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Previous studies of human primary visual cortex (V1) have demon-
strated a significant eye-specific decrease in cytochrome oxidase
(CO) staining following monocular enucleation. We have extended
these results by examining CO staining and neurofilament labeling in
V1 from a patient with long-standing monocular blindness. A pattern
of reduced neurofilament reactivity was found to align with pale CO-
stained ocular dominance columns. Neurons located within deprived
ocular dominance columns were significantly smaller compared
with those in nondeprived columns. A spatial analysis of the
relationship between CO blobs and ocular dominance columns
revealed that both deprived and nondeprived blobs tended to align
with the centers of ocular dominance columns.
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Introduction

The primary visual cortex (V1) of many mammals is organized

into physiologically and anatomically distinct domains. Neurons

within V1 can exhibit a physiologically measured graded

preference for stimulation of one eye over the other (Hubel

and Wiesel 1959, 1962, 1968). This feature of V1 is represented

anatomically as alternating columns of neurons that preferen-

tially connect to the left or right eye and span the thickness of

the cortex (Hubel and Wiesel 1972; LeVay and others 1975).

This organization of ocular dominance columns is most pro-

nounced within layer IV and extends throughout the full

tangential extent of V1, except in regions representing the

monocular crescent and the blind spot.

In the supragranular layers, and less obviously in the infra-

granular layers, highly active neurons are grouped together into

regularly spaced blobs of cortex that are surrounded by

comparatively less active interblob regions (DeYoe and others

1995). The relatively more active blobs stain heavily for the

enzyme cytochrome oxidase (CO) and have therefore become

known as CO blobs (Livingstone and Hubel 1984; Murphy and

others 1995), patches (Horton and Hubel 1981; Horton 1984),

or puffs (Carroll and Wong-Riley 1984). The spatial relationship

between CO blobs and ocular dominance columns varies across

species. In macaque monkeys, blobs are aligned with the

centers of ocular dominance columns (Horton and Hubel

1981; Horton 1984), whereas in squirrel monkeys and galagos,

there is no clear spatial relationship between these cortical

features (Horton and Hocking 1996; Xu and others 2005). In

cats, blobs appear to be functionally eye specific but their spatial

relationship to ocular dominance columns is not as precise as

that seen in the macaque (Murphy and others 1995).

Neural organizations within V1 are strongly influenced by

changes in visual experience. Monocular deprivation in humans

and macaque monkeys can cause a reduction of CO staining

within ocular dominance columns serving the deprived eye and

in CO blobs that align with deprived-eye columns (Horton 1984;

Horton and Hedley-Whyte 1984). In addition to metabolic

changes, visual deprivation has been shown to cause a reduction

in cytoskeleton protein labeling within the central visual

pathway. Monocular deprivation leads to a loss of microtu-

bule-associated protein 2 labeling (Hendry and Bhandari 1992)

and nonphosphorylated neurofilament labeling (Duffy and

Livingstone 2005) in deprived-eye columns of macaque

monkey V1. Monocular deprivation also causes loss of non-

phosphorylated neurofilament labeling in deprived-eye layers of

the cat lateral geniculate nucleus (Bickford and others 1998).

Proteins that compose the cytoskeleton provide intracellular

scaffolding that supports neuronal structure. A change in

neurofilaments could impact the integrity of circuitry that

processes neural signals to enable normal visual function.

Previous studies of experience-dependent changes in cyto-

skeleton labeling (Hendry and Bhandari 1992; Bickford and

others 1998; Duffy and Livingstone 2005) used animal models

and leave open the question of whether neurofilaments in the

human visual cortex are similarly affected by visual deprivation.

We have examined CO staining and neurofilament labeling

within human V1 from a subject with long-standing monocular

visual deprivation. This work was performed to determine

the impact of deprivation on CO staining and neurofilament

labeling within V1 in order to gain further insight into the

neural changes that result from visual deprivation in humans.

In addition, the high quality of CO staining within V1 provided

an opportunity to examine quantitatively the spatial rela-

tionship between human CO blobs and ocular dominance

columns.

