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ABSTRACT

Strabismus, a misalignment of the eyes, results in a loss of binocular visual function in
humans. The effects are similar in monkeys, where a loss of binocular convergence onto single
cortical neurons is always found. Changes in the anatomical organization of primary visual
cortex (V1) may be associated with these physiological deficits, yet few have been reported.
We examined the distributions of several anatomical markers in V1 of two experimentally
strabismic Macaca nemestrina monkeys. Staining patterns in tangential sections were re-
lated to the ocular dominance (OD) column structure as deduced from cytochrome oxidase
(CO) staining. CO staining appears roughly normal in the superficial layers, but in layer 4C,
one eye’s columns were pale. Thin, dark stripes falling near OD column borders are evident
in Nissl-stained sections in all layers and in immunoreactivity for calbindin, especially in
layers 3 and 4B. The monoclonal antibody SMI32, which labels a neurofilament protein found in
pyramidal cells, is reduced in one eye’s columns and absent at OD column borders. The pale
SMI32 columns are those that are dark with CO in layer 4. Gallyas staining for myelin reveals
thin stripes through layers 2-5; the dark stripes fall at OD column centers. All these changes
appear to be related to the loss of binocularity in cortical neurons, which has its most profound

effects near OD column borders. J. Comp. Neurol. 438:300-317, 2001.
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Strabismus, or a misalignment of the eyes, occurs nat-
urally in human and monkey populations with a fre-
quency of around 4% (Kiorpes and Boothe, 1980; von Noor-
den, 1980) and typically results in similar visual deficits in
humans and monkeys (Kiorpes and Movshon, 1996). In
some cases, strabismics become amblyopic, with degraded
visual acuity in one eye. Invariably, there is a striking loss
of binocular vision and a related directional asymmetry in
the ability to track a moving object visually (Tychsen and
Lisberger, 1986; Kiorpes et al., 1996). The binocular defi-
cits in strabismics seem to result directly from a reduction
in cortical binocular interaction, even though each eye is
effective in driving cortical neurons (Hubel and Wiesel,
1965; Kiorpes et al., 1996).

Few anatomical studies report structural or functional
changes in the visual cortex of animals with strabismus,
yet some reorganization must underlie the changes in
visual function. The loss of binocularity is evident in pri-
mary visual cortex (V1), suggesting that alterations
caused by strabismus should be detected there. Prior to
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the cortical level, and in layer 4C of V1, afferents from the
two eyes are segregated. In normal monkeys, binocular
combination of inputs onto single neurons first occurs in
layers 4B and 3 (Lachica et al., 1992; Yoshioka et al., 1993)
in the “interblob” regions surrounding the monocularly
responsive cytochrome oxidase (CO) blobs. Tychsen and
Burkhalter (1992) have reported that the horizontal con-
nections between cells in adjacent ocular dominance col-
umns in the superficial layers of V1 are altered in a nat-
urally strabismic monkey. Specifically, connections
between left and right eye columns are lost, leaving con-
nections between same-eye columns intact. A similar pat-
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EFFECTS OF EXPERIMENTAL STRABISMUS ON MONKEY V1

tern is evident in artificially strabismic cats, suggesting
that the loss of horizontal connections is an effect rather
than a cause of naturally occurring strabismus (Léwel and
Singer, 1992). Neither the axonal nor the dendritic mor-
phology of cortico-cortical projection neurons that remain
in a naturally strabismic animal is significantly altered
(Tychsen et al., 1996).

Given the disruption of binocular vision in strabismic
monkeys, we have examined the distribution of several
markers that are differentially expressed by neurons in
the superficial layers of V1. In visually normal monkeys,
these markers are preferentially associated with monocu-
lar or binocular eye dominance domains, or with function-
ally distinct classes of neurons.

Cytochrome oxidase and NADPH diaphorase. Tissue
sections of V1 reacted to visualize the metabolic enzyme
cytochrome oxidase (CO) show a distinctive pattern of
dark patches or blobs in the superficial layers. These blobs
overlie the centers of ocular dominance (OD) columns in
the geniculate-recipient layer 4 and function as a marker
for the most monocularly biased regions of the superficial
layers (Horton, 1984). Histochemical reaction for a related
enzyme, NADPH diaphorase, produces an exactly coinci-
dent pattern of neuropil staining (Sandell, 1986). Al-
though CO does not appear to be associated with any
particular classes of neurons, NADPH-diaphorase is found
in the cell bodies and processes of y-aminobutyric acid
(GABA)ergic interneurons, and a class of large NADPH-
containing interneurons is preferentially situated within
CO blobs (Sandell, 1986). NADPH diaphorase is the same
molecule as nitric oxide synthase (Dawson et al., 1991;
Hope et al., 1991), and its expression has been shown to be
activity-dependent in V1 (Sandell, 1986; Aoki et al., 1993).
Expansion in strabismic monkeys of the blobs of neuropil
staining or a change in number or distribution of NADPH-
positive cell bodies may indicate altered local inhibitory
interactions in binocular function.

Calbindin. A great variety of interneurons has been de-
scribed in monkey V1, with virtually all sparsely spiny or
aspiny neurons found to be GABAergic and presumably in-
hibitory. Dual labeling of these neurons indicates that in
addition to nitric oxide synthase (NOS)/NADPH diaphorase,
many of these GABAergic cells also contain one or more
peptides, alone or in combination with one of the calcium
binding proteins (Hendry et al., 1984; Jones et al., 1987; van
Brederode et al., 1990). The vitamin D-dependent 28-kDa
calcium binding protein calbindin is typically expressed by
interneurons and is preferentially expressed in the interblob
regions of V1, with a laminar pattern that is complementary
to that of CO (van Brederode et al., 1990; Hendry and
Carder, 1993; Carder et al., 1996). This distribution sug-
gests that calbindin is associated with binocularly respon-
sive neurons and a possible complement to NADPH diaph-
orase labeling. The expression of calbindin has been
reported to be changed by visual form deprivation (Leclerc
and Carder, 1994) as well as following monocular depri-
vation by impulse blockade (Carder et al., 1996).

