparable
numbers of double labeled neurons were observed in supra-
granular and infragranular layers (Table 3; Fig. 6C). A
similar observation was made for the projections to area V2
(Table 3; Fig. 6). In addition, a substantial number of
neurons projecting to both areas V1 and V2 were observed
in areas V3, V4, and MT (78, 123, and 145, respectively; Fig.
6). The vast majority of these neurons was located in layer
VI (92%), whereas very few were found in the supragranu-
lar layers and in layer V. All of these neurons displayed
neurofilament protein immunoreactivity, in a manner com-
parable to the feedforward neurons projecting to more than
one area described above.

DISCUSSION

The present results indicate that the neurons of origin of
feedforward and feedback corticocortical connections from
the occipital cortex to areas MT and V4 are characterized by
distinct neurochemical features. Quantitatively, the projec-
tions from areas V1, V2, and V3 to MT contain consistently
higher numbers of neurofilament protein-immunoreactive
neurons (78%) than the projections to area V4 (32%),
whereas feedback projections from areas MT, V4, and V3 do
not show such differences. Also, each projection is character-
ized by a specific neurofilament protein distribution profile
in that all of the neurons projecting from area V1 to area
MT are double labeled, whereas there is a progressive
decrease in the percentages of immunoreactive neurons in
the projections from areas V2 and V3. In contrast, the
feedforward projections in the occipitotemporal pathway
display a more homogeneous, yet lower, proportion of
double labeled neurons, and the feedback projection, irre-
spective of their site of termination, contain homoge-
neously high levels of neurofilament protein (about 70%;
Fig. 7). In addition, the specific regional and laminar
distribution of neurofilament protein parallel these quanti-
tative patterns.

Recent analyses of corticocortical projections have shown
that overall, approximately 30% of all corticocortically
projecting neurons are neurofilament protein-immunoreac-
tive (Campbell et al., 1991; Hof et al., 1995a). Certain
projections, such as those between the anterior cingulate
and prefrontal cortices, are characterized by very low
numbers of neurofilament protein-enriched neurons, while
others, such as connections between the prefrontal and
superior temporal cortices, contain as many as 90% double
labeled neurons (Campbell et al., 1991; Hof et al., 1995a).
The present quantitative analysis reveals that a comparable
degree of variability exists in feedforward and feedback
visual projections. The much higher densities of neurofila-
ment protein-immunoreactive neurons in the projections to
area MT is fairly comparable to the results obtained in a
variety of long association connections linking the tempo-
ral, parietal and prefrontal cortices, whereas the percent-
ages of double labeled neurons in the projections to area V4
are within the range of short corticocortical connections
between adjacent cortical domains (Campbell et al., 1991;
Hof et al., 1995a). It should be noted, however, that from
the present data, the length of the cortical projection per se
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does not appear to be a major determinant of the concentra-
tion of neurofilament protein. The feedforward connections
to area MT and V4 and the reciprocal connections to areas
V1 and V2, which have a smaller range than the long
corticocortical projections described in Hof et al. (1995a),
may differ in this regard from these other corticocortical
pathways.

Several studies have indicated that neurofilament pro-
tein is involved in the maintenance and stabilization of the
axonal cytoskeleton, and that its expression levels correlate
with axonal size (Morris and Lasek, 1982; Hoffman et al.,
1987; Nixon et al., 1994; Pijak et al., 1996; Xu et al., 1996).
It has also been proposed that the expression and phosphor-
ylation of the diverse neurofilament protein subunits, as
well as other cytoskeletal components, during development
are neuron-type specific and contribute to the formation of
the adult axonal and somatodendritic cytoskeleton (Riederer
et al., 1995, 1996). Similarly, the presence of high levels of
nonphosphorylated neurofilament protein in the somatoden-
dritic compartment of a relatively small number of highly
specialized subsets of neocortical neurons has been pro-
posed to be a neurochemical feature possibly related to a
distinctive role of these neurons in corticocortical systems
(Campbell and Morrison, 1989; De Lima et al., 1990;
Campbell et al., 1991; Hof and Morrison, 1995; Hof et al.,
1995a). The observed differential distribution of neurofila-
ment protein-containing neurons in these projections may
reflect differential involvement of these neurons in the
detection of submodalities within a sensory map, such as
color, motion, direction, and speed of movement (Hof and
Morrison, 1995). Also, the presence of neurofilament pro-
tein in the perikaryon has been correlated to cell size and
conduction velocity of nerve fibers (Lawson and Waddell,
1991). The high representation of neurofilament protein-
immunoreactive neurons in the occipitoparietal pathway,
as well as the large size of layer IVB and Meynert cells in
area V1 that furnish a direct projection to area MT (Fries et
al., 1985), suggest that the presence of a specialized cytoskel-
eton may represent an important cellular feature in neu-
rons involved principally in the detection and analysis of
motion. In this context, it is worth noting that axons of
neurons projecting from area V1 to area MT are typically
large (up to 3 pm in diameter), whereas axons of other
visual projections are characterized by smaller diameters
(0.5 to 2 wm; Rockland, 1989, 1992, 1995; Rockland and
Virga, 1990; Rockland et al., 1994). Also, based on analyses
of reciprocal connections between areas V1 and MT, Zeki
and Shipp (1989) have proposed that Meynert neurons may
be involved in the fast transfer of motion-related informa-
tion to area MT which may prepare the latter area to receive
a more elaborate information from layer IVB of V1 and
from areas V2 or V3.