Materials and Methods

Subject
We had the opportunity to examine area V1 from the brain of an 86-

year-old woman with long-standing monocular blindness. Clinical

information available at the time of autopsy did not provide details

regarding the duration of the monocular deprivation beyond suggesting

that it was lifelong. The severity of the monocular impairment was

evident on examination of the optic nerves, which revealed that the

affected side was markedly reduced in volume with a glassy gray

appearance. Microscopic examination confirmed the severity and

chronicity of the lesion, as there was a pronounced loss of axons and

myelin sheaths without any evidence of recent injury on the affected

side, compared with a normal appearing contralateral optic nerve. This

was further supported by the appropriate laminar transsynaptic neuro-

nal degeneration in the lateral geniculate nuclei. Tissue collection was

permitted in accordance with institutional guidelines for protection of

human subjects.
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Histology
The brain was removed from the skull shortly after death and placed in

0.1 M phosphate buffer with 4% formalin. After 2 days of fixation in

formalin, V1 from the hemisphere ipsilateral to the impaired eye was

dissected so that the dorsal bank of the calcarine sulcus (tissue mapping

the lower visual field) could be flattened and sectioned tangential to the

cortical surface. Coronal sections of V1 from the same hemisphere were

cut through the lingual gyrus (representing upper visual space) and

through the posterior aspect of the cuneus. Before sectioning, tissue

blocks were cryoprotected at 4 �C in phosphate-buffered saline (0.1 M)

with 30% sucrose for 2 days. The blocks of tissue were then cut into 50-

lm-thick sections with a freezing microtome.

Sections of V1 were processed for CO, Nissl substance, or non-

phosphorylated neurofilament protein so that a comparison between

reaction patterns could be made. Adjacent sections were not reacted for

the same marker so as to avoid double counting cells during quantifi-

cation. Neurofilament labeling was performed using the antibody SMI-32

(Sternberger Monoclonals, Lutherville, MD). SMI-32 is a monoclonal

antibody that identifies a nonphosphorylated epitope on heavy and

medium molecular weight subunits of neurofilament protein (Lee and

others 1988). Tissue sections cut for SMI-32 immunoreactivity were first

placed in cold methanol with 0.3% hydrogen peroxide for 5 min and

then preincubated for 1 h in Tris-buffered saline (TBS) containing 0.1%

Triton X-100 and 5% normal goat serum. Sections were then incubated

overnight at 4 �C in TBS containing 0.1% Triton X-100, 5% normal goat

serum, and primary antibody (SMI-32; 1:2000). On the following day,

immunoreactivity was revealed using a Vectastain ABC kit (Vector

Laboratories, Burlingame, CA) and the chromogen 3,39-diaminobenzi-

dine (DAB) with peroxide. Sections were mounted onto glass slides, left

overnight to dry, dehydrated in a series of graded alcohols, defatted in

xylenes, and then coverslipped with DPX (BDH Labs, Poole, UK).

CO staining followed procedures described previously (Wong-Riley

1979; Horton 1984; Murphy and others 1995). Immediately after cutting,

tissue sections were mounted onto gelatin-coated glass slides and air-

dried overnight. Sections were then incubated at 40 �C in a mixture of

phosphate buffer (0.1 M, pH 7.4), cytochrome C oxidase, catalase, and

the chromogen DAB. Sections were kept in this solution until maximal

contrast between CO strong and weak regions was obtained (approx-

imately 8 h). Sections were then dehydrated in a series of graded

alcohols, defatted in xylenes, and coverslipped with DPX (BDH Labs,

Poole, UK).

Cell bodies in some V1 sections were revealed using thionin staining

for Nissl substance. The optic nerves, in continuity with the chiasm and

proximal optic tracts, were dissected free from the ventral surface of the

brain, embedded in paraffin, and stained for myelin with routine Luxol

fast blue/H&E methods. The lateral geniculate nuclei were examined

after sectioning the fixed tissue in the coronal plane and staining for

Nissl substance with thionin.