Neurofilament protein. Pyramidal cells are the output
neurons for neocortex; a reduction in the correlated binocu-
lar activation of these neurons might be reflected in reduced
expression of structural proteins. Hendry and Bhandari
(1992) have reported that structural protein expression is
modifiable by activity. Specifically, monocular impulse block-
ade results in stripes of reduced MAP-2 immunoreactivity in
layer 4C of V1 and in paler staining of rows of superficial
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layer blobs. The pale rows coincide with the pale staining CO
stripes and blobs and therefore represent a loss of the pro-
tein in the treated eyes’ columns. Monocular deprivation of
early onset causes a similar reduction in immunolabeling of
neurofilament proteins in the deprived eye columns (Yo-
shioka et al., 1996).

A subclass of pyramidal cells in the superficial layers of V1
can be identified on the basis of immunoreactivity with the
monoclonal antibody SMI32, which recognizes a nonphos-
phorylated epitope on the 168- and 200-kDa neurofilament
subunits in somata and dendrites (Campbell and Morrison,
1989). These neurons are scattered across both blob and
interblob domains in the superficial layers, and SMI32-
immunoreactive apical dendrites bundle together in small
clusters. Thus, changes in SMI32 expression by pyramidal
cells might indicate regions of altered output from V1 arising
from reduced binocular activation. Furthermore, a high pro-
portion of the SMI32-immunoreactive neurons in visual cor-
tex projects to the cortical motion processing area MT (Hof et
al., 1996); in particular, dense SMI32 immunoreactivity is
seen in layer 4B, a major source of projections to area MT.
These patterns suggest an association of SMI32-
immunoreactive neurons with the magnocellular lateral
geniculate nucleus (LGN)-derived pathway for motion pro-
cessing, and possibly with motion processing deficits in stra-
bismic monkeys (Kiorpes et al., 1996).

We examined changes in the cortical distribution of
these markers in two experimentally strabismic monkeys.
The expression of calbindin, which is normally associated
with regions of binocular activity, and Nissl staining are
altered in these animals. Staining for NADPH diaphorase,
which is normally associated with monocularly responsive
regions of V1, is unchanged. A complicated pattern was
found in immunoreactivity for SMI32, with reduced activ-
ity at OD column borders and more intense labeling
within the central cores of the OD columns. Furthermore,
we observed changes in CO activity, particularly in layer
4C. All these changes may be related to the lack of normal
binocular activation in the strabismic visual cortex.

MATERIALS AND METHODS

Strabismus was induced in two male Macaca nemest-
rina monkeys by surgical manipulation of the extraocular
muscles at 9 days after birth. The left eyes of both animals
were made esotropic, with the deviation in animal PW 20°
and that in SY 25°. A complete report on the effects of
artificial strabismus on pursuit eye movements and on
neuronal responses in area MT in these animals has been
published (Kiorpes et al., 1996). Both animals alternated
fixation, and neither animal was amblyopic. Sections from
two visually normal adult M. nemestrina were also pro-
cessed to provide normal control material. These experi-
ments were carried out under a protocol approved by the
Animal Care and Use Committee of New York University
and conformed to NIH guidelines for vertebrate use.

At the conclusion of the above-mentioned physiological
recordings, the animals were given an intravenous over-
dose of sodium pentobarbital (65 mg/kg) and perfused
with heparinized saline, followed by 4% paraformalde-
hyde in 0.1 M phosphate buffer. The brains were postfixed
overnight in 4% paraformaldehyde at 4°C, and then the
right occipital lobe was blocked coronally to allow exami-
nation of changes across the cortical layers. The left oc-
cipital operculum of each animal was removed as a single
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sheet to be sectioned parallel to the cortical layers. This
approach facilitates examination of changes across ocular
dominance columns within a single layer. Following equil-
ibration in 30% sucrose, frozen sections were cut at 40 pm
and processed according to standard methods for Nissl
staining or for demonstrating cytochrome oxidase (Wong-
Riley, 1979) or NADPH diaphorase (Sandell, 1986), for
myelinated fibers (Gallyas, 1979), or for immunocyto-
chemical labeling.

Immunocytochemical sections were incubated free-
floating for 30 minutes in 1% bovine serum albumin (BSA)
in Tris-buffered saline (TBS) containing 0.3% Triton-X100
to block non-specific labeling and to permeabilize the sec-
tions. They were rinsed in TBS and incubated in either a
monoclonal antibody directed against calbindin-d (dilu-
tion of 1:2,000; Sigma, St. Louis, MO) or against a non-
phosphorylated epitope on 168- and 220-kDa neurofila-
ment proteins (SMI32, dilution of 1:10,000; Sternberger
Monoclonals, Lutherville, MD) overnight at room tempera-
ture. The sections were rinsed in TBS, incubated for 2 hours
in biotinylated secondary antibodies (Vector, Burlingame,
CA) at dilutions of 1:200, and visualized by the ABC detec-
tion system (Vector) using diaminobenzidine (DAB) or
3-amino-9-ethylcarbazole (AEC) (Vector) as the chromogen.