Interestingly, the largest retinal ganglion cells are en-
riched in neurofilament protein, as are most of the neurons
in the magnocellular layers of the lateral geniculate nucleus
(Straznicky et al., 1992; Vickers et al., 1995). The fact that
small retinal ganglion cells, parvicellular neurons in the
lateral geniculate nucleus (Vickers et al., 1995), and the
cortical components of the projections to area V4 analyzed
in the present study, including the connection from the
foveal representation from areas V1 to V4 (Daniel and
Whitteridge, 1961; Zeki, 1978; Yukie and Iwai, 1985;
Nakamura et al., 1993), all display low levels of neurofila-
ment protein immunoreactivity, demonstrates that segrega-

P.R. HOF ET AL.

tion of neurochemical phenotype in the connections be-
tween occipital regions and areas MT and V4 may occurs at
many levels of the visual system. It is therefore possible
that projections enriched in neurofilament protein, such as
the projections to area MT, perform the transfer of complex
sensory information at high conduction velocities with
minimal decay and high temporospatial accuracy. This is of
particular interest with respect to data demonstrating that
in area V1, “magnocellular’” neurons are activated earlier
than ‘“‘parvicellular’ neurons (Marrocco, 1976; Raiguel et
al., 1989; Nowak et al., 1995), and that in area V2, neurons
located in the cytochrome oxidase thick stripes fire about 20
ms earlier than neurons in the thin stripes (Munk et al,,
1995), indicating strong differences in visual latencies
among projection neurons to areas V4 and MT. These
authors also reported shorter latencies in direction-
selective neurons, whereas color-selective neurons show
slower responses (Munk et al., 1995). It should be noted
that there was no clear indication of patchiness in the
distribution of neurofilament protein-containing neurons
in the different cortical areas studied that may correspond
to functional cortical domain. Similarly, our previous analy-
sis of neurofilament protein immunoreactivity in the ma-
caque monkey visual cortex did not reveal such intra-
regional segregation patterns (Hof and Morrison, 1995). No
complete analysis of the possible correlation of neurofila-
ment protein distribution with cytochrome oxidase do-
mains was performed in the present analysis. However,
preliminary data suggest that in area V2, neurofilament
protein-containing neurons retrogradely labeled from area
MT are preferentially located within the cytochrome oxidase-
rich domains (Kupferschmid et al., 1992), but further
analysis is needed to clarify this issue.

The present analysis involved the comparison of a limited
set of visual projections and for this reason, generalization
of these neurochemical data to the global set of feedfor-
ward, and feedback visual connections should be considered
with caution. It is possible that the substantial differences
in double labeling patterns of feedforward projections may
reflect to some extent mismatches in injection sites in areas
V4 and MT. This is however rather unlikely to affect
significantly our results since large portion of the lateral
aspect of area V4 and most of area MT were consistently
injected. It also possible that our injections in area V4
included only parts of this area, since it is suspected to
contain several subdivisions with different properties and
connectivity (Maguire and Baizer, 1984; Steele et al., 1991).
In this regard, our injections were all located within the
prelunate gyrus and did not extend into prelunate sulcus,
omitting the area referred to as PM by Maguire and Baizer
(1984). Zeki and Shipp have also shown that there are
considerable differences in the projection patterns of feedfor-
ward and feedback connections among areas V1, V2, V4,
and MT (Shipp and Zeki, 1989; Zeki and Shipp, 1989a,b),
with feedback patterns being generally more widespread
than the origin of the corresponding feedforward projec-
tion. Additional injections in areas V1 and V2 will be
necessary to characterize further the possible differences in
neurochemical phenotype of neurons projecting back to the
representation of the periphery of the visual field.

A wealth of studies have identified pyramidal neuron
populations on the basis morphological criteria (for review
see Feldman, 1984; Témbol, 1984; DeFelipe and Farifias,
1992). Recently, subtypes of pyramidal neurons have also
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been identified in studies combining tract-tracing, intracel-
lular filling, and immunohistochemistry or electrophysiol-
ogy (Katz, 1987; Chagnac-Amitai et al., 1990; Kawaguchi,
1993; Kawaguchi and Kubota, 1996; Nimchinsky et al.,
1996; Yang et al., 1996), allowing for more detailed classifi-
cation criteria. In spite of some limitations, the present data
indicate that significant differences exist in the neurons of
origin of a variety of feedforward and feedback visual
connections. Interestingly, it is has been recently shown
that visual perception involves feedforward visual connec-
tions, whereas visual imagery may rely on sets of feedback
projections (Ishai and Sagi, 1995; Miyashita, 1995). It is
therefore possible that neurofilament protein represents a
useful marker to characterize select groups of projection
neurons that may have a distinctive role in visual process-
ing. To address these issues, analyses of identified neurons,
combining immunohistochemistry and electrophysiology,
will be needed to clarify the function of neurofilament
protein in the processing of particular submodalities of the
visual stimuli. Also, cell size, axonal diameter and arboriza-
tion patterns may represent important variables to charac-
terize in greater detail the relationships between the pres-
ence of neurofilament protein and the role of these neurons
in visual processing.

Finally, the high cellular specificity of neurofilament
protein distribution in certain feedforward and feedback
visual pathways and the preferential vulnerability of neuro-
filament protein-enriched neurons known to occur in neuro-
degenerative diseases (Hof et al., 1990b; Hof and Morrison,
1990; Vickers et al., 1992, 1994, 1995), may be related to
the impairment of visuomotor function frequently observed
in Alzheimer’s disease (Fletcher, 1994; Mentis et al., 1996).
Therefore, the selective vulnerability of the occipitoparietal
visual pathway in a subgroup of Alzheimer’s disease pa-
tients characterized by prominent disturbances in visuomo-
tor tasks and posterior cortical atrophy (Hof et al., 1989,
1990a, 1993), could be related to the vulnerability of
restricted subpopulations of ‘“magnocellular” corticocorti-
cal neurons sharing this specific neurochemical phenotype.
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