Quantification
Comparison of CO and SMI-32 reactivity in V1 was achieved by aligning

adjacent tangential sections using the pattern of radial blood vessels.

Ocular dominance column borders were determined from CO-stained

sections through layer IV using a computer program written with

Matlab 4.0 (MathWorks, Natick, MA) that plotted contours at half the

maximum-to-minimum optical staining intensity within the analysis

area. All measurements were made in tangential sections from the dorsal

bank of the calcarine sulcus (tissue mapping the lower visual field). The

density of neurofilament-labeled cells within deprived and nondeprived

ocular dominance columns was calculated from 4 nonoverlapping

regions within layer IVB, each approximately 15 mm2. Only cells with

distinct perikaryal labeling were included in our analysis. Neurofilament-

labeled cell density within deprived and nondeprived columns was

statistically compared using a paired student’s t-test. Ocular dominance

column widths were measured in CO-stained sections, and the differ-

ences between the deprived and nondeprived column widths were

compared using a paired student’s t-test.

The soma area, numeric density, and optical staining intensity of

neurons in deprived and nondeprived regions of V1 were measured

from a Nissl-stained section using a compound microscope (203

objective) and image analysis software (Image-Pro Plus, Media Cyber-

netics, San Diego, CA). The Nissl section selected for sampling was cut

Figure 1. Images of the optic nerves (top: Luxol fast blue/H&E stain for myelin) and lateral geniculate nucleus (bottom: Nissl stain) provided support for the clinical report that the
lesion was monocular (right eye) and long standing. The deprived-eye’s optic nerve (A) was weakly stained and showed a pronounced loss of myelin compared with the
contralateral optic nerve (B). A similar result was observed in sections from the left lateral geniculate nucleus where deprived layers were weakly stained (C) and, at high
magnification, exhibited evidence of neuronal atrophy, with preservation of neurons in nondeprived layers (D). Scale bars = 250 lm (A, B), 500 lm (C), 100 lm (D).
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below and adjacent to a neurofilament section where the labeling

qualities identified it as having been cut through layer IVB. Although the

characteristics of Nissl staining in this section were consistent with

those typical of layer IVB, it is possible that a small portion of the ventral

aspect of this section contained layer IVC cells. Measurements from

deprived and nondeprived ocular dominance columns were taken from

5 sampling areas that were each approximately 9 mm2. Only neurons

with stained nucleoli were examined to ensure that measurements were

consistently obtained from the midline of the cell body. Neurons were

distinguished from glial cells using a high-power objective (203) that

revealed neurons by their distinct staining pattern, which included

a visible cytoplasm, pale nucleus, and dark nucleolus. Cells exhibiting

nuclear but not cytoplasmic staining (putative glial cells) were not

included in the analysis. Statistical comparison across deprived and

nondeprived ocular dominance columns was performed using a paired

student’s t-test.

CO blobs in layers II/III and ocular dominance columns in layer IVC

were aligned for comparison using the pattern of radial blood vessels.

Comparisons were calculated from 4 sampling regions that were each

approximately 30 mm2. CO blob and ocular dominance column borders

were identified in an automated manner using a contour program.

Ocular dominance column borders within layer IV were determined

using the method described above. Contours representing between 50--

60% of the maximum optical staining intensity within the analysis

window were plotted to identify nondeprived and deprived CO blob

borders (50%) in layers II/III, and blob centers were identified as the

center of the contour representing 60% intensity within the program-

defined blob border. The spatial relationship between blobs and ocular

dominance columns was quantified by measuring the distance from

each blob center to the nearest ocular dominance column border and

dividing this number by half the width of the column at that location.

This provided a metric ranging from 0 (border) to 1 (center) that

determined each blob’s position within an ocular dominance column.

Results were analyzed using a chi-square test.