Some unstained sections were mounted and temporarily
coverslipped with glycerol for photography; these sections
were subsequently stained for Nissl substance. The tissue
was examined, some reconstructions were performed us-
ing an Olympus BHS microscope equipped with a camera
lucida, and photomicrographs were made with a Zeiss
Axiophot microscope. Photographic negatives were digi-
tized, and low-power images of tissue sections were ob-
tained by using the transparency module of an Agfa Duo-
Scan flatbed scanner, controlled by a Power Macintosh
running Adobe Photoshop. Photoshop was also used to
enhance image contrast prior to analysis. The public do-
main NTH Image program (modified by James Cavanaugh
of the Center for Neural Science, New York University)
was used to align section images using radial blood vessels
as reference points and to measure ocular dominance col-
umns. Counts of Nissl-stained cells from adjacent series of
dark and light stripes in layer 3 were made using a cam-
era lucida. Every stained nucleus contained within a 100-
wm? box centered on a dark or pale stripe was included; we
made no attempt to distinguish neurons from glia. Nuclei
that touched either of two sides of this box were included,
whereas nuclei touching either of the remaining two sides
were excluded. Final images were assembled using Adobe
Photoshop and were printed at 300 dpi on a Kodak 8650
dye sublimation printer.

RESULTS

Figure 1 illustrates the distribution of the major mark-
ers we examined in the superficial layers of V1 of a visu-
ally normal monkey. The sections were taken from a phys-
ically flattened operculum. The left-hand column shows
calbindin immunoreactivity (top), CO staining (middle),
and SMI32 immunoreactivity (bottom) from adjacent sec-
tions. In the middle column, regions of intense CB immu-
noreactivity, the centers of CO blobs, and patches of in-
tense SMI32 immunoreactivity have been colored green,
red, and yellow, respectively. The upper rightmost panel
shows the superimposition of the CB and CO labeling,
with regions of overlap indicated in blue. As reported
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previously (Celio et al., 1986; van Brederode et al., 1990;
Hendry and Carder, 1993), calbindin immunoreactivity
tends to form a matrix around the CO blobs, with only
minimal overlap. The lower rightmost panel shows the
superimposition of SMI32 and CO, also with regions of
overlap indicated by blue. The numerous blue patches
suggest that the SMI32 immunoreactivity is distributed
within the blobs as well as in the interblobs. There is no
discernable correlation with the blob pattern.

Cytochrome oxidase and NADPH diaphorase

When viewed in a flat-mounted section of V1, dense CO
reactivity forms regular blobs that are sometimes con-
nected by bridges within a row. These rows correspond to
the centers of ocular dominance columns and they have a
typical center-to-center spacing of about 0.4 mm (Horton,
1984). Layer 4A is marked by a “honeycomb” pattern, with
no OD pattern visible. Staining is uniformly sparse in 4B
and dense in 4C, with 4CB often darker than 4Ca. Faint
blobs are visible in lightly stained layer 5 and in darkly
stained layer 6. Figure 2 illustrates the CO staining ob-
tained in tangential sections through opercular V1 of stra-
bismic monkey PW. In the superficial layers, the sizes of
blobs in adjacent rows are similar and appear relatively
normal. Sections taken through the middle layers from
PW shows that stripes are visible through layers 4A, 4B,
and 4C; these stripes are illustrated in Figure 3. Similar,
but somewhat less distinct stripe patterns are seen in
monkey SY (Fig. 2C; arrows mark layer 4Cp stripes). No
inhomogeneities are visible in layer 4 in coronal sections
from monkey PW (Fig. 2D).

In monkey SY, (Fig. 2C) the CO blobs are smaller than
those in PW. In some regions of superficial layer 3 the
blobs even appear to be split into two, but these pairs
occupy columns with the same center spacing. CO blob
spacing in strabismic monkeys (including PW and SY),
which we have reported separately, is not significantly
different from that seen in visually normal monkeys (Mur-
phy et al., 1998).

Figure 3 illustrates the relation of the layer 4 stripe
patterns to the superficial layer blobs (Fig. 3A); the region
shown is that marked by the white box in Figure 2A. In
strabismic animals, the honeycomb pattern in layer 4A is
interrupted by thin pale stripes (Fig. 3B). The dark por-
tions of the honeycomb are aligned with each row of
superficial-layer blobs (Fig. 3A—C) and have center to cen-
ter spacing of about 0.4 mm and widths of about 0.3 mm.
These are normal values for ocular dominance column
spacing (Horton and Hocking, 1996b), and the densely
stained regions may mark the most monocular central
core of the columns (Horton, 1984). CO staining in layer
4Ca is generally uniform and dark. The pattern in most of
layer 4CpB, however, resembles that of a monocularly enu-
cleated monkey (Fig. 3C,D), with dark and light stripes of
approximately equal width; the dark stripes (marked by
white arrows) are aligned with alternate rows of blobs and
stripes in the more superficial layers. Thus, the OD col-
umns of one eye are pale in 4CB. This contrasts with the
pattern in layer 4A in which each eye’s core region is dark.
Panels D and E of Figure 3 show the stripes of layer 4C in
more detail; the region illustrated is that marked by the
black box in Figure 2B and is just ventral to that in panels
A-C. The dark stripes in the deepest portion of 4CB ap-
pear to be split into two thin stripes (Fig. 3E, white aster-
isks), but they are still restricted to one eye’s columns.
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Fig. 1. The distribution in superficial layers of normal monkeys of
calbindin immunoreactivity (top left), SMI32 neurofilament protein
immunoreactivity (bottom left), and their relation to the CO blobs
(center left), which mark the centers of OD columns. Serial sections
are cut parallel to the cortical layers from a flattened block of oper-

Faint blobs with normal spacing are visible in layers 5 and
6; the apparent orientation of the string of blobs differs
from that seen in the superficial layers.

Staining for NADPH diaphorase revealed a pattern of
superficial layer blobs, as well as stripes in layer 4. The
patterns were of slightly higher contrast than in the CO-
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cular V1. Arrows mark the same blood vessels in each section. Middle
panel shows regions of intense CB (yellow), CO (red), and SMI32
(green). The rightmost panels are superimpositions of CB and CO
(top), and SMI32 and CO (bottom). Blue areas indicate colocalization
of CO and CB or SMI32. Scale bar = 1 mm.

stained material, but the patterns in the NADPH diaphorase
sections were indistinguishable from those obtained with CO.

Nissl staining

Normal Nissl staining is uniform within a single cor-
tical layer. In flattened sections from strabismic mon-
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Fig. 2. CO staining in V1 of strabismic monkeys. A,B: Tangential
sections from the occipital operculum from monkey PW. In these as all
other sections from animals PW and SY, anterior is to the left; num-
bers indicate position in sequence beginning at pial surface. Note
alternating light and dark stripes in layer 4C. C: CO-stained section

from monkey SY, showing similar, but less distinct, patterns (arrows
mark dark stripes) to those seen in PW. D: Coronal section from
monkey PW. White box in A identifies region shown in Figure 3A-C;
black box in B identifies region shown in Figure 3D and E. Scale
bars = 1 mm for A-C, 0.5 mm for D.
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Fig. 3. Details of CO staining in layer 4 of strabismic monkey PW.
Sections through layer 3 (A), 4A (B), and 4C (C) aligned to blood
vessels marked by black arrows. White arrows mark dark stripes in
layer 4Cb; these match every other row of blobs in layer 3 and stripes

keys however, faint stripes can be seen in all cortical
layers but are most pronounced in layers 3 through 5.
Figure 4A and B illustrates sections from monkey PW,
and Figure 4C shows a section from SY. These stripes
resemble thin OD columns in their general form, and
they have a center to center spacing of about 0.4 mm
(0.41 mm =+ 0.01 SEM for both animals); this suggests
that both eyes’ columns are represented. The dark
stripes do not have sharp borders; the width of the
stripes was measured by using NIH-Image to plot mean
grayscale density as averaged over an 8-pixel-wide line
drawn perpendicular to the stripes. The resulting plot
was roughly sinusoidal, and the width of the dark
stripes was measured at half-height. The widths of the
dark components are 0.24 = 0.01 mm (SE) for both

in layer 4A. Solid stripes in most of layer 4C (D) and stripes in deepest
part of layer 4C (E; marked by asterisks) consist of paired thin dark
stripes with paler center. Scale bar = 1 mm.

animals. The most straightforward explanation for such
a pattern would be cell loss in the pale stripes, but
counts of all cells from dark and light stripes yield
equivalent cell densities in dark and pale stripes, with
61.88 cells/100 pm? (+ 2.74), and 67.38 cells/100 um? (+
3.16), respectively. These means are not significantly
different. The difference between dark and light stripes
appears to be due to the intensity of staining of individ-
ual cells, presumably reflecting different rates of pro-
tein synthesis, or possibly differing numbers of neurons
relative to glia. The same pattern is seen in Nissl-
stained sections from monkey SY (Fig. 4C). The stripes
are too faint to be visible in coronal sections.

The relation of the Nissl stripes to the ocular dominance
column organization as derived from the CO pattern is
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Fig. 4. Nissl staining in strabismic monkeys. A: Layer 3 of monkey PW. B: Layers 1-6 in monkey PW.
C: Section through all layers to white matter in monkey SY. Box in A marks the region shown at higher
magnification in Figure 5. Scale bar = 1 mm.
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Fig. 5. Relation of stripe patterns in Nissl staining to OD columns.
A: CO staining in layer 3 of monkey PW. B: Semi-adjacent section
stained for Nissl substance; black arrows mark dark stripes. C: Same
section as in A, with white lines drawn over dark CO regions marking

illustrated in Figure 5. Semi-adjacent CO (Fig. 5A) and
Nissl sections (Fig. 5B; black arrows mark dark Nissl
stripes) from monkey PW are illustrated. Broken white
lines connecting the blob centers (the centers of ocular
dominance columns) were drawn on the CO section (Fig.
5C) and were then superimposed on the Nissl section (Fig.
5D; white arrows mark blood vessels used for section
alignment); the lines interdigitate with the dark Nissl-
stained stripes.

Although CO histochemistry indicates that overall met-
abolic activity is greater at the centers of OD columns,
Nissl staining is darker at the borders of OD columns.

Calbindin

The 28-kDa vitamin D-dependent calcium binding
protein calbindin-D is expressed primarily by interneu-
rons, and the normal immunoreactivity of the neuropil
to calbindin antibody forms an irregular matrix in layer

OD column centers. D: Section in B with lines from C marking OD
column centers superimposed. Dark stripes marked by black arrows
interdigitate with white lines. White arrowheads mark blood vessels
used for section alignment. Scale bar = 1 mm.