Results

Optic Nerves and Lateral Geniculate Nuclei

Histological processing of the subject’s optic nerves and lateral

geniculate nuclei provided supporting evidence of her reported

monocular blindness. Examination of the optic nerves demon-

strated that there was a substantial loss of myelinated fibers in

the nerve associated with the deprived eye, whereas the degree

of myelin staining in the other optic nerve was unremarkable

(Fig. 1A,B). Examination of the lateral geniculate nuclei in-

dicated that there was weak Nissl staining within deprived

layers (Fig. 1C), and deprived neurons exhibited marked trans-

synaptic degeneration (Fig. 1D). This deprivation effect was

Figure 2. Low-magnification (top) and high-magnification (bottom) photomicrographs of nonadjacent coronal V1 sections through the posterior aspect of the cuneus revealed
a distinct laminar pattern when stained for CO (A, C) or labeled for nonphosphorylated neurofilament (B, D). CO staining was found in all layers but was heaviest within layer IVC.
Neurofilament labeling was strong in layers II/III, IVB, V, and VI, whereas layer IVC was weakly labeled. For both markers, alternating patches of dark and light reactivity were found
within each layer of V1 and this pattern was aligned across layers. High-magnification photomicrographs (C, D) are from the regions in (A, B) that are highlighted with arrows. The
asterisks in (A, B) identify the approximate V1/V2 boundary. This border was determined using area-specific anatomical characteristics that have been described in neurofilament-
labeled sections from the human visual cortex (Hof and Morrison 1990). Scale bars = 1 mm.
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best seen in the parvocellular layers corresponding to the

deprived eye.

Primary Visual Cortex

Coronal sections of V1 that were reacted for CO or non-

phosphorylated neurofilament showed distinct laminar patterns

(Fig. 2). CO staining within layers II/III was nonuniformly

distributed into alternating dark and light patches that were

elongated perpendicular to the cortical surface (Fig. 2A). CO

staining was heaviest within layer IVC where, as in the

superficial layers, it was arranged into alternating dark and light

patches (Fig. 2C). Layers V and VI were less intensely stained

than the other layers but nevertheless also showed a low-

contrast pattern of light and dark patches. The dark and light

patches of CO staining from each layer within V1 were spatially

aligned to form columns that were oriented perpendicular to

the cortical surface and extended the full thickness of V1. It is

worth mentioning that we were unable to identify a layer IVA in

CO-stained sections. This finding supports previous research

that was unable to identify layer IVA in human V1 using CO

staining (Horton and Hedley-Whyte 1984; Wong-Riley and

others 1993; Preuss and others 1999).

The distribution of nonphosphorylated neurofilament label-

ing (SMI-32) within the layers of V1 exhibited an obvious

alternating pattern of dark and light patches that were oriented

perpendicular to the cortical surface and appeared similar to

the pattern of CO staining (Fig. 2B). Layer IVA was apparent

with neurofilament labeling because it contained a pattern of

clustered immunopositive somata and layer IVB processes,

a labeling characteristic that has previously been shown to

reliably identify human layer IVA (Yoshioka and Hendry 1995).

Neurofilament immunoreactivity, which was primarily located

within the soma and dendrites of pyramidal cells, showed

strongest labeling in layers IVB, V, and VI, whereas layer IVC

showed relatively weak labeling (Fig. 2D).

Sections of V1 cut in the tangential plane and stained for CO

revealed a crisp pattern of alternating dark and light regions

throughout layer IVC (Fig. 3A). In directly manipulated animal

systems, previous studies have reported reduced CO staining in

deprived-eye ocular dominance columns (Wong-Riley 1979;

Horton 1984; Hendry and Jones 1986; Hendry and Bhandari

1992; Chaudhuri and others 1995; Horton and Hocking 1997,

1998). On this basis, we have interpreted the light regions of CO

staining in layer IVC as marking ocular dominance columns

serving the deprived eye. Despite the lengthy period of dep-

rivation, the width of dark (mean = 645 lm, standard error of

mean [SEM] = 95 lm) and light (mean = 600 lm, SEM = 59.5 lm)

CO columns through layer IVC was not significantly dif-

ferent (P = 0.27), indicating that the deprivation did not

produce substantial atrophy of deprived-eye columns.