3 (Fig. 1) that avoids the CO blobs (van Brederode et al.,
1990; Carder et al., 1996). In experimentally strabismic
monkeys, calbindin immunoreactivity in layer 3 and
deeper forms stripes (Fig. 6).The stripes appear to be
formed primarily by decreased calbindin expression in
the neuropil between CO blobs at the centers of OD
columns. In monkey PW (Fig. 6A,B,D), the dark
calbindin-immunoreactive stripes are clear and narrow
in layers 3 and 4B. The region shown in Figure 6C was
taken from the region indicated by the box in Figure 6B,
but from a more superficial section to show a greater
extent of layer 3. In monkey SY (Fig. 6D), the dark
stripes (marked by arrow) are less clear and appear
wider in many areas than those in PW, but no section
reacted to demonstrate calbindin provides a wide
enough view of layer 3 to visualize the calbindin pattern
optimally. Calbindin labeling in layer 4B in monkey SY
appears to form broad, indistinct stripes. Although in-
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Fig. 6. Calbindin expression. A: Section showing calbindin immu-
noreactivity in layers 3 to 4B. B: Section extending to layer 5 from
monkey PW. Box indicates region from a slightly more superficial
section enlarged in C to show detail of calbindin immunolabeling in

homogeneities are visible in calbindin immunolabeling
of the superficial layers, no clear stripes can be seen in
coronal section from monkey PW (Fig. 6E).

layer 3 of monkey PW. D: Section extending to layer 4C from monkey
SY. Arrow indicates relatively distinct stripes in layer 3. E: Coronal
section from PW. Scale bars = 1 mm for A-D, 0.5 mm for D.

The dark and pale stripes of calbindin immunoreactivity
are compared with the OD column structure in Figure 7. As
in Figure 5, OD structure is revealed with CO staining in a
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Fig. 7. Relation of stripe patterns in calbindin immunoreactivity
to OD columns. A: CO staining in layer 3 of monkey PW. B: Adjacent
section reacted with antibody against calbindin. Black arrows mark
dark stripes of calbindin immunoreactivity. C,D: OD column centers

nearby section (Fig. 7A,C). High calbindin expression (as
indicated by thin black arrows in Fig. 7B,D) interdigitates
with the OD column centers (indicated by broken white
lines). Thus higher calbindin expression occurs at the OD
column borders, as was the case for Nissl staining.

Neurofilament immunoreactivity: SMI 32

Immunoreactivity for the pyramidal cell neurofilament
protein epitope labeled by the SMI32 antibody in normal
animals (Fig. 1) is particularly pronounced in small clus-
ters of dendrites in the superficial layers. The clusters
(green patches in Fig. 1, bottom panel of middle column),
are not correlated with the CO pattern; this can be seen in
the lower right-hand panel of Figure 1. Staining is also
dense in neurons in layers 4B, 5, and 6, although faint
immunoreactivity of dendrites can be seen in other layers,
including 4C, where pyramidal cells bodies are scarce.
Figure 8 shows tangential sections from the strabismic
monkeys. In both animals, the normal patchy pattern has
been replaced by rather striking stripes composed of im-
munoreactive patches that are separated by thin un-
stained strips (also see Fig. 9B). Rows of dense labeling
alternate with paler rows, especially along the represen-
tation of the horizontal meridian, but even the less heavily
immunostained stripes contain appreciable labeling in
their centers. Sections taken from deeper layers (Fig. 8C)
show the stripes extending into layer 4C, but fading out in
layer 5. Viewed in coronal section (Fig. 8D), the immuno-
reactivity for SMI 32 appears patchy in layer 3, but the
distinct unstained border strips that separate the thicker
immunoreactive stripes are not apparent.

The OD structure is superimposed on SMI32 immuno-
reactivity in Figure 9. As in Figures 5 and 7, CO staining
is used to mark OD column centers (Fig. 9A,C) and is
compared with nearby SMI32-immunoreacted sections
(Fig. 9B,D). The SMI32-positive stripes coincide with the
OD column centers (marked by broken white lines),

are marked by the dashed white line on the CO section, and OD
centers are superimposed on calbindin section. White arrows mark
blood vessels used for alignment. Scale bar = 1 mm.

whereas the narrow unstained strips (marked by black
arrows in B and D) fall precisely at the OD column bor-
ders.

Figure 10 compares the alternate dark and pale OD
columns seen with CO in layer 4CB (Fig. 10A) with the
SMI32 pattern of alternate stripes of greater and lesser
density in layer 3 (Fig. 10B). The white arrows mark the
less heavily immunolabeled SMI32 stripes, and the ar-
rows are superimposed on the CO section in Figure 10A.
The less densely labeled SMI32 stripes correspond to the
dark CO columns. Thus, the OD columns of one eye are
more intensely immunoreactive for SMI32 but show less
CO activity in layer 4CpB. Black arrows mark blood vessels
used for section alignment.

Myelin staining

We observed subtle stripe patterns in wet, unstained
sections through layer 4 from our strabismic monkeys.
Horton and Hocking (1997) reported similar patterns in
sections of V1 from monocularly enucleated monkeys, and
these patterns represented the distribution of myelinated
fibers. LeVay et al. (1975) originally reported an OD-
related pattern of thick myelinated and thin pale stripes
using the Liesegang silver stain in sections of layer 4C of
visually normal monkeys. Subsequently, this pattern was
found to be altered by visual deprivation (LeVay et al.,
1980), resulting in layer 4C showing alternating thick and
thin dark stripes separated by very thin pale stripes. The
thick dark stripes were those of the untreated eye, and the
thin dark stripes were those of the treated eye. They also
found thick dark and thin pale stripes induced in layer 5,
where the pale stripes aligned with the thin dark stripes
of layer 4. Although Horton and Hocking (1997) found
somewhat different patterns of staining using the Lieseg-
ang and Gallyas stains, we chose to use the Gallyas stain,
as our sections had by then been stored for an extended
period and this stain had previously proved to be fairly
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Fig. 8. Neurofilament expression as labeled by immunoreactivity to SMI32. A: Section from monkey
PW. B, C: Sections from monkey SY. Stripe pattern extends through layer 4C. D: Coronal section from
monkey PW. Box in A indicates region shown at higher magnification in Figure 9. Scale bars = 1 mm for
tangential sections A-C, 0.5 mm for D.

reliable under such conditions. Figure 11 illustrates the
Gallyas staining pattern seen in monkey PW. The normal
pattern of broad dark stripes separated by thinner pale
stripes is visible in layer 4C (indicated by the arrows in
Fig. 11), but slightly thinner stripes continue superficially
through layer 3 and are also visible in layer 5. The stripes
have a periodicity suggesting that each eye’s columns are
represented by dark stripes. The staining in layer 6 is

quite uneven, but we find no consistent stripe pattern in
this material. We believe this poor staining in layer 6 most
likely occurred because the sections were stored in phos-
phate buffer for a long period prior to Gallyas staining.
We compared the Gallyas stripes from layers 3 and 4B
with those observed in a nearby, but more superficial,
Nissl-stained section. The Nissl section was chosen for
comparison in this instance rather than the CO as the OD
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Fig. 9. Relation of stripe patterns in SMI32 neurofilament immunoreactivity to OD columns. A: CO
staining in layer 3 of monkey PW. B: Adjacent section reacted with SMI32. Black arrows mark unstained
strips. C,D: OD column centers are marked on CO section, and OD centers are superimposed on SMI32
section. White arrows mark blood vessels used for alignment. Scale bar = 1 mm.

columnar structure is not readily apparent in either the
more superficial CO section blobs or in the next deeper CO
section through layer 4. In Figure 12A, black arrows mark
the thin dark Gallyas stripes. A slightly more superficial
Nissl-stained section is shown in Figure 12B, with the
dark Nissl stripes marked by thin white arrows. In Figure
12C and D, the two sets of arrows have been placed in
register, using the same blood vessels as fiducial marks
(large white arrowheads) and superimposed on the
Gallyas-and Nissl-stained sections, respectively. The
black and white arrows interdigitate. Because the dark
Nissl stripes coincide with the OD column borders, this
suggests that the dark myelin-stained stripes lie at the
OD column centers.

DISCUSSION

In strabismic monkeys, each eye views a different part
of the visual world, rather than converging on the same
region. Where a binocularly activated neuron should nor-
mally receive highly correlated activation from the two
eyes, it presumably receives uncorrelated input in strabis-
mus (Léwel, 1994). This means that the balance of com-
petitive, and perhaps cooperative, interactions between
the afferents from the two eyes may be altered, although
each eye should drive a cortical column of normal width.
Electrophysiological investigations of neuronal properties
in V1 of strabismic monkeys do find alterations in ocular
dominance, such that few neurons show strong binocular
activation, whereas the deviating and non-deviating eyes
drive approximately equal numbers of neurons (Crawford
and von Noorden, 1979; Wiesel, 1982; Kiorpes et al., 1998).

Only when pronounced amblyopia is present is there a
shift in eye dominance away from the deviating eye (Kior-
pes et al., 1998).

Neurons at the centers of ocular dominance columns
should always display strong monocular bias by virtue of
both the columnar input from the geniculorecipient layers
and the direct input to the blobs from the intercalated
layer neurons of the LGN itself. The binocular non-blob
neurons receive more mixed eye input (Lachica et al.,
1992; Yoshioka et al., 1994) and may become increasingly
susceptible to modification with increasing distance from
the ocular dominance column center. Our examination of
markers for specific classes of neurons in V1 of strabismic
monkeys revealed a number of alterations, particularly in
the superficial layers, that may be related to the lack of
binocular responsiveness found in cortical neurons in
these animals. Most of these effects are seen at OD column
borders.

In experimentally strabismic animals, labeling for CO
and classes of interneurons that are normally associated
with OD column centers reveals variable ocular
dominance-related patterns in the geniculate input layers
of V1, but there is no suggestion of OD columns of unequal
width. Striking reorganization is seen in the expression of
several other molecules outside the geniculorecipient lay-
ers of V1, as might be expected of a manipulation that
alters binocular interactions; these altered patterns are
represented schematically in Figure 13. Specifically, the
expression of the SMI32-immunolabeled nonphosphory-
lated epitope on neurofilament proteins is high within
pyramidal cells located along the center of the long axis of
an ocular dominance column, but these dark stripes are
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Fig. 10. Relation of the dark CO stripes in layer 4C of monkey PW (A) to the more darkly reacted
SMI32-positive stripes in layer 3 (B). The centers of the paler SMI stripes have been marked with white
arrows and superimposed on the CO section. Black arrows mark the blood vessels used for section
alignment. Scale bar = 1 mm.

flanked by distinct unstained strips at OD column bor-
ders. These stripes extend through layers 3-5. In general,
there is relatively decreased expression of the calcium
binding protein calbindin within the processes of inter-
neurons lying along the center of an ocular dominance
column, but higher levels of expression of calbindin at the
borders of ocular dominance columns. Nissl staining re-
veals stripes that exactly coincide with the calbindin
stripes. Staining for myelin produces stripes in layers 3-5
that interdigitate with those seen in Nissl-stained and
calbindin-immunoreacted material and therefore aligns
with the SMI32 dark regions along the core zones of OD
columns.