A clear pattern of alternating dark and light regions was

apparent in sections through layer IVB labeled for nonphos-

phorylated neurofilament (Fig. 3B). The tangential pattern of

neurofilament labeling in layer IVB was similar to the pattern of

CO staining in layer IVC. Optical intensity profiles calculated

from the same location within CO and neurofilament sections

indicated that the 2 patterns were correlated (r = 0.77; profiles

in Fig. 3). Thus, neurons within the deprived-eye’s ocular

dominance columns showed a substantial reduction of neuro-

filament labeling. At the cellular level, the pattern of decreased

immunoreactivity for neurofilament protein could be attributed

Figure 3. Sections cut tangential to the cortical surface revealed alternating dark and
light regions of CO staining in layer IVC (A) and neurofilament labeling in layer IVB (B).
These sections were aligned using the pattern of radial blood vessels, and the reaction
patterns were compared by calculating optical profiles through the same regions in
each section (along a line joining the 2 asterisks in A and B). The profiles for CO (black
dotted line) and neurofilament (gray dotted line) showed substantial overlap (r = 0.77).
Thus, the same regions of V1 have reduced CO staining and neurofilament labeling.
Scale bar = 1 mm.

Figure 4. Adjacent sections cut tangentially and labeled for neurofilament (A) or
stained for Nissl substance (B) were aligned for comparison using the pattern of radial
blood vessels. The neurofilament section contained distinctly labeled multipolar cells
that identified it as having been cut through layer IVB. Neurofilament labeling revealed
a distinct pattern of ocular dominance that consisted of alternating regions of dark
(nondeprived) and light (deprived) immunoreactivity. The adjacent section assessed
for Nissl substance showed homogeneous staining at low magnification and did
not exhibit an ocular dominance pattern. Arrows in this figure point to overlapping
deprived (hollow arrows) and nondeprived (filled arrows) areas for the 2 markers.
Scale bar = 1 mm.
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to a decrease in the density of neurofilament-labeled neurons

within deprived-eye ocular dominance columns. The mean

neurofilament-labeled neuron density within nondeprived ocu-

lar dominance columns was 37 neurons/mm2 (SEM = 4.5

neurons/mm2), whereas the density within deprived columns

was significantly reduced (P = 0.014) to 9 neurons/mm2 (SEM

2.0 neurons/mm2).

An examination of Nissl staining was performed to determine

if the decrease in neurofilament labeling was due to a loss of

neurons within deprived regions of V1 (Fig. 4). Although

a tangentially cut section through layer IVB labeled for neuro-

filament showed a crisp pattern of ocular dominance columns

(Fig. 4A), we could not identify an ocular dominance pattern in

an adjacent Nissl-stained section (Fig. 4B) or from Nissl sections

cut through other layers of V1. Photomicrographs of the

deprived and nondeprived regions highlighted with arrows in

Figure 4 show reduced neurofilament labeling in deprived

territory (Fig. 5A,B) without an apparent loss of Nissl staining

(Fig. 5C,D). Quantification of Nissl staining intensity (Fig. 5E)

and density of Nissl-stained neurons (Fig. 5F) revealed that there

were no statistically significant differences between deprived

and nondeprived regions. Analysis of soma area (Fig. 5G)

indicated that neuronal somata located within deprived areas

of V1 were significantly smaller (16%) than somata in nondep-

rived areas (P = 0.022). Nissl-stained neurons in deprived-eye

columns had an average soma size of 58 lm2 (SEM = 3.4 lm2),

whereas nondeprived somata were, on average, 69 lm2

(SEM = 1.2 lm2).