Some of the markers we have studied are found in
particular morphological classes of neuron, whereas oth-
ers reflect general levels of activity. We can therefore
consider what their altered expression suggests about the
organization of binocular vision in normal and strabismic
monkeys. The existence of stripes in the Nissl-stained
material is particularly interesting, as few alterations of
visual function less severe than monocular enucleation
(Haseltine et al., 1979) have been shown to produce such
patterns. We have no explanation for the systematic vari-
ation on Nissl staining that is apparently not due to
changes in the packing density of cells, but we suggest
that the darker Nissl staining can be interpreted as indi-
cating higher density of ribosomes that permit relatively
higher rates of transcription of some protein or proteins at
the OD column borders in strabismic monkeys. Similarly,
the presence of stripes reflecting greater density of myelin
at the OD column centers in all layers to, and possibly
including, layer 6, seems to be consistent with greater
activity of pyramidal cells located at monocular OD col-

umn centers relative to the normally binocular OD column
borders in strabismic monkeys. Unfortunately, these pat-
terns suggest little by way of explanation of how binocular
vision is altered.

The mitochondrial enzyme CO is found in all neuronal
classes and reflects overall activity levels. The CO stain-
ing pattern in the normally dark geniculate afferent re-
cipient layer 4 is altered in strabismus, and the magno-
and parvocellular recipient layers show different patterns.
Thin, dark stripes aligned with the superficial layer blobs
are seen in layer 4A. Layer 4Ca is generally uniform, with
hints of thin dark stripes at column centers, whereas
alternate eye columns of normal width are dark in upper
4CB. These dark stripes split into paired thin dark stripes
in the same eye’s columns in deepest 4CB. The pattern of
thin dark stripes representing each eye in layer 4C resem-
bles the CO pattern described in newborn monkeys prior
to visual experience (Horton and Hocking, 1996a). As OD
columns in layer 4C of visually inexperienced monkeys
have been demonstrated convincingly by Horton and
Hocking, there is no requirement for normal visual expe-
rience to drive ocular dominance segregation; however,
the sharpness of the column borders does increase with
visual experience (Blasdel et al., 1995; Horton and Hock-
ing, 1996a). It is possible that during the perinatal period
the stellate cells at the monocular OD column core zones
in layer 4C are most strongly driven and therefore meta-
bolically active, whereas the border zones receive some
overlapping input from both eyes. This binocular input
may suppress, either directly or indirectly via interneu-
rons, the spiny stellate cells of layer 4C and result in the
less robust CO staining seen. Continuing correlated bin-
ocular competition would prune away the “wrong” eye’s
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Fig. 11. Myelin staining in monkey PW. Dark stripes are visible in layers 3-5; black arrows indicate
broader dark stripes in layer 4C. Box indicates region examined in Figure 12. Scale bar = 1 mm.

terminals to sharpen the OD column borders measured
physiologically and result in more consistent monocular
activation of neurons across the layer. Uniform CO stain-
ing would be produced from this stable activity. Uncorre-
lated binocular activity, as in strabismus, might not per-
mit the pruning of terminals and might leave layer 4C in
an immature state.

The pale staining of one eye’s columns in layer 4Cp is
more challenging to explain. In our animals, the afferents
terminating in the pale columns were functional, as we
found that both left and right eyes were able to drive MT
neurons physiologically (Kiorpes et al., 1996). Further-
more, the superficial layer continuation of these columns
showed normal CO activity. Attempts to associate the
dark CO stripes induced by abnormal visual experience
with the eye providing input have met with conflicting
results. Tychsen and Burkhalter (1997) have determined
that the “spontaneous” OD columns seen in CO staining of
strabismic monkeys are related to the eye of origin with-
out regard for the quality of visual experience; they found
that the dark CO stripes in both hemispheres are those
receiving the crossed, nasal retinal projection. They sug-
gest that the numerical superiority of the crossed projec-
tion as well as the slightly delayed development of the
uncrossed projection put the uncrossed eye projection at a
competitive disadvantage. Rearing without normal binoc-

ular vision could prevent or alter the maturation of syn-
apses that would normally result in uniform CO activity.
The results of Tychsen and Burkhalter suggest that the
dark CO stripes in our material were the columns driven
by the right, non-deviating eye. We cannot evaluate this
suggestion because only the left hemispheres of our mon-
keys were examined in tangential sections.

A different pattern consisting of thin dark CO bands in
layer 4 has recently been reported in monkeys made stra-
bismic as adults by Horton and Hocking (1998). Horton
and Hocking have identified the dark stripes as corre-
sponding to the non-deviating eye. A similar pattern in
layer 4C has been described by Hendrickson and col-
leagues (Hendrickson et al., 1987) as an inconsistent re-
sult of rearing with experimental anisometropia. This
group identified the stripes as those of the anisometropic
eye. Although there may be different mechanisms in-
volved in causing the alterations in CO activity associated
with various forms of abnormal vision, the question of
which eye drives the dark stripes remains unsettled.

The CO-enriched blobs of the superficial layers receive
afferents from the monocular intercalated layer neurons
of the LGN, as well as vertically ascending projections
from layer 4. As the blobs lie at the centers of the OD
columns (Horton, 1984), they represent the location of the
most monocularly biased neurons. The CO bridges also
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Fig. 12. Comparison of Nissl and myelin stripes in layer 3. A: Gal-
lyas stain for myelin; large white arrowheads mark blood vessels used
for section alignment; small white arrows mark dark stripes. B: Sec-
tion taken from slightly more superficial level stained for Nissl sub-

follow the centers of OD columns, and neurons located
within these bridges are normally monocularly biased, but
receive significant binocular input. Neurons farther from
the ocular dominance column center, in the CO pale re-
gions, presumably get more nearly equal driving and are
binocularly responsive neurons.