Characteristics of the tangential pattern of CO staining and

neurofilament labeling varied at different depths through the

cortex (Fig. 6). In the superficial layers, CO staining was

arranged into a pattern of dark blobs that were often linked

together by lighter bands of staining (Fig. 6A). When aligned

with the ocular dominance pattern from layer IVC, it was clear

that the linked blobs were located within the borders of

nondeprived ocular dominance columns. Blobs that aligned

with deprived-eye columns were often isolated and less densely

stained compared with nondeprived blobs. In some parts of V1,

blobs could barely be detected within deprived columns. An

adjacent section through the superficial layers labeled for

Figure 5. High-magnification photomicrographs of the regions highlighted with arrows in Figure 4. Significantly, fewer neurofilament-labeled somata and dendrites were found
within parts of V1 serving the deprived eye (A) when compared with parts serving the nondeprived eye (B). No obvious difference in staining intensity between deprived and
nondeprived areas was observed after Nissl staining (C, D). Quantification of staining intensity (E) and numeric density (F) showed no statistical difference between deprived and
nondeprived regions (P = 0.3 and P = 0.6, respectively); however, the cross-sectional area of neuron somata (G) within deprived parts of V1 was significantly smaller than somata
within nondeprived parts (P = 0.02). Arrows in this figure point to overlapping blood vessels between sections. Double asterisks indicate significant difference. Error bars represent
SEM. Scale bar = 100 lm.
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neurofilament protein showed a crisp pattern of alternating

dark and light regions that, at a microscopic scale, were com-

posed of labeled cell bodies and dendrites (Fig. 6B). Layer IVB

showed a similar pattern of results for both markers (Fig. 6C,D)

with the exception that the neurofilament-labeled ocular

dominance pattern was more distinct in layer IVB compared

with that found in the superficial layers. CO staining within layer

IVC was strong and segregated into crisp alternating dark and

light regions that aligned with the more superficial patterns

found for both CO and neurofilament (Fig. 6E). Overall neuro-

filament labeling within layer IVC was weak, but a low-contrast

ocular dominance pattern was still observed because of labeled

apical dendrite shafts originating from layer V and VI cells (Fig.

6F). Infragranular layers were less densely stained for CO com-

pared with layer IVC, and there was a comparatively less obvious

ocular dominance pattern (Fig. 6G). The adjacent neurofilament

section was darkly labeled and contained low-contrast dark and

light regions that aligned with those found in superficial parts of

V1 (Fig. 6H). Although CO and neurofilament reactivity showed

some variability between layers, the ocular dominance pattern

found within the layers overlapped for both markers.

Alignment of Blobs and Ocular Dominance Columns

A previous study demonstrated that human CO blobs are eye-

specific (Horton and Hedley-Whyte 1984); however, the extent

to which the human blobs (nondeprived and deprived) align

Figure 6. This figure shows a series of adjacent sections at different depths through
V1 that were reacted for either CO (left) or neurofilament (right). Sections through
layer II/III (A) and IVB (C) that were reacted for CO showed regularly spaced blobs of
reactivity. A bridge of pale reactivity connected darkly stained CO blobs within
nondeprived ocular dominance columns, whereas blobs in deprived columns were
often isolated and stained less intensely. Neurofilament labeling within layers II/III (B)
and layer IVB (D) was organized into alternating dark and light regions. Layer IVC
showed strong reactivity for CO but was weakly labeled for neurofilament (E, F). CO
staining within layer IVC (E) was organized into distinct dark and light areas that
aligned with the pattern of CO staining and neurofilament labeling in the more
superficial layers. Neurofilament labeling in layer IVC was weak and revealed only
a faint ocular dominance pattern (F). Sections through layer VI were lightly stained for
CO and showed a weak ocular dominance pattern (G). Neurofilament labeling in
layer VI was heavy and showed a low-contrast ocular dominance pattern (H). Scale
bar = 2 mm.