In strabismic monkeys, these binocular neurons appar-
ently become more strongly biased toward driving by one
eye, as few strongly binocular neurons are found electro-
physiologically. The shift toward monocular responses
might be attributable to increased activation of inhibitory
interneurons. For example, NADPH diaphorase histo-
chemistry in strabismic monkeys produces patterns of
neuropil staining that are indistinguishable from CO. As
the larger NADPH diaphorase-containing neurons are

stance. Small black arrows indicate dark stripes in layer 3. C: Gall-
yas-stained section and (D) Nissl-stained section, each with arrows
marking Gallyas and Nissl stripes superimposed. Scale bar = 1 mm.

GABAergic interneurons that are preferentially associ-
ated with OD column centers (Sandell, 1986), they may
play a role in suppressing non-preferred eye inputs onto
monocularly biased, binocular neurons in strabismic mon-
keys. This suppression would drive the neuron’s respon-
siveness toward the dominant eye.

Many of the inhibitory interneurons of the superficial
layers in V1 contain one of the calcium binding proteins.
The role of calcium binding proteins in neurons is not well
understood, but they are known to be involved in buffering
intracellular calcium levels (Baimbridge et al., 1982). This
property might suggest that expression of calcium binding
proteins, such as calbindin, would be related to high firing
rates. As calbindin-containing neurons in V1 of macaques
are typically GABAergic, the increased expression of cal-
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Fig. 13. Summary of labeling patterns obtained in the superficial layers of V1 in strabismic monkeys.
The relation of each marker to CO is shown; CO blobs are indicators of the centers of ocular dominance
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bindin at OD column borders might indicate increased
activity of these inhibitory interneurons. Calbindin is
overexpressed in monkey V1 during the late prenatal and
early postnatal periods, reaching adult levels by about 5
months after birth (Hendrickson et al., 1991). This early

postnatal immunolabeling of calbindin is particularly ro-
bust in the neuropil of interblob regions (Fenstemaker,
unpublished observations), so its expression is sufficiently
labile during early visual experience to be shaped by bin-
ocular interactions. Prior evidence of possible sensitivity
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to binocular interactions in calbindin-containing neurons
can be found in the fact that calbindin expression is de-
creased by monocular form deprivation in V1 but not the
LGN (Mize et al., 1992).

Pyramidal cells are the main extragranular layer exci-
tatory neurons of cortex, and those pyramidal cells that
express the nonphosphorylated neurofilament protein
epitope labeled by SMI32 are affected by strabismus. The
somata and dendrites of these neurons typically form clus-
ters in the superficial layers, and these clusters are dis-
tributed in no consistent relation to the CO blobs. We
might expect that the cells located within blobs would be
normally monocularly biased, whereas those outside blobs
would be binocular. In strabismus, the expression of
SMI32 disappears completely from pyramidal cells at the
OD border zones, leaving distinct unstained strips be-
tween rows of patches of immunoreactive neurons. We can
assume that the remaining immunoreactive neurons are
strongly monocularly responsive, as few binocularly acti-
vated neurons are encountered electrophysiologically in
strabismic animals. In both animals, although each eye’s
OD columns contain patches of neurons that are immuno-
reactive for SMI32, alternate rows contain less robust
labeling, particularly within the representation of the hor-
izontal meridian. This observation could be explained by
the fact that strabismic individuals may consistently fix-
ate with one eye, or alternate the eye used for fixation.
When only one eye is used, amblyopia typically results
(Kiorpes et al., 1989). Both of our monkeys alternated
fixation but may have used one eye more consistently. It is
interesting to note that the columns expressing less
SMI32 were the columns that were darker in CO staining
in layer 4C.

Pyramidal cells can be classified as projecting or local
according to their axonal targets. The SMI32-immuno-
reactive pyramidal cells are known to project to other
cortical areas (Hof et al., 1996). Sawatari and Callaway
(2000) have reported that neurons of layer 4C3 make
functional synaptic contact only with local pyramidal neu-
rons in layer 3B but not with projection neurons. Thus, the
decrease in SMI32 immunoreactivity in a significant pro-
portion of the layer 3 cells probably results from synaptic
interactions at earlier stages of processing in layer 3.

Our results suggest a mechanism by which strong bin-
ocular responses are lost as a result of strabismus. It is
possible that in strabismic individuals, non-correlated ex-
citation of calbindin-containing neurons located at OD
column borders could produce overall higher levels of ac-
tivity in these neurons. This situation could occur if each
eye’s input produced an action potential in the calbindin
neurons, whereas in the normal case, correlated inputs
would sum to a single action potential. Increased activity
of the calbindin-containing interneurons should result in
increased inhibition of nearby pyramidal cells. These py-
ramidal cells at OD column borders would rarely, if ever,
receive sufficient excitation to fire and might reduce ex-
pression of the neurofilament proteins recognized by
SMI32. Because the SMI32 antibody recognizes a non-
phosphorylated epitope, the loss of immunoreactivity
without loss of cells probably indicates a change in phos-
phorylation of the cells at the OD column borders.

The paler myelin staining seen at OD border regions
also suggests that pyramidal cells there are less active,
although they are probably still present, as counts of
Nissl-stained cells show no loss at column borders. Al-
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though monocularly responsive neurons in V1 could still
provide convergent input onto neurons in higher order
cortical areas to produce binocular responses, it appears
that direct input from binocular neurons in V1 is required
for normal binocular vision.

Finally, no electrophysiological studies of V1 in strabis-
mic monkeys have reported any reduction overall in num-
bers of encountered units, or distinct zones of unrespon-
siveness that might correspond to the SMI32-depleted OD
border strips. Our results suggest that robust single-unit
responses will prove to be absent from the transition zones
between left and right eye columns, although faint binoc-
ular background activity may be present.
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