Figure 7. The spatial relationship between CO blobs and ocular dominance columns is
demonstrated in this figure. A section through the superficial layers that contained CO
blobs (A) was aligned with a section through layer IVC that contained a pattern of
ocular dominance columns (B). Blobs were identified using an automated computer
program that calculated relative optical densities throughout the section (C) and then
plotted filled contours representing maximum-to-minimum staining intensities across
the section. Markers (asterisks) representing computer-identified blob centers (max
staining) were aligned with the map of ocular dominance, and then blob position within
the map was evaluated. The gray asterisks in (D) represent blobs that could not be
related to ocular dominance columns because surrounding column borders were not
clear. Scale bar = 1 mm.
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with the centers of ocular dominance columns was not

quantified. The crisp patterns of CO blobs and ocular domi-

nance columns that were obtained from V1 in this study

enabled a quantification of the spatial layout of blobs with

respect to ocular dominance columns (Figs 7 and 8). CO blobs

in superficial layers of V1 were identified using an automated

method that determined the location of blob centers, which

were then aligned with a computer-defined ocular dominance

pattern derived from CO sections through layer IVC (see

Materials and Methods). The distribution of nondeprived (n =
91) and deprived (n = 43) blobs relative to ocular dominance

column borders (Fig. 9) demonstrated that the majority of blobs

( >70%) were positioned near the center of ocular dominance

columns, and few blobs ( <10%) were located near borders. This

spatial relationship was statistically different from a random

distribution for blobs located within both deprived (chi-square

P < 0.0001) and nondeprived (chi-square P < 0.0001) ocular

dominance columns.

Discussion

The results of this study demonstrate that long-term monocular

deprivation has a profound impact on CO staining and neuro-

filament labeling in human V1. Using CO histochemistry to

reveal the pattern of ocular dominance, we found a significant

loss of neurofilament labeling within the deprived-eye’s ocular

dominance columns, despite preservation of column width. The

loss was greatest in the superficial layers and within layer IVB,

while a less obvious reduction was observed within layers

V and VI. The average cross-sectional area of neurons was found

to be significantly smaller in deprived regions of V1 when com-

pared with nondeprived regions. Quantification of the spatial

relationship between CO blobs and ocular dominance columns

revealed that, like the macaquemonkey, human blobs tend to be

positioned along the center of ocular dominance columns.

Figure 8. This figure shows an example of the spatial relationship between blobs
within the superficial layers (A) and ocular dominance columns in layer IVC (B) taken
from a different region of V1. CO blobs were identified using a computer program that
plotted filled contours representing maximum-to-minimum staining intensities (C), and
an asterisk was positioned at the center of each computer-identified blob (D). The
asterisks representing blobs were spatially aligned with the ocular dominance map to
examine the relationship between these 2 features. The gray asterisks in (D) represent
blobs that could not be evaluated because of unclear ocular dominance borders. Scale
bar = 1 mm.

Figure 9. Quantification of the spatial relationship between CO blobs and ocular
dominance columns. These graphs plot the distribution of nondeprived (A) and
deprived (B) blob position within an ocular dominance column, from the center of
a column to the border. The distance from the center of a blob to the nearest column
border was calculated and divided by half of the total column width at that position.
This provided a number that ranged from 1, for blobs aligned with the center of an
ocular dominance column, to 0, for blobs aligned with a border. The distribution of
positional measurements for both nondeprived and deprived blobs was skewed to the
left, indicating that the majority of blobs were located near the center of an ocular
dominance column and few were positioned along a border. A chi-square statistic
revealed that the distribution of deprived and nondeprived blobs was significantly
different from that expected by a random distribution (P < 0.0001). The dashed line
represents the blob percentage for each column position that would be expected if
blobs were randomly distributed across the ocular dominance map. Error bars
represent standard deviation.
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The impact of visual deprivation on human V1 has previously

been examined in subjects whose deprivation was induced by

monocular enucleation (Horton and Hedley-Whyte 1984).

Although the subject in our study had both eyes intact at the

time of death, some of the results we obtained from her visual

cortex are in agreement with the findings of Horton and Hedley-

Whyte (1984). In both studies, ocular dominance columns in V1

were revealed by reduced CO staining within deprived-eye

columns, and although there was not pronounced shrinkage of

columns reported in either study, both found that cells within

deprived columns were comparatively smaller than those

within nondeprived columns, by 10% after enucleation and by

16% in our study. Unlike Horton and Hedley-Whyte (1984), we

did not observe darker Nissl staining or increased neuronal

packing within deprived-eye columns. The source of this

discrepancy is not clear, but it suggests that our subject’s

deprivation was not equivalent to monocular enucleation.

In monkey V1, monocular deprivation early in life causes

a loss of neurofilament labeling within deprived-eye ocular

dominance columns that is not found when deprivation is

initiated in adulthood (Duffy and Livingstone 2005). The loss of

neurofilament protein after early monocular deprivation was

suggested to be involved in the restructuring of neural

connections that result when deprivation is begun during the

highly plastic sensitive period. We do not believe that the loss

of neurofilament within human V1 that we report in this

study represents an active restructuring of neural connections

within deprived-eye columns because extensive reorganization

would likely have taken place during early development. The

loss of neurofilament labeling within deprived V1 neurons

may represent a homeostatic downregulation in response to

a reduced level of activity brought about by the long-standing

visual deprivation. It is also possible that reduced neurofilament

reactivity resulted from secondary transneuronal degenera-

tion, of the type described by Horton and Hedley-Whyte

(1984) in human enucleates. This latter notion is supported

by our direct observation of the deprived optic nerve and the

deprived layers of lateral geniculate nuclei, which both showed

degenerative hallmarks such as loss of myelin and neural

atrophy.

Monocular lid suture in macaque monkeys produces sub-

stantial shrinkage of deprived ocular dominance columns only

when deprivation is initiated in early development (LeVay and

others 1980; Horton and Hocking 1997). In human V1,

monocular enucleation during the first week of life results in

homogenous CO staining in layer IVC that is likely the

consequence of complete dominance by the intact eye (Horton

and Hocking 1998). That V1 from the subject in this study

did not exhibit a shrinkage of ocular dominance columns

suggests either that her monocular impairment was present

during early life, but was not sufficient to induce reorganization

of ocular dominance, or that the impairment developed beyond

the sensitive period for ocular dominance plasticity. Despite the

absence of an ocular dominance shift, the long-standing

deprivation was severe enough to produce substantial anatom-

ical change in the optic nerve, lateral geniculate nuclei, and V1.

Thus, pronounced anatomical changes induced by monocular

deprivation may not necessarily be accompanied by a shift in

ocular dominance columns. This is similar to a previous study of

human V1 where a long-standing amblyopia did not produce

a change in ocular dominance column width (Horton and

Stryker 1993).

The spatial relationship between CO blobs and ocular

dominance columns has been investigated in nonhuman pri-

mates (Horton and Hubel 1981; Horton 1984; Horton and

Hocking 1996; Xu and others 2005) and cats (Murphy and

others 1995). The results from those studies revealed a high

degree of variability across species. In macaque monkey, CO

blobs are confined within the borders of ocular dominance

columns and are spatially aligned with column centers (Horton

and Hubel 1981; Horton 1984). In squirrel monkey and galago,

there is not a consistent spatial relationship between blobs and

columns (Horton and Hocking 1996; Xu and others 2005). CO

blobs in cat V1 are similar to the macaque in that they are also

found over each eye’s ocular dominance columns; however, the

positioning of blobs within columns is not as precise (Murphy

and others 1995). In this study, we have demonstrated quanti-

tatively that the vast majority of CO blobs in human V1 spatially

align with the centers of ocular dominance columns. We found

this to be true for blobs positioned within deprived and

nondeprived columns. Although the extent to which this result

translates to the normal condition remains unknown, it suggests

that the organization of human blobs is more similar to that of

macaque monkey than to other species within which this issue

has been investigated. In the macaque monkey, lateral genicu-

late nucleus inputs to the superficial layers of V1 are clustered

into patches that overlap with CO blobs (Livingstone and Hubel

1982). The similar organization between human and macaque

V1 raises the possibility that the arrangement of lateral genic-

ulate nucleus inputs to the superficial layers of human V1 is

patchy and aligned with CO blobs. Finally, the spatial positioning

of blobs was the same in deprived- and nondeprived-eye

columns, suggesting that the arrangement of these features in

human V1 is independent of visual experience.